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) ABSTRACP .

- Two different tvpes of llpld movements between serum components and cultured‘ ‘

human skin fibroblasts were mvesugated The _nonreceplor rnedlated m0vemem of free chol

3

esterol between somcated llpld vesrcles and cells was- studred and the eﬁ’ects on mtracellular.
i e

cholesteroi metabolism were determmed.. The receptor medra_ted uptake of low densn_\- ‘llpO"—l*-
protein (LDL) :associated phospha't.idylcholine-(P'C) and its subseouent celtular metabolism
was also investigate_d.

H 7

phosphatid'}tlcholine molar ratios were used to alter, \\ia passive _exchange- at the plasma

membrane, the cellular free cholésterol content of caltured human skin fibroblasts—which had ’

.“:

been premcubated in lrpOprotem deficient serum. The eff ects of these net surface transf er5 of )

A‘J

cholesterol on cellular cholestetol biosynthesis: cholesterol esterification, and LDL btndmg were -

" determined and were compared 10 the ef fects of cholesterol delivered to the cell mterror via the

.

receptor medrated endocytosis of LDL Both LDL and cholesterol rich llpld vesicles mcreased

cell cholesterol within _,6.ho,urs. Cells‘exposed to LDL “also showed, wrthm: 6 hours., decreased ¢

B v
N L >

cholesterol synthesis, decreased LDL binding and increased cholesterol estérification., Cells

&£ -

In_the first series of -éxperiments, unilamellaroli\)ld vesicles of various cholestérol to.

incubated with the cholesterol rich vesicles showed similar changes but these were delayed and ;“; '

did not occur until 24 fours. Fibroblasts incubated with cholesterot free PC vesicles’ had;
‘decreased cell cholesterol mcreased cholesterol synthesrs mcreased LDL binding and decreased
estertftcauon ‘but only after 24 hours of mcubauon Ftbroblasts from a famtltal hypet(cholv

' esterolemta (FH) homozygote whrch have defecttve LDL receptor activity, showed quallta

i

' _nvely similar results after 24. hours These results suggest that passive net movements of chol-

esterol . occurring at the _cell s‘u'rface can, ,with time, 'modulate intracellular cholesterol
’ metabolism. These'f i'ndings are consistent with the idea th’at the movement of ‘cholesterol from

the cell surface to the cell rntenor isa hmtted and relattvely slow process
v 7 g
'I)n the second senes of expenrnents the uptake and catabohsm of vanous components

of LDL by f tbroblasts was investigated. A method was developed to prepare reconstituted LDL

*

A

[N



partrcles contammg exogenous,lv added PCs By usmg estabhshed procedures to radiolabel the
| r
prdtem and cholestervLes’fe— (CE) parts of Lhe LDL molecule n was possible to selectively

follow the uptake anngellular membolrsm of each of the different components. The recon-

. suruled LDL parucles were taken up speﬂfrcall) b\ the LDL receptor pathway and delivered to

a

.( the lysosomes where the CE was raprdh hvdrol) zed to' free cholesterol and fatty acid. The apo ’

' protem was also degraded m[racellularly 10 amino acrds which were released into the culture

medium. 'I'he degradatron of bot-h the CE and protem was > 80% after 6 hours of incubation.
Expenments wuh LDL whrch eontzn,ned rhdrolabellcd PC demonstrated that the phoFsLhohprd

\was tak_en ug by norma‘l frbroblasrs ‘but not by FH cells, which are LDL receptor deficient.

12

'Howe'ver, although the LDL-associated PC was internalized in association with the protein and -

_ o, o o
" CE componems it a-ppeared to escape lysosomal hydrolysis and remained substantially

(> 75%) 1ma\} after 6 hours as Judged by thin laver chromatography. Incubation of cells with
reconsrituled LDL containing PC labelled in the choline head group resulted in the release of a

small amount (5-8%) of the PC radioactivity into a water so]uble form. This release was

~ abolished in the presence of chloroqume a lysosomal inhibitor. These results suggest Ihat )

) although a pomon of LDL -associated PC is degraded lysosomally a substannal fraction of the

pPC re‘mams mtact and appears to escape lysosomal hydrolysis. It is suggested that the lipo-

€ . .
protein associated phospholipid may segiegate from the particle prior 1o arriving at the lyso-

some, possibly via exchange with other cellular lipids.

% e
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1. INTRODUCTION

1.1 General Introduction

. Phospholipids and cholesterol are essential components of mammahan cells. Togefher
they make up the lipid portion lof cellular membranes which provide the compartmcmahla‘non
necessary for normal cell function. They also provide a matrix for a variety of membrane
bound receptors and enzymes. Cholesterol and phospholipids, particularly phosphatidvicholine,
are also important structural components of the plasma lipoproteins where Ehe)' act to help
solubilize_the more hyc;rophobic triglycerides and cholesteryl esters.

AltI;ough \tl}e chemical structures an‘d biosynthetic pathways of both cholesterol and
phosphatidylcholine have been known for many years. the role played by [h;se lipids in
membranes and the mechanisms by which their content within the cell is regulated rema-in areas
of very active investigation. The precise distribution and function of - cholesterof in cell
membranes have not yet been eétabffgb;gi (Demel & DeKruyff, 1976; Green, 1983). fhere is
little doubt that in mammalian cells, the phospholipid is in the rclz_nively fluid liquid crysta_lline
state. A variety of physical studies of both model lipid bilayers and biological-membranes have
demonstrated that cholesterol acts to increase viscosity and decrease membrane permeability.

. Hence it is generally accepted that cholesterol acts as a major modulator of the membrane -

physical state (Chapman, 1983; Shinitsky, 1984). There is an abun&ant literature that indicates

N

that the cholesterol content of mammalian cell membranes is‘t'ightly regulated in such a way as
to maintain a cholesterol.to phospholipid molar ratio (C/P) compatible with optimal cellular
- function. Numerous studies have shown that certain membrane enzyme and receptor functions

-can be “altered by experimental manipulations of the cellular C/P, alth'ough there remains

.+ considerable doubt as to whgther the changes observed are truly physiological- in natﬁre

‘(Sanderma.nn, 1978).
Thg details of the complex biosynthesis of cholesterol from acetyl-CoA, ihvolvin’g over

30 enzyme catalyzed reactions, have been worked out by several groups-over the last 40 years

°
s - "
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(Bloch, 1965). Much attention hag been focused on the conversion of 1{hydroxymethyl-
glutaryl-CoA 1o mevalonate, which is the committed step for cholesxerbl bs_vrithes_is and which is
C-Tal‘élyzed by the regulato‘r_\' microsomal enzvme HMG -CoA reducxase; /whi‘ch is_ betieved to be
. rale limiting for the .emire reaction sequence. The reaction sequence for'phosphat‘izi_vlcholmc
biosymhgsis has also been established: more recently, attention has focused on the enzyvme
cytidylate }xansferase which has been shown to be rate umuﬁé for:P_C -svnthesis in several -
svstems (Pelech and Vance, 1984). | |

The regplal‘ion of cellular lipid metabolism by extracellular sources of lipid has received
much attemion'in recent years.‘(;holesterol i5 in a state of rg;;Td fux _iri most ‘mammalian
tissues with its concentration controlled via the regulation of several prgcés’ses including lipo-
protein transport aﬁd de novo synthesis. Although it had been believed for many S'ears that liver

: g

and intestine were the only tissues in which cholésterol synthesis was subj.ecl to regulation,

more recent work on cultured mammalian extrahepatic cells has demonstrated the existence of

mechanisms for the control of cholesterol synthesis in peripheral tissues as well. Since chol-

esterol cannot be‘catabolized by exirahepatic tissues, their cholesterol content must theref ofe be
determined by a balance between pathways that increase cellular cholesierol (synthesis, lipo-
protein uptake) and pathways that mediate loss of sterol from the cell to the plasma,-
presumabiy for ret:lrn t‘o‘the'liver ()reverse cholestérol_ transport). M

The regulaAtion f cell phosphatidylcholine content remains even less ‘well understood.
Alihough some of the/factors influencing the rates of PC biosynthesis are now known, the
effects of movements jof extracellular bhOSphoiipid into the cell _aﬁd the influence of the rates
of phospholipid degr, da_tion on the overall-picture remain to be elucidated. There is also some

evidence for coordination of sterol and phospholipid synthesis in cultured cells (Cornell and

Horwitz, 1980),

ut in general the influences of different cellular lipids on eacl’1 others'
metabolism have not yet been investigated. .
The study of the factors whiclh reguléte the balance of cholesterol and- phospholipid '

. S ’
between cellular and extracellular compartments has -considerable clinical elevance as well.
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Repeated epidemiologic studies have démoh;lraléd the pdsitive relationship between the level of
serum cholesterol and the risk of c;oronary heart disez;se' (Kannel et al., 1973) and much
attention has been directed at teducing atherosclerosis tl\fough alteraiions in plasma lipids
(Lﬁ:id,Résearch Program, 1984£ Schaefer and Levy, 1985; Blankenhorn, 1985). Exactly how
plasma lipoproteins contribute to atherogenesis is not known. Ross and Glomset (1973)
suggested that chronic hyperlipidemia may com'ribute to the development of atherosclerosis by
direct damage to the endothelial lining of the arterial v'i/alli: Anqther p'ossible mechanism is the
: transft;r of lipoproiein lipid to cell membranes, thereby producing alterations in their ﬂormal

ﬁphysiological properties, perhaps inciuding enhanced proliferation (Gotto & Jackson, 1978;

Papahadjopolous, 1977 ‘ ' a

1.2 The Use of Cell Culture

Tbe development of methodology which permitted the esta‘blishmem and prolonged
cultivation (lf single cell types in media of defined composition brought about a new era in the
study of the regulation of mammalian Ii;;id metabolism. Cell cul;ure pr(;vi,ded the opportunity
for much greater control of experimemal conditions than in the tissue slice or whole animavl.
Individual cell types could be studied independent of; the complicating tissue or organ
influences. It Qas poésible 1o qlanipulate the composition of the growth media aﬁé%@‘stud}' the
. movements of various lipid components between the cellular and extracellular compartments.

The 'pioneeringv studies of Bailey (Bailey, 1966, 1967), Rothblat_,(Rothblal and

Kritchevsky, 1967; Rothblat. 1972) and Geyer (Geyer et al., i961; Geyer, 1967) demonstrated-

. ‘
that cells grown in culture medium supplemented with serum derive much of their lipids from

that serum. VYhen the serum was not inchided in the culture medium, the cells responded by
s‘)'nihesiiing ‘tlﬁ"}éc;uired phospholipids, triglycerides, and cholesterol from various water
"SOIﬁble p_'recl:ursors, primarily acetate and glucose. Together the'sé two observations implied thai
cértain serum components could suppress cellular lipid ‘biosyﬁtﬁesis and‘ that there were

feedback controls regulating de novo synthetic pathwéys in response to changes in the lipid

otals
e

t
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study of metabolic disorders.

content of the growth medium.

The use of cell culture has also allowed the investigation in a controlled environment of

metabolic changes resulting from deficiencies of either cellular enzymes or membrane receptors.
« £

\ 4
A

Mutant cells can be compared to their normal counlerbarls. and this has proven to be vexy
useful in the elucidation of many underlying biochemical processes. Himan skin fibroblasts,
which are relatively easy to o_btain and grow, are now extensively used in the diagnosis and
It wﬁé the study of cholesterol metabolism in the cultured cells of patients with dne
such disorder, familiél hypercholesterolemia (FH), which led Céldstﬁn and Brown (1973) 1o

the discovery that the uptake of low density lipOproteins/(LDL) could be mediated by a specific

cell membrane receptor. This concept has, been,.eiaborated into the "LDL réceptor hypothesis’

S »

~ for the regulation of cellular free cholesterol content (Goldstein and Brown, 1977; Goldstein -

and Brownn, 1983). The receptor mediated endocytosis of LDL and its role in cholesterol
homoeostasis will be discussed in more detail below.

The use of human cells grown in culturé has also been essential in—the chatacterization
of a large number of lysosomal storage diseases, genetic disorders in which one or more lyéo-

somal enzymes are lacking. Several of these disorders involve the absence of lysosomal-

hydtglases which participate in lipid metabolism, and these will be discussed below.

Despite the considerable advantiages provided by céll culture, it is important M

recogmze that the method is not absolute. It must be kept in mmd that cuiture condmonst Jre

art1f1c1al and subject to potenual artefacts mcludmg silent m.fecuons pH changes f reedom

. from hormbnal uhence, and potennal nutritional defi 1cxenc1es. Cells maintained in culture will

Yikeiy undergo. different selection pressures depending-' on the particular growth environment.

providcd The cell density achieved is usuallyv much lowet than .in vivo, and the concemrations

of nutrients, lipoproteins, and growth factors provxded is. undoubtcdly different. Thm may be

. .pamcularly relevant when studymg the lipid metabolism of groups of-cells grown in medxum

containiﬁg‘ different preparations of serum. Culture of single cell types also has “the



disadvemage that cell-cell interactions are eliminated. There 1§ eviéence_ for example (Quinn et
al.. 1985), that z;rterial endothelial cells may have importaﬁ'l ‘/rhod_if;'i‘hg effects on the
composition and concentration of .lipo’proteins which interact with mac.rophages and smooth
muscle cells.

Despite these limitations, the study of lipid movements between serum and cells gr.ownv

in tissue culture has provided many insights into cellular metabolism of lipids and their involve-

ment in pathological conditions.
1.3 Lipid Movements Between Serum and Cells

1.3.1 General Introduction
There is a dynamic interchange of lipias between lipoproteins and bioclogical
membranes. Flux of various lipids between different types of synthetic lipid vesicles, lipo-
proteins, cells, and cell organelles have been extensively studied (Bell, 1977, 1978; Spector et
al., 1981; Green,v 1983). It has become apparent that for mammals, the overall flux of lipid
between the plasma and various tissues is the result of a very complex and dynamic set of inter-
actions between the different lipoprotefn classes ((‘which‘ un&ergo ‘constant metabolism.
frequemly involving bidirectional trar‘lsf” ers of COnstituents) and the plasma membranes of the
wide variety of cell types present in the body These interactions may involve spec1f ic, high
” affi 1mty receptors on the cell surface -- in this case the movement of hpxd between plasma and
' the cell is directed by th'e presence of the appropriate apoprotein. Also important are qansfers
of -different lipid_;clas'ses between lipoproteins and cells which " occur by physicochemical
mechanisms: In fI;is case the flux of the particular libid class will\depen'd partly on its physical
properties and also in some way on tﬁe properties ‘of the donor and accept(); membraries. These
kinds of transf'ers of lipids do not require energy. but may be catalyzed by a' variety of different

13

egchange proteins present eitheér in plasma or within th,e;c;ell c‘ytosol. ;



Determining the relative contributions that these receptor mediated and non-receptor
mediated movements make to the overall flux of lipid between the extracellular (plasma) and
cellular compartments in vivo has been a challenging task. In the effort 1o simplify a very
complex set of dynamic interactions, many workers have srudied. lipid movements in model
systems, with relatively simple cells such as erythrocyies, or.with cells grown in tissue culture.

Cells grown in tissue culture can derive lipid via either de novo biosynthesis or uptake
from exogénous sources in the medium. Serum forms the major lipid source for culturcq cells.
Phospholipids, btriacylglycerols, cholesterol, and cholesteryl esters a.re contained in scrﬁ:féflipo-
proteins and it has been well established that many cultured cells will ut.ilize thése lipids when
they are added as components of serum or as isolated plasma lipoprotein fractions (Bailey,
1967. Rothblat, 1972). Since then, many studies have been directed at determining the precise

N , :

*

mechanisms by which various ty;iés of lipids are takei;h‘:u

S

“Iansported within, and utilized by

/? cultured celis, and the effects that these processes have ot cellular lipid metabolism.

1.3.2 Receptor Mediated Lipid Movgments

1.3.2.1 The LBL rgceptor pathway

as".'been apprcci‘ated for many years that hepatic choleslerdl bigsynthesis is
under negative feedback control by cholesterol in the diet (Gibbons er al.. 1982). and that

the site of dietary feedback control is HMG CoA reductase. /n vivo studies implicated the

-

liver and the intestine as the principal organs of cholesterol synthesis and it was generally

presumed that these were the only sites which had regulation of cholesterol metabolism. It

Y

. ¢
was not until the-advent of cell culture techniques that the feedback control of cholesterol

biosynthesis was demonstrated in other cell types from peripheral tissues as well. In a

variety of studies it was demonstrated that cellular cholesterol synthesis was reduced when

whole serum was included in the culture medium. (Bailey, 1966; Avigan et al., 1970, 1972;

’

Williams and Avigan, 1972).



-

It was against this background that Brown and Goldstein began their elegant series

of‘experimems which eventually led to the demonstration of a specific membrane receptor
. &
which could mediate the interaction of LDL with human fibroblasts in culture. Their first

important observation (Brown er a/., 1973) was that removal'of serum from the medium -

resulted in a large increase in HMG CoA reductase activity. This increase could be reversed

by whole serum, by LDL at low concentrations, or by HDL at very high concentrations.
s ' )
This reversal could not be achieved by the addition of lipoprotein deficient serum (LPDS).

which is serum froﬁ which the lipgproteins have been removed by ultracentrif ugation. It
was suggested il;at Achpg,g.:sterol biosynthesis in extrahepatic tissues is constantly suppressed
via negative feedback control o HMG—CoA‘reduclase by LDL (Brown er al.. 1973).
Further contemporary studies showed that this feedback control was achieved by changes
in the rate of enzyme synthesis, rather than i)y changes in degradation or via some kind of

direct mechanism (Brown et al., 1973b; Higgins and Rudney, 1973; Edwards and Gould,

1972). More recent investigations have also implicated a possilbile role for enzyme phospho-

rylation/dephosphorylation in the regulation of HMG-CoA reductase (Scallen and

.

Sanghvi, 1983). There is also evidence that the physical state of the endoplasmic reticulum

lipids influence the reductase activity (bin Sipat and Sabine, 1981; Venkatesa:\and
{ .

by

Mitropouilos; 1982).

The search for the molecular mechanism by which LDL exerted its suppressive

- ~

effects on cellular' cholesterol biosynthesis -was greatly aided by the study of a_human
) s . i ) . ‘/ )
genetic disorder called familial hyperchqlesterolemia (FH). FH is a rare, autosomal

i . -/ . . . ) &
codominantly ighemed c}&sease characterized clinically by markedly elevated serum LDL

cholesterol (240 mg/dl for heterdzygotes, 625 mg/dl for horﬁozygotes) and premature,

accelerated atheroscl;résis (Goldstein and Brown, 1983). Study of cultured fibroblasts
: h .
; . _

from FH patients fevealed that they lacked the LDL-mediated down regulation of HMG
CoA reductase, even though the kinetic properties of the enzyme appeared to be normak

(Brown et al., 1974a; Goldstein and Brown, 1973). It was suggested that the genetic defect

LS



in FH was somehow impairing the delivery of LDL cholesterol into the cell. This was
confirmed by sxgdies of the interaction of '#’l-radiolabelied LDI. with FH cells which
. showed both defective binding (Brown & Goldstein. 1974a: Anderson et al., 1976) and
degradation (Goldstein A& Brown, 1974) of the L.DL protein. Since only the high affinity,
saturable component of total LDI. binding and @eéradation was defective in the FH cells,
and since this high affinity “component couikd be removed from normal fibroblasts by
* pretreatment of the cells with the proteolytic enz'.yme pronasé_ Goldstein and Brown (1974)
postulated the existence of a specific cell surface receptor fo;Q’LDL. This concept of
delivery of LDL lipid to ¢ells by a receptor mediated endocytic pathway has been
elaborated into a hypothesis for the regulation of cellular free cholesterol content (Brown

and Goldstein, 1979; Goldstein and Brown, 1977) (Figure 1). In this model, the chol-

esteryl esters, free cholesterol and phospholipids of LDL are delivered to the cell surface '

via high affinity cell surface receptors which recognize the protein compdnem of LDL,
apolipoprotein B. The LDL particle is internalized into the cell by endocytosis and
delivered to the lysosomes, where the apoliprotein is degraded to its component amino
acids and the cholesteryl esters are. hydrolyzed by an acid hydrolase, yielding f ree chol-
esterol apd free fatty acids. The cholesterol 56 liberated can be used fo_r membrane
synthesis or re-esterified into the cholestery! ester form within the endoplasmic rgticulum.
This process of imemalizatioh and degragla;\ibn of LDL® has several reéulalory

RN
consequences: ' . ol

Lo

1. a suppression of de novo cholesterol biosynthesis; achieved: through a reduction in the

microsomal enzyme’ 3-hydroxy - 3-methylglutaryl 'hcoeAnzyme-A reductase, tﬁe ratg
limiting enzyme.in cholct;:terol biosynthesis, | |

2. a stimul%tion of cholesterol esterification, achieved'_!t.hrc;ugh.an increase in the activity
of me rlhicrosom?l enzyme acyl-CoA: cholesterol transferase,

/ AN
3. adecrease in the synthesis and thus the number of LDL receptors.™ /-



e
s

‘h
Figure 1. Sequential steps in the low-density lipoprotein (LDL) receptor pathway in cultured
mammalian cells. (From Goldstein er a/, 1983).
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Apparently, therefore, cultured ceils have Lhei; cholestero] conient regulated
through a complex feedback mechanism which responds to cholesterol delivered via the
LDL receptor pathway. Under normal conditions, cells obtain much of the cholesterol
required for membrane synthesis via the internalization and degradation of LDL.

T, ‘ .
Endogengus cholesterol synthesis is greatly reduced, esterification of any excess cholesterol
delivered by LDL is enhanced, and the cells adjust the number of L.DL. receptors to a basal
level that provides for the entry of only as much LDL cholesterol as is required.

The elucidation by Goldstein and Brown and coworkers of these mechanisms for
the regulation of cell cho}esterol content was; a brilliant demonstration i)f the analytical
potential of cell culture and also contributed significantly to the 'development of Ll;e
paradigm of receptor mediated endocytosis (Goldstein et al.. 1979). However, the signifi-
cance of the LDL receptor mediated pathway to the organism as a whole is far from clear.
In general, rates of whole body cholesterol synthesis in FH homozygotes are.similar to that
of normal controls (Fielding and Fielding, 1985). Also,h in tissue culture systems, it
appears that it is sterol depletion of the cells, rather than an absence of LDL in the culture
medium, which is the predominant signal for the induction of new LDL rveccplor synthesis
(Oram et al.. 1980; Fielding and Fielding, 1985). These types. of observations strongly
impl’_v that the LDL receptor pathway is not necessarily rate limiting for cellular cholesterol
synthesis rates, either for cells grown in the p£ese‘nc;’, of LDL in culture, or in givé (Slangg
& Dietschy, 1983). In light of the ébove. more attention has been focu;ed on th'eh roles
played by lipid exchange processes in determining ceﬁular li}Jid metabolism and content.

Although it appears that the receptor mediatved ufnake and degradation of LDL is
not rate limitirfg for cholesterol synthesis in vivo, clearly.much LDL is degraded by recepior

mediated processes. In terms of the lipid components of the particle, this represénts a flux

’

into the cells of cholesteryl esters, free cholcfsterol. and also phoépholibid. This pathway

~ may have particular significance for. the ' movement of phospholipids into cells. The LDL
particle .is greater than 20% phospholipid by weighi, primarily phosphatigficholine (PC)

‘.

-



. b

”"ﬁ’gﬁ o : :
i ' and sphingomyelin (SM) (Lee, 1976). Thé rate of non-receplor mediatéd movements of

o lllale‘J‘c f;?lospholipids from the plasma to cells has not been uncquivoéally determined. but it

* n
2 *

™ _is clear that it will be much leés than that of free cholesterol, which has a much higher

. _ 8 . . . . e
critical micellar concentration and is therefore more likelv to move via a diffusional

. o .
mechar‘{sm. Thus far very few studies have bcen-direclea al cxamining the uptake and

. metabo¥sm of lipOp'rmein associated p-hospholipid, or determining the effects this uptake

i .
may have on endogenous lipid vm'etabol‘ism. . .

: oY R A - .
1.3.2.2 Orher receptors which mediate lipid uptake
In addition to the so-called LDL receptor (which recognizes apolipoproteins B and_

v b .

E). several other,re_ceptors have been described which ma_\"participale ‘_in the delivery of

w

lipids to cells (Brown and Goldstein, 1983; Mahley and Innerarity, 1983?): These are:
1. The scavenger receptor of rflacropha'ges, and endothelial cells, which recoénizes
chemically modifigd LDL and which may play a role in the development of the "foam

cells” of the atherosclerotic plaque,

+
e

" 2. The B-VLDL receptor, which is also present on macro;??nd endothelial cells and

- which recognizes a minor, cholesterol rich subfraction of VEDL,

3. The apo E recepﬁor, which is a hepatic receptor involved in the clearance of
chylomic;rons.énd possibly VLDL remnants.
" Once égain, the physiological significance of these receptors in vivo is not entirely

" clear and is a current area of active investigation. -
..

" 1.3.28 Receptor mediated efflux of lipids from ceus"a-_
' Thls aiécdve_ry of the LDL Teceptor also stimulated the search for other cell surface

receptd}s that would recognize apqlipoproteins‘othér than the apo B of LDL. In particular,
e ‘:mpch g‘_mention has been focused on rece'ptofs that recognize the apolipoproteins of high
I o . . .
¢ density lipoprotein (HDL). It has been proposed (Glomset, 1968) that HDL may remove -

B - F c’hOIéSterol from peripheral cells, possibiy via some ‘ki_nd of s‘urface‘transfe.r pi'ocess, and

B
=%
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re{urn it to the liver for disposal; this-has been called "reverse cholesterol transport”. This
- hypothesis has been intensively invesu)galcd (for a review see Tall and Small, 1980).

Various studies have demonstrated that HDL is not catabolized via the LDL receptor path-

-way. (Miller et al., 1977; Stein er al., 1976; Daerr et al.. 1980). It has been shown that

-

cellular cholesterol efflux results in increases in sterol synthesis and LLDL binding. and
decreases in esterification, but the identity of the physiological cholesterol acceptor, the
role of the apolipoproteins, and mechanisms by which cholesterol depletion at the plasma

membrane influences intraceliular metabolism are all yet unclear.

-

: There is now good evidence that in the rabbit, HDL is the physiological mediator
L
of reverse cholesterol transport in vivo (Miller et al.. 1985). Although the search for an
HDL receptor has been hampered in the past by the apparent cross reactivity of HDL for
the apo B, E (LDL) ;eceplor; more recently progress has been made. A high affinity
_receptor that recognizes HDL has been dcmonstréled in human skin fibroblasts and
cultured arterial smooth muscle cells ( Biesbroek ei(l.. 1983). The activity of this receptor .
s upregulated by cholesterol loading (Oram et al.. 1983). and it has been postulated that
this receptor may play a role in reverse .cholesiérol 2ransport from peripheral‘ cells (Oram,
1983): Recenily, a saturable receptor specific for HDL has also been shown (o bé present
on human liver membranes (Hosg et al., 1985). This receptor activity is upregulaied by
cholesterol loading, and it is possible that it may play some role at the (;elivery end of the
proposed HDL reverse cholesterol transport mechanism. |
» .

1.33 Non-Receptor Mediated Lipid Movements

1.3.3.1 General introduction

-

A spontaneous, protein independent transfer of lipid molecules will occur between

a wide varizty of membranes. Lipid exchange is the one-for-one exchange of identical

molecules. Net transfer may occur when the movement is unidirectional, or more likely,

when bidirectional but occurring at different rates. Lipid' exchange/transfer is a

v
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physicochemical process and does not require metabolic energyv. Lipid exchange processes
play an impoﬁam role in determining the overall fluxes of various hpid components, both
(n vivo and in the tissue culture flask. The composition of the matunng, circulating plasma
lipoproteins is constanty changing, partly due to catabolisym but due also in large measure
10 the net transfer of lipids between each other and with cells. The magnitude and direction
of these net transfers depends on the physical nature of the donor and achplor membranes
(for example, li]e C/P ratio), and on the physical properties of the lipid-itself. In general,
cholesterol and fatty acids move rapidly between membranes or lipoproteins, phospholipids
move more slowly, and cholesteryl e-SLers move very slowlv (discussed in more detail
be.low). All of these lipid components have the potential to be clearedl from the plasma (n
v1§) or from the culture medium (in -vitro) as single molecules, by moving down their
chemical potential gradients. These non-receptor mediated movements of lipids between
serum and cells do not depend on macromolecular uptake of intact lipoproteins, but it
should be remembered that these processes occur simultaneously with intact uptake via
nonspecific pinocytosis or adsorptive endocylosis, as well as via receptor mediated
endocytosis. However, it is becoming increasingly apparent that non-receptor mediated
uptake of lipid from plasma or serum may form a significant part of the total lipid flux

under physiological conditions.

1.3.3.2 Cholesterol exchange N

Cholesterol exchange is a general® phenomenon that occurs wherever cholesterol is
present, either in vivo or in vitro. Free-cholesterol has been shown 10 move between a
variety‘ of biological and model lipid merhbranes via a passive éxchange précess. In -many
instances this movement is a simple one-for-one exchange that does not change the chol-
esterol content of donor or ac'ceplor membranes. There is now :considerable evidence
suggesting that the mechanism of cholesterol exchange involves the partitioning of chol-

esterol out of the membrane bilayer into the aqueous phase through which it then diffuses

(McLean and Phillips, 1981; Backer arld Dawidowicz, 1981; Rothblat and Phillips, 1982);
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for a contrary view see Jonas and Maing (1979). There is a huge literature on the exchange
of radioactive cholesterol in a wide variety of svstems (for r-cvxews see Bell. 197%: Green,
1983). Cholesterol exchange will occur between lipid vesicles and human skin fibroblasts
(Poznansky and Czekanski, 1982) (;r vesicles and rat arterial SmO(;lh muscle cells (Sloue
and Lundberg, 1983a). 1t has also been demonstrated that the free cholesterol of 1.DI. will
exchange with the cellular cholesterol of fibroblasts (Shireman and Remsen, 1982:

Goldstein er al.. 1979) and adipocytes (Angel er a/., 1981).

1.3.3.3 Net cholesterol transfer

Net movements of cholesterol between model lipid membranes. lipoproteins. rcd
and white blood cells, and: cultured cells can also occur via passive excﬁange. The accumu-
lation of cellular cholesterol resulting from net transfer from lipoproteins has been
extensively studied in red cells (Cooper, 1978). Model lipid donors and acceptors have also
been utilized extensively to study the net transfer process. It has been observed in many
different systems that l_i?id vesicles with relatively high C/P ratios (> 1) will transfer
cholesterol to cells, wh;ile with a ratio of unity little or no net transfer occurs (Arbogasl éi
al.. 1976). 1t can therefore be concluded that for rela.tively simple systems, such as li'pid
vesicles or eryth;ocy;es_ the overall cholesterol flux occurs by a net transf erk~pr0cess, the
driving force ot ‘hich appears 10 be rel.alcd to the difference in the C/P raliQs of the
donqr and acceptor membfanes (Lange and D'Alessandro, 1977). |

For more physiological systems, involving ‘metabolicall'y active cellS cultured- in
serum-containing*medium, ‘the situation is ‘complicated by any receptor mediated pathways
(particularly th; LDL receptor pathway) and by potential .sterol fluxes oc'curr‘inlg via net‘
transfer to Z)r from other serum components. The contribution of these kinds of
non-receptor mediaied surface transfer movements of chol'esté??l to the gve;a{l sterol flux
between serum lipoproteins remains unclear, but various studies have 'su.ggestea, that- ,L'DL

choleste}o[ rﬁay move independently of the lipoprotein particle both in vivo (Shireman and

Remsen, 1982)‘ and in vitro (Portman et al, 1980). It has also been suggested that in
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atherosclerosis. where there is a progressive accumulation of cellular lipids (particularly

cholesterol and cholestervi esters) the surface transfer of lipids may represent a highly sig-
1 4 2

nificant route of lipid entry (Bell, 1978). '

1.3.3.4 Phospholipid exchange and net transfer

The exchange of various phospholipids has been demonstrated among lipoproteins

(Minari and Zilversmit, 1963), between plasma and erythrocytes (Hagerman and Gould,

1951 Reed, 1968). and betwecn a variety of imrac.ellular organelles (Wirtz and Zilversmit..

1968, 1969; McMurray and Dawson, 1969). In addition, a variety of cytosolic proteins

capable of catalyzing phospholipid exchange have been isolated and characterized (Wirtz,

1974; Zilversmit,and Hughes, 1976). Studies of phospholipid exchange in model lipid.

vesicle systems suggest that transfer occurs via soluble lipid monomers (Roseman and
Thompson, 1980; Nichpls and Pagano, 1981). |

There has been very little work done on establishing the role of extracellular
sources of phospholipid in the regulation of intracellular phospholipid content,
composilion. synthesis, or degradation. Recently a plasma phos;;holipid transfer protein

has been isolated {Tall et al., 1983) but iis physiological role in promoting movement of

phospholipids between lipoproteins and cells is not known.
A A !

1.3.3.5 Cholesteryl ester exchange/transfer

It has been 51¢fnonstfated in several cell types that there is some transfer of éhol-
esteryl esters from triacylglycérc.)l rich iip;)proteiﬁs across the plasma membrane into the
cell interior (Fielding and Fielding, :1985). Although this process has fhe c‘haracteristics of
a receptor mediated endocytic pathwéy, it does not appear to involve uptake of the intact
'liboprotein. How this transfer is ‘achieved is not known, but it is known that _the process is
stimulated by the action of lipoprotein lipase, and it may be that other products of tﬁis
enzyme (fétty acids, lyéophospholipids. or monoglycer’ides)’promot_e the uptake of chol-

esteryl ester by locaily modifying membrane bilayer stability.
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1.3.3.6 Efflux of cellular lipids

One of the possible ways in which serum components could interact with cells is to
promote the removal of cellular lipids, especially cholesterol. Many authors ‘have obg)erve
efflux o; cholesterol from cells grown in culture. In many cases the actual efflux measured
has been the efflux of radioactivity from cells which hgd been prelabelled by either the
addition of radioactive cholesterol in the medium (Bums'and‘ Rothblat, 1969) or prelabeled
biosynthetically from radioactive acetate or mevalonate (Poznarfsky and Czekanski, 1982).

Many investiéations have been made of the ability of lipid vesicles, specific lipo-
protein classes, and apoprotein lipid recombinants to promote efflux of cholesterol from
cultured cells (Stein er af., 1975, 1978; Burns and Rblhblat, 1969; Bates and Rothblat,
1974; Bellini et al., 1984). Despite much work in this area, identification of a physiological
cholesterol acceptor in a tissue culture system has proven to be difficult. Many attempts to
measure cholesterol efflux from cultured cells were based on the quantita}ion of
isotopically labelied sterol, and under these conditions it is impossible to distinguish-net
movement of cholesterol f rom dilution of radiolabel by exchénge. Studies of net cholesterol
efﬂ_ux from cultured cells to HDL or HDL -like particles have in general sho:vn that only a
limited amount of cell plasma membrane cholesterol can be removed (Stein and Stein,
1973; Stein et al., 1976; Phimps et al., 1980; Daniels et al., 1981).

There is, however, substantial evidence that .Ath‘e reverse cholcsterol transport from
peripheral cells into the ci;culation can be driven by the esterification of cholesterol 10
cholesteryl ester -by plasma,lecithin cholesterol acyl transferase (LCAT) (Fielding zna

Fielding, 1985). It appears that Lhe physiological lipoprotein acceptor is a rapidly tummg

over subfsacuon of HDL' partlcles Wthh contain only apo A-1, and that t@ species is the

&Y

preferr)ed substrate for LCAT. This process of cholesterol esterification serves 1o maintain .
a negative free cholesterol gradlem between the extracellular ﬂuxd anq the cell membrane

(Fielding and erldmg 1982). The mﬂuence of the recently described HDL recepmrs (see

section 1.3.2.3) on this process is not known.
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1.3.4 Summary OT Overall Lipid Fluxes

1.3.4.1 Cholesterol and cholesteryl esters
The pathways which are involved in cellular cholesterol holneos[asis are outlined 1n
Figure 2. Several of these pathways promote increased cell cholesterol content:
1. receptor mediated uptaké of intact lipoproteins (for eiample, the LDL receptor path-
way),
_ 2. cellular cholesterol biosynthesis, regulated at the level of HMG CoA reductase.
3. net cholesterol uptake by lipid transfer f rom cholesterol rich lipoproteins,
‘4. hydrolysis of cellular cholesteryl ester stores by a cytoplasmic neutlal esterase (Brown
et al., 1980).
There are only two known pathways by which cells in culture or n vivo (with the exception
of the liver and adrenals) can decrease their cholesterol content:

1. esterification of cholesterol, catalyzed by ACAT, : s

2. net cholesterol efflux to extracellular acceptors, particularly HDL.

1.3.4.2 Phospholipids
1n general, the flux of phospholipids between cells and either serum or plasma and
the influence that this” has on the regulatiom of cellular phospholipid content and

composition are still not well u_nderstood.
1.4 The Role of the Lysosome

" 1.4.1 Introduction -
Turnover of cellular componems has been recogmzed for many years but it was not

unul the demonstration by De Duve et al. (1955) of the latency of acxd hydrolases in llVCI

& T ————r -

homogenates that jt was reahzed that degradauon was _compartmentalized in cellular organelles

1

that came to be known as lysosomes. Lysosomes have been shown to contain a variety of
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Figure 2. Pathways involved in cholesterol homeostasis in cultured fibroblast cells:
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degradative enzymes ( Figure 3). Human pathology has clearly indicated the essential role of the
lysosome in metabolic turnover, as a variety of inherited deficiencies of acid hydrolases have
o
been characterized-and in each case the corresponding substrates continue to be synthesized but
are not properly degraded and accumulate instead in enlarged lysosg)mal boaies (Dingle, 1;)77).
It is clear that lysosomes partici;ia'te in“ the cellular degradation of neutral lipids.
phospholipids, and sphingoh’pidsi (Barrett and Heath, 1977). A number of genelic disorders

arising from deficiences in acid lipase (Fowler and Brown, 1984) or sphingomyelinase (Brady,

1983) have been described. Although there are no known genetic mutations of , lysosomal

phospholipases, treatment of animals or humans with a variety of phospholipase inhibitors hés .

been shown to result in lipid storage disorders, with lysosomal phospholipid accumulation
(Malsﬁzawa et al., 1977, Matsuzawa and Hostetler, 1°80: Blackweil'and Flower, 1983; Hostetler
et al., 1985). It has only Becn relatively recently that the various lipase activities present in
lysosomes have been characterized, and as yet there have been very few evaluations of the role
of these enzymes in overall cellular lipid metabolism. Lyéosomal lipases participate in the
degradation of material internalized into the cell either by phagocytosis or receptor mediated
endocytosis (Silverstein et af, 1977). Although there is cbnsidcrable morphological evidence for
autophagy, the role of the lysosomal lipases in the turnover of endogenous lipid has vet to ‘be

elucidated.

1.4.2 Lysosomal Acid Lipase

It has become apparent in the last few years that the hydrolysis of nemral lipids in
lysosomés occurs as a result of the action of a single enzyme, acid lipase. A wide variety of
diff_er.ént.lvibase activities ha\"e'been described (reviewed by Fowler and Brown, 1984) but it is
likely that the substaniial diffe;renées in pH optima, substrate specificity, ‘and effects of
cofactors reported are a resuﬁ of the wide variety of enzyme preparations and assay procedures

used, rather than due to the existence of multiple enzyme activities.

[&Y
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Figure 3. Schematic diagram of a lysosome depicting its various degradative capabilities (From
Fowiler and Brown, 1984). ’
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Purification of acid lipase has been retarded by its extreme hvdrophobicity and
[

instability. A triacylglvcerol lipase. which cleaves the fatty acyl moicties from triacvlglveerols.
was purified from rat liver by Teng and Kaplan (1974). 1t was reported to have substanual
cholesterol esterase activity, but did not hydrolyze phospholipids. Cholesterol esterase (chol-
esterol ester hydrolase) was shown to be present in macrophage lvsosomes (Werb and Cohn,
1972). In vitro its, activily is dependent on the presence of phospholipid and detergent, and the
reaction can be reversed if the appropriéle concentrations of cholesterol, cholesteryl esters. and
phospholipids ére presént (Nilssor;.' 1973). It has also been purified from rai nver lysosomes by
Brown and Sgoutas (1980). from rabbit by Imanaka et al. (1981), and from human liver by
Warner et al. (1981). In all three cases simultaneous purification of lipase acLivily against
trioleoylglycerol and cholesteryl oleate was obtained. strongly imply‘ing' that ‘lysosomal
triacylglyerols and cholesteryl esters are hydrolyzed by the same enzyme.

Cholesterol esterase activity has also been siudied in human skin fibrobiasts from bbth
normal subjects and subje_cts w.ith cholesteryl ester storage disease (Goldstein et al.. 1975).
Cells from patients with this disorder have deficient lysosomal acid lipase'aclivity, and
accumnulate triacylglycerols and espe\cially cholesteryl esters. These studies have demonstrated
the essential role of lysosomal cholesterol esterase ‘aclivity in the hydrolysis of LDL-associated
cholesteryl esters with subsequem regulauon of intracellular cholesterol metabolism (Krieger et
al., 1978; Brown etal., 1976). !

Lysosomes have also been shown to contain various phospholipases as well as a

sphingomyelinase. These activities are considered in more detail below”

143 Lysospmal Phospholipases

Phospholipascs are widely di;tributcd enzymes that catalyze the hydrolysis of phospho- |
lipids. Tfﬁey are classif‘ied by their site of attack on the phosbholipici, molecules (Figure 4).
Phosphohpase A, and phosphohpase A, are acyl hydrolases, and catalyze the hydrolysxs of the 1

or 2-acyl ester bond to yxeld a lysophospholipid and a free fatty acxd There are some



Figure 4. Hvdrolysis sites of the phospholipases.
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phospholipases which can hydrolyze both acyl chains (phospholipases B) as well as a variety of
enzymes which attack monoacyl phospholipids (lysophospholipases). Phospholipase C and
phospholipasc‘D are phosphodiesterases and catalyze cleavage of either the glycerol-phosphate

-

or phosphate-base bonds.

Phospholipases can be separated into two broad categories based on their location,
function, and ;;hysical properties. The best characterized are the extracellular phospholipases
which are found in bacterial toxins, various venoms, and digestive juices. In general these
enzymes have a completely digestive function and do not appear to be regulated.

The other group of phospholipases are thé intracellular phospholipases. These have
been described in a wide variety of tissue and cell types and in a large number of subcellular
locations (van dcp Bosch, 1980). Many of these enzymes are membrane bound or associ;Led
and it is very likely that at least some of these phospholipases are regulatory enzymes. There
has been increasing imlerest rec'emly in the isolal{on and characterization of these imracellulgr
phospholipase activities. For example, much attention has Ex_:;n focused on 'the phosphatidyi-
inositol (PI) specific phospholipase C which has been implicated as a participant in the "PI
rcsmﬁse" (Marx, 1985). There has also been much interest in the role of phospholipases in the
regulation of eicosanoid production (Smith and Borgeat, 1985).

A group of cellular phospholipases which may share some of the properties of both the
extracellular and intracellular lipases are the lysosomal ph_ospholipases. These enzymes operate
in an acid‘ environment, can be isolated in soluble f orm, and are believed to function in the
degradation of pljosp_holipicis 'wh_ich enter the cell via endocytic processés. However, it is not
known if these enzymes. are mémbrané-as‘sociated within the cell or how they are regulated, In
general, little is known of how the intracellular degradation of ‘phospholipids 1s comrolzl.ed.
~ These studies have not advanced as rapidly as those dealing with the catabolism of water soluble
compounds. Phosphplipids are difficult enzyme substrates td use and phosphaolipase kinetics are

very comﬁlex. As noted, many phospholipases are membrane associated, making them diff ic‘lx\lt

to assay, purify, and characterize. Still in regent years considerable progréss has been made in

Kl
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the isolation and characterization of lysosomal phospholipases, particularly those of rat liver.

1.4.3.1 Phospholipase A
The first evidence of phospholipase A activity in liver lysosomes came from the
laboratory of Mellors. It was demonstrated that coincubation of lvsosomal frac‘tions and
mijochondria resulted in uncoupling of oxidative phosphorylation, due to the production
of free fauly acids by a lysosomal phospholipase (Mellors ef al., 1967; Mellors and Tappel,
R e
1967). At the same ume, a rat liver lyso:omal phospholipase A activity was described by
Stoffel and Greten (1967). Through the use of radioactive phospholipid substrates, labelled
specifically in either the C1 or C2 fatty acyl chain, it was possible 1o demonstrate that
phospbolipase activities specific for bot‘h positions-were present in li;/er lysosomes (Waite
et al., 1967; Stof nd Trabert, 1969; Fowler and de Duve, 1969; Nachbaur ef al., 1972).
The separation of‘the lysosomal phospholipase A,; and éhospho‘lipase A, acuivities
from each other, and the purification and characterization of the proteins rgsponsible has
been a chélleng\ing task. Waite and coworkers reported the first partial separation of the
two phospholipase activities in 1971 (Franson et al.. 1971). More recently this group has
reported purifications of rat liver lysosomal phospholipases A, and A, (Waite er al.. 1976.
Robinson and Waite, 1983). Lysosomal phospholipase A has also been purified by.
Hosterler et al. (1982), who reported five isoenzymes with phospholipase A, and lvso-
phospholipase activities.
There are considerable and as yet unresolved differences in the properties of the
- phospholipase A"ctivities isolated in the laboratories of Waite and Hostetler. The e'nzyme'
described by Wai[e and coworkers (Waite er al., 1976; Waite et al., 1981; Robinson and
Waite, 1983) has been purified 1.440-fold from the soluble fraction of rat liver lysosomes.‘
It has optinal activity at pH 4.0, and a molecular weight of 56,000 daltons as determined
by denau\n‘ng polyacrylamide gel electrophoresis. The enzyme‘ binds CénA and ig therefore

believed to be a glycoprotein. /n vitro, phospﬁatidyl ethanolamine (PE) is the preferred

substrate of the enzyme; PC is hydrolyzed at 20% of the rate of PE and acidic
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phospholipids (PS. PI, and PG) are all poor substrates.

The five ‘isoenzymes of acid phospholipase A purified by Hostetler et al. (1982)
from the soluble f‘racn'.on of a rat liver composile 1)'sosoma.l frac[ilon have ‘molccular
weights ranging from 15,000 to 90,000 daltons, as determined by gel filtration. The two
major forms have molecular wcighls of 34,000 and 44,000 daltons and have been purified

17.500-fold and 1,910-fold, respectively. All the enzvmes are glycoproteins and bind 1o

ConA -Sepharose. Neither of the major isoenzymes was inhibited by Ca’ or Na', in

~ contrast to the enzyme reported by Waite and coworkers. The enzymes showed no

phospholipése A, activity, but demonstrated lysophospholipase A activity. In the presence

of Triton X-100, the major isoenzvmes-will hydrolyze acidic as well as neutral phospho-

.
N

' lipids, again in contrast to-the data of Waite and coworkers. Phosphatidviglycerol and

s

cardiolipin are the preferred substrates, followed by PC, PI‘, PS, and PE.

-

1.4.3.2 Phospholipase C

Two different rat liver ]ysosomal phospholipase C activities have been reporled

" Dawson and coworkers (Irvine er al., 1977a, 1977b, 1978) described a lysgsmqﬁ? gnzyme

that cleaves. mosuol monophosphate from PI_ When assayed with pure lipid substrates,

this activity showed negligible activity with phospholipids other than PI. In addilio\rP to this

P1 -specific 'phospholipase C, liver lysosongﬂ phospholipase C showing broad substrate

speci'i"icity has been described by Matsuzawa and Hostetler (1980). When assayed with pure
hﬁd substrates, this enzyme was most active against PI, but also showed substantial

activity with PC or PG, and sxgmf icant activity agamst PS and PE. &

1433 Sphingomyelinase o "‘

"Sphingqmyelin can be degraded to :ceramide and phosphorylcholine by a phospho-

'liggi:s’g. C - like enzyme galled sphihgomyelinase‘. Sphingomyelinase occurs in various tissues,

mﬁzgpt 'ofte'q asa 'lysosomal component (Yamaguchi and Suzuki, 1977). I_\Ieutral forms have

“also been’ reported “in microsomes (Gatt, 1976; Rao and Spence, 1976) andf" plasma
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membrane (Hostetler and Yazal;i_ 1979). The sqlubilizalion of §1)hingom}'clinase requires

detergents. implying that it is 10 some wa) nﬁembrane associated. /n vuro. the reacuon

kinetics of sphingomyelinase are influenced by “lht‘ presence of detergents, other phosp}m-:
'

lipids. and cholesterol (Brady, 1983).

There are several chnical disorders, collectively rgferred 1o as Niemann-Pick's
disease, which are characterized by accumulation of sphingomyelin (Kanfer and Hakomori,
- 1983). In two forms of the disease, type A and type B. this accumulation is associated with
- reduced levels of lysosomal sphingomvelinase. In type C disease, however, sphingo-
myelinase levels appear to be normal while sphingomyelin accumul-ates to 3-5 umes its
normal levels in liver and sple;en.‘ll is difficult to reconcile this accumulation with the
af)parem abundance of enzvme activity, but this situation is not unique. There are n)xan_v
circumnstances, particularI;' with cells grown in culture, where abnormal lysosomes appear,
yet there are little or no si‘gns of intrinsic defects in the complement of acid hvdrolases
(Phillipart, 1975). It may be p‘(;)‘ssible that there are some lysosémal storage disorders in’

which the hydrolases may be normally active in vitro but not in vivo, due to some lysosomal

dysfunction involving for example its membrane, Thatrix, pH, or cofactors.

1.5 Intracellular Lipid Trafficking and Metaboiism.‘

1.5.1 Introduction

Membrane lipid composi-tion' is without questio'n regulated. Tissues‘in different species

havmg identical function contain remarkably similar lipids. Conversely, tissues vn'hm the same

organism whxch have dxfferem functions are distinctly different from each other in their lipid

composmon At the subcellular level, 1t is now well documented that the membranes of various

organelles differ widely from one type of functional membrane to another (Thompson, '1980;\

Dandrifosse, 1985). In particular, the sterol content varies dramatically from one intracellular

membrane to another, The plasma membrane is characteristically sterol rich, contamng close to

-

-



Ca

27

equimolar amounts of cholesterol and phospholipid (Thompson, 1980). Other intracellular
orgarielles, such as mitochondria and endoplasmic reticulum, are typically isolated as
membranes containing much less sterol (Hashimoto er al., 1983). How this separation 1s
maintained, in view of the known mobility of cholesterol, remain§ unknown.

Phospholipids also demonstrate a somewhat heterogeneous distribution throughout the
different .ccllular membranes. Sphingomyelin is enriched in the plasma'membrane and 18

virlually abscm'f“rom mitochondria, while ’;)hc}s'phatidylcholine is widely distributed, but 18
. ¢

enriched slightly in the endoplasmic reticulum. Cardiolipin appears to be exclusively located in

mitochondria (Thompson, 1980). How these differences in lipid composition are maintained is

unknown.

1.5.2 Intracellular Lipid Movement

The enzymes of lipid synthesis are found largély. but not exclusively, in the microsomal
subcellular fraction. Cholesterol and phosghg[jdylcholine are svnthesized .'de novo in the
endoplasmic reticulum and there must therefore be mechanisms for transport and distribuiion
of new lipids to remote and functionally distinct membranes elsewhere in the cell. Remarkably
little is known about the specifity, hechanisms, or regulation of intracellular lipid movements.

Oply recently have investigators begun to study the intracellular movements of chol-
esterol. DeGrella and Simoni (1982) demonstrated that in Chinese hamster ovary cells T
synthesized.cholesterol is trar;slocated from the endoblasmic reticulum to the plasma mer. .he

quite rapidly, with a half time of about 10 minutes. In amoeba, sterol transport to the cell

surface occurs within 30 minutes (Mills et al., 1984). In contrast, t owever . the movement of

cholesterol from the plasma membrane to the cell interior seems to s¢ a much more slower or

limited process. Cholesterol introduced into the j)lasma' mezsorane of htman fibroblasts via

'cxchange does not readily .equilibrate with enddgepous’ly synthesized cholesterol (Poznansky and .

v/\ % >

Czekanski, 1982)  >r does it bec&ne\_{apidly available for microsomal esterification

3 )
(Poznansky anc i, 1982; Shireman %md Remsen, 1982). In rat smooth muscle cells -

. : : /
) / o AN
. . . A

t
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there is a similar situation; only 2-3% of cholesterol introduced via exchange from lipid vesicles
'is esl.erified within 24 hours (Slotte and Lundberg. 1983a). Kaplan er af. (1984) have also
reported that newly synthesized cholesterol, once transported to the plasma membrane. remains
there and does not return to the cell interior.

The mechanisms for intracellular transport of phospholipids and.cholcsu:rol from their
sites of synthesis to the different organelle membranes throughout the cell are unknown.
Various potential mechanisms can be envisaged, and there is at least circumstantial evidence for
several (reviewed by Voelker, 1985; Green, 1983). Lipids could'simply move by aqueous
diffusion mechanisms. Certainly free fatty acids, phosphatidic acid, and probably cholesterol
have sufficiént aqueous mor;omer sdlubility to transfer through the cytosol in this manner.
l However, the existence L"f several cytosolic lipid-binding proteins have been demonstrated
(discussed below) and it is likely that theé_e proteins play important roles in intracellular lifn’d
transport. o

There is also cé)\nsiderablc morphological e*vid;:hce for other potential mechanisms of
lipid transport via vesicular trafficking or membrane-rﬁembrane fusion ﬁrocesses. but as yet it
has been difficult to design experiments which can distinguish between this kind of transport

. A
. . . . . )
and lipid movements which occur by diffusion or exchange proteins.

1.5.2.1 Sterol carrier prdtéin . /
‘ {\\
SCP is a highly abundant, ubiquitous protein which has multiple roles in the
regulalibn of lipid metabdlism (Dempsey, M.E., 1984). The same protein has been
variously described by dif ferém‘ groups as liver fatty acid binding protein (FABP) (Ockner
. : \ ' , i ‘
et al, 1982; Gordon et al., 192%3). amino azo dye-binding protein A (Ketter et al., 1976),

and band C (Billheimgr a‘rxlea{ylor. 1980). This multiplicity of names is lestame’ni 1o the

fact it is a usual protein which\\serves as a cofactor for a number of membrane bound

\
\

enzymes catalyzing specific steps m\ lipid metabolism and which also seems 10 be involved
_in the intracellular movement of cholestérol and fatty acids. SCP is widely distributed in

the cytosolic fraction of maminalian tissues and is also present in various cultured cells. In
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cultured human skin fibroblasts, SCP levels respond positively to the presence of lipid in
the culture medium (Dempsey ef al., 1982; Alley et al., 1982), perhaps implying a role for
this‘ protein in the delivery or utilization of exogenous lipids by cells grown in culture.

SCP is absolutely required for the activation of membrane-bound enzymes needed
for the biosynthesis of cholesterol from lanosterol {(Dempsey, 1984). 11 also participates in
metabolism of cholesterol to bile acids (Grabowski ef al., 1976) as well as in the synthesis
of steroid hormones (Conneely er al.. 1984). |

SCP also has a high affinity for long chain fatty acids and is believed to function
as an intracellular fatty acid transporter (analogous to albu'min which is the fatty acid
_ carrier in the plas_ma). SCP will also activate ACAT kDempsey, 1984). Other work has
shown that SCP will stimulate utilization of fatty acids for phospholipid_ and triacylé}cerol
symhesis {Ockner er al., 1982). SCP undergoes a rapid turnover in vivo, a characteristic
expected for a regulatory protein. Another related protein is a fatty acid binding protein
similar to the nonspecific lipid transfer protein (Bloj and Zilversmit, 1977, Poorthuis ‘eta

al., 1981).

-

1.5.2.2 Phospholipid exchange proteins

| Proteins that catalyze the exchange or transfer of phospholipids between various
combinations of synthetic lipid membranes, lipoprolgins, cellular membranes and
organelles have been isolated from the cytosolic frqction of fnany mammalian tissues
‘ (Wirtz, 1974; Zilversmit and Hughes, 1976). Exchange proteins which have particular
specificities for certain headgroups (for example PC or phosphatidylinositol, PI1) have
beep described, while other so called "nonspecific” transfer protei'ns will transfer chol-
estéro} as well as various phospholipids (Bloj and Zilversﬁiit, 19777~ The role playc;d by
j_thesé’ proteins 'in‘ vivo is unknown; it is possible that they may function in membranl,e |
. biogenesis or that the;' mﬁy be involved in tailoring‘ the lipid compoéition of different

i

organelle membranes.
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1.6 Objectives ' B
The overall objective of this study was 1§ investigate two different tvpes of lipid
movements between serum components and cultured human skin fibroblasts:
1. non-receptor mediated movements of free cholesterol,
2. receptor medial‘le‘d_uptake of LDL -associated PC.
In both cases, the effects of these mo;'ements on aspects of intracellular lipid metabolism were
determined, ané\th‘gin‘tracellular movements of these lipids were investigated. |
In the first series of experiments the role of non-receptor mediated movements of chol- .
esterol in the regulation of cholesterol homeostasis in cultured fibroblasts was investigated. :l

!

These experiments were carried out in the absence of serum in order to avoid complicating
additional fluxes (;f cholesterol via the LDL receplqr pathway or viaéxchange to or from other
‘serum components. Unilamellar lipid vesicles of various cholesterol/PC compositions were used
o alter, via passive exchange, the cellular choleslero_] content. The effects of these alterations
on cellular c@g}lcsterol synthesis, cholesterol esterification, and LDL binding were determined.

| In the second series of experimehts the uptake and intracellular fate of LDL-associgLed
PC was investigated. A procedure was developed for the incorporation af radiolabelled PCinto
a biologically active reconstituted LDL particle. This reconstituted LDL was taken uﬁ by the
17DL receptor pathway of cultured fibroblasts, and the catabolic fate of its various components

was determined. As well, the effect of delivery of PC to cells via the LDL pathwayv on cellular

PC biosynthesis was investigated.



2. MATERIALS AND METHODS —

2.1 Materials

[1,2-’H]cholesl-erol, [cholesteryl-1,2,6,7-’H]cholesteryl linoleate (46 Ci/mmol),
[oleate-1-"*C]cholesteryl oleate, [1-'*C]oleic acid., [cholesieryl-1,2-’H]cholesteryl hexadecyl
ether (46.8 Ci/mmol), [1-**Clacetic acid, [2‘- palmitoyl-9,10-*H)and {choline - methyl-’H]dipal
mitoyl phosphatidylcholine (48 Ci/mmol), and [dioleoyl-1-'*C] (114 mCi/mmol) dioleoyl
phosphatidylcholine were obtained from  New England ~ Nuclear (Lachine, Quebec).
[dioleoyl-1->H]dioleoyl phosphatidylcholine (9.6 Ci/mol) was prepared by the method of Pateli
et al. (1979). Na ['"lliodide (carrier free) was obu}ih;d f\rom 'the Edmonton Radio-
pharmaceutical Center (Edmonton, Alberta). Aqueous coﬁnting scintillant was purchased from
Amersham Canada (Qakville, Ontario). Phosphatidylcholine (Type XI;E, from fresh egg
volk), synthetic dioleoyl phosphatidylcholine, cholesteryl linoleate, and cholesterol were
obtained from Sigma Chemical Co. (St. Louis, MQO). Cholesterol was recrystallized from
ethanol before use. Purified potato starch powder was purchased from Fisher Scientific Co.
Sepharose 4B was obtained from Pharmacia. Chloroform, methanol, hexane, and heptane were
purchased from Fisher Scientific Co. and were redistilled prior to use. Fetal calf serum was
purchased from Flow Laboratories (Toronto, Ontario). Tissue cul.ture media and LUX
plasticware were obtained from Flow Labora[ofies or Gibco Canada (Burlington, Ontario).
Other chemicals were vf rom Sigma Chemicé] Co. or Fisher Scientific Co. Sil G plastic backed
thin layer chrdmaiog‘rapl‘ly plates were purchésed from Brinl;mann Canada (Rexdale, “Omario’).
’ Dim_eLhYldichlofosilane .solution (2% in 1,1,l-tri‘chloroethane)”was obtained from BDH

Chemicals, Canada (Edmonton, AB). Gas liquid chrbmatogr‘aphy supplies were from Supleco

(Oakville, Ontario).

31
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2.2 Human Skin Fibroblasts ,

Normal human skin fibroblasts (Detroit 551) were obtained from the American Type
Culture Collection (Rockville, MD) and FH fibroblasts (GM 1915) from a patient with
homozygous familial hypercholesterolemia were obtained from the Human Mutant Cell
Repository (Camden, NJ). The cells were used between the fourth and wwelfth passages. and
were cultured in Eagle's minimum essential medium (MEM) supplemented with penicillin
(100 units/ml), streptomycin (100 ug/ml), 24 mM-NaH-CO, and 10% (v)v) fetal bovine
serum. The cells were plated at a density of 5 x 10° 'cells/25 cm? ﬂas'k on day 0, and f.resh
medium was added on day 3. On day 6 the growth medium was replaced with medium which
contained 10% (v/v) human LPDS and the confluent cell cultures were used 24 hours later on

day 7. For some experiments the cells were grown in medium containing 10% fetal bovine serum

for the final 24 hours.

2.3 Lipoproteins

Human LDL (density 1.091-1.063 g/ml) and human LPDS (density > 1.215 g/ml?
were prepared by differential density'ultracemrifugation of ‘human plasma obtained from
healthy volunteers (Hatch and Lees, 1968). Venous blood (450 ml) was collected in a ;l)lasn'c
centrifuge bottle cbmaining disodium EDTA as an anticoagu}an{.'The plasma was isolated by
low speéd centrifugation (4,000 x g for 30 minutes at 4°C) and was uséd immediately for lipo-
protein isolation. The plasma was adjusted to a f inal densityAc;‘ 1.019 g/ml b)\th\e‘addition o%
~ solid potassium !.?rorflide and thén centrifuged in the 70 Ti rotor of a Beckman ultracentrifuge
~at 50,000 rpm for 20 hours at 4°C. The upper milky layer containing VLDL wlas discarded and
“the femaining sample was adjusted to a density of 1.063 g/ml with potassium,bromide and then
centrifuged at 50,000 r;;m fo£ 28 hours at 4°C. The LDL was collected from the top layer of the
tubes and the remainder of the sampie was adjusted to a density (_)f 1.215 g/ml. Following

centrifugation at 55,000 rpm for 48 hours, the LPDS fraction was isolated by punctuting the

" bottom of the tubes. The isolated fractions were "dialyzed against 0.15 M-NaCl/0.3 mM-EDTA
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(pH 7.4) and sterilized by filtration prior to use. Protein concentrations were determined by the
method of "Lowry et al. (1951). ***1-LDL was prepared by the iodine monochloride method of

Macfariane (1958) as modified by Bilneimer er af. (1972) and described by Goldstein er al.

(1983).

2.4 Lipid Vesicles

To prepare unilamellar vesicles, various amounts of cholesterol were added to 10 mg of
egg phosphatidylcholine to produce vesicles with C/P ratios of 0, 0.6, and 2. The lipids were
co-lyophilized from benzene, dispersed in 10 m! of Eagle's minimum essential medium and
'sonicated at 4'C under N, with a Branson W85 probe sonicator as described previously -
(Poznansky and Czekanski, 1982). For some experiments, tra)cer amounts of ['*C]cholesteryl
oleate or [*H]dioleovl phosphatidylcholine were added to the lipids prior to lyophiliza‘tionA
Greater thah 90% of the vesicle lipid was in the unilamellar form, as determined by its elution
profile f ol%pwing gel filtration chromatography on Sephari?se 4B. Gas liquid chromatography of

-

vesicle lipids revealed no breakdown or oxidation products.

2.5 Cholesterol and Phosphatei Determinations

vaelI lipids we.r/e extracted a'ccording to the prdcedure of Bligh and Dyer (1959). and
lipid phosphorus was Qelermined as described by Chalvard'jian and RudnickiA(1970). For
~calculations of phoépholipid mass, it was assumed that pliosphorous constitutes 4% of the total
phospholipid weight. Cell free cholesterol was q;xantified on a Hewlett Packard 5730A gas
chromatograph with 3% OV-17 columns Aopg»rated 4isot.hermall_y at 250‘C and with Sa—éholestane
as an internal standard. Lipoprotein cholestérol’ was deterl‘*mincdl cﬁemically by the method of

#% “Rudel and Morris (1973).
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2.6 Incubation of Celis with Lipid Vesicles

On day 7 following a 24 hour incubation in MEM containing 10% LPDS. cell mono-
lavers were washed with Dulbecco’s phosphate buffered saline (PBS) and the medium was
replaced with 2 m! of minimum essential medium which contained the lipid vesicles. The final
concentration of the vesicle phospholipid was 0.5 mg/ml, which was a 10-15 fold excess over
cell phospholipid. The cells were incubated in the presence of the vesicles for 6 or 24 hours at
37C before determinations of'LDL binding. cholesterol synthesis and cholesterol esterification
were made. For some control experiments, various concc_:nlralions of vesicles containing tracer
amounts of [*H] cholesterol, [“‘C] cholesteryl oleate, or [*H] bhosphalidylcholiné were incu-

bated with cells in the presence of different amounts of bovine serum albumin (BSA).

2.7 Acetate lncorporati;m into Cholesterol

Af.ter the experimental incubation of 6 or 24 hours, 10 xCi of ['*Clacetate (New
\.England Nuclear) was added to each flask and the incubation was continued at 37°C for
2 hours. The cells were washed five times with phosphate-buffered saline and were harvested
~ from the flasks by scraping with a rubber policeman or with 0.25% trypsin. The lipids were
extracted and the radiolabelled cholesterol was isolated by TLC on Sil G plastic backed plates ‘
(Brinkmanh Canada, Rexdale, Ontario, Canada), which were developed' in hexane/diethyi
ether/acetic acid (8{:2/0:2, by vol.). The incorporation of labelled acetate into cholesterol was
determined by liquid-;cimillau'on counting of the cholesterol spot and was corrected for total
cell protein. The neutral lipids idénlif ied on the plates, with their corresponding-R f values, were

" .

polar lipids, 0; monoglycerides, Oi‘lO; diglycerides, 0.15; cholesterol, 0.28; free fatty acids, 0.35;

7

triglycerides, 0.65; and cholestery! esters, 0.9. ‘ -~
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2.8 Oleate Incorporation into Cholesteryl Esters

Cell monolayers were incubated with 10 »Ci of [’HJoleate for 4 hours at 37C. The cells

(&3

were harvesied as above, thetr lipids were extracted and were chrematographed on 5il G plates.
The incorporation of labelled oleate into cholesteryl esters  was determined by

liquid -scintillation counting of the cholesteryl ester spot, and was corrected for total cell
47

protein.

2.9 Binding of LDL

WPLs

Following the experimen a¥incubations, the medium was removed and the monolavers were

wash‘ed with cold Dulbecco’s phosphate-buffered saline. fhen 2 ml of cold MEM containing
10% LPDS and 5 ug of '*’I-LDL/ml were added to each flask and the flasks were incubated
with rotary shaking at 4°C for 2 hours. The medium wasyghen removed and the mdnolayer; were
washed extensively. After addition of 1 ml of 0.1 M-NaQH 10 the cells, samples were removed
for determination of celi protein and of '?*I-LDL radioactivity (in a Beckman Gamma 4000

"'coumer). All '#*]-LDL binding data were corrected for non-specific binding which was deter-

mined from the binding assay done in the presence of 250 xg of unlabelled LDL/ml.

2.10 Preparation of Reconstituted LDL Particles

Reconstituted LDL ﬁarticles'comaining various radiolabelled lipids were prepargd f rdm
either naﬁve LDL or ***I-LDL by a modification of the procedure of Krieger et al. (1978). 50
mg of LDL protein in 15 ml of 0.15'M NaCl and 0.2 mM Na, EDTA, pH 7.4, were dialyzed~
fc}r 60 hours at 4'C against 6 changes of 4 liters of 0.3 mM Na, EDTA, pH 7.0. Aliquots of
dialyzed LDL containing 1.9 mg ’of prptcin wére added t0'13 x 100 mm glass test tubes which |
had been previously treated with 2% ciimethyldichlorosilane and which each contained ‘25 mg

purified potato starch. The LDL-potato starch suspension was quick-frozen in lighid N,,

lyophilized for 6 hours, and stored overnight at 4°C under vacuum over phosphorous pentoxide.
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Each tube was extracted for 1 hour with 5 ml heptane at "10°C. The potato starch-LDL protein
complex was écparated from the heptane supernatant by centrifugation at maximum speed for
15 min at 4C in an International Clinical Centrifuge (Fisher Sciemgfic)A The neutral
lipid -containing heptane supernatant was discarded and the extraction procedure was repeated
two more times. Following the removal of the \last heptane supernatant, 200 ] of heptane
containing 6 mg of cholesteryl linoleate and tracer amounts of either radiolabelled CE or.chol-
esteryl ether, and/or radiolébelled PC, was added to each tube. For some experiments various
amounts of non-radioactive egg PC or DO};C were includgd in the 200 ul of heptane. After
incubation of the heptane/starch/LDL suspcnsiop for 1.5 hours at 10°C, the heplane was
evaporated on ice under N, until the pellet was powder dry. The reconstituted LDI. particie was
solubilizéd by tl;c additiox;x l(‘) eacﬁ tube of 1 ml of 10 mM Tricipe pH- 8.4 follov'q by a
41 hours incubation at+4°C. IE\aE:h suspension was transferred to a 1.5 ml plastic microfuge tube
and centrifuged in a Beckman microfuge (12,000 fpm) for 20 min at 4°C. The soluble recon-
stituted LDL in the supernatant was sterilized by passage through a 0.45 um filter: this also
removed any residual particulate material. Radiolabelled free cholesterol was incorporated into

{he reconstituted LDL by the method of Lundberg et al. (1982).

-2.11 Incubation of Cells with Reconstituted LDL A

Typically, cells were grown in minimum essential medium comaining 10% LPDS for
24 hours before use. For some exbériments. this preinc’bbau’oq was notmcarried out? Cell mono-
layers were washed with Dulbecco’s PBS and the medium was replaced with medium containing
the reconstituted LDL. The concentration of reconstituted LDL was tyﬂpically 20 ug/ml, which
is approximately half -maXimgl for LDL binding at 37C (Goldstein et al., 1983). Following
incubation at 37°C for various times up t_ov8 hours, the medium was removed and the cell
monolayers washed five times with either Dulbecco's PBS or Hank"s balanced salt solution. The

cells were harvested by scraping with a rubber policeman. Normally the cellular lipids were

extracted accofding to the method of Bligh and Dyer (1959) and subjected‘to neutral lipig or
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polar lipid TLC. The ‘Ke\utleil TL\& splvem system 1s described in section 2.7. For TLC of polar
lipids, the lipid extract was applied .IO Sil G plastic backed plates (Brinkmann) which were
developed in chloroform/methanol/acetic acid/water (50:25:7:3, by volume). The Rf values
for the various polar lipids m this solvent system were as follows: lysophosphatidyicholine,
0.10; sphingomyelin, 0.17; phosphatidyicholine, 0.30: phosphatidviserine, 0.61: phosphatidyl-
inositol, 0.51; phosphatidylethanolamine, 0.83. Neutral lipids ran with the solvent front.
Following chromalogréphy, the plates’ were cut into strips and counted in 15 mi aqueous
counting scintillant in a Beckman liquid scintillation coumer.. For some experiments. the lipids

were eluted from the TLC plates by repeated extraction of the silica gel with chloroform/

5

methanol (2:1). \ y

¢, A
N

2@2 Hydrolysis of '*’I-LDL by Cells

The measurement of the proteolytic degradaﬁon of ***}-LDL and recbnstiluled
A \\

'1.LDL by fibroblasts was carfed out essentially as desé{ibed by Gqldstein er al. (1983).

\

Following incubation of the cells with '*’-LDL for various t\t»r\nes‘ the .rfiedium was removed

Y

and precipitated with a final concentration of 10% trichloroace[ic\&id for 1 hour at 4°C. This

N\

precipitated intact '*’I-LDL. which was removed by centrifugation. The ‘acid—solub,le Super-

natant was treated with 30% hydrogen peroxide (40 ul per mi of supernatant}. Rhis converts
\

any '#’] -iodide ions 10 '*’l -iodine, which was extracted by the addition of 2 vol.-‘.\chloroform

followed by mixing and separation’ of the aqueous and chloroform layers. An aliquot of l&?

UL 2 )
aqueous layer was counted for '**I radioactivity in'a Beckman Gamma 4000 counter. It has

been shown previously (Goldstein and Brown, 1974) that this aqueous radioactivity: consists of

: \
1] -monoiodotyrosine formed by the hydrolysis of LDL in iysosomes. -

4
1

4
.
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2.13 TLC of Osmium Tetroxide Treated Lipid Extracts

In order to separate DPPC ftrom olhef PC species by TI C. lipid extracts were first
treated for 15 minutes with osmium tetroxide in carbon lelrachlorldg (0.6 mg/ml) (Masonl'el
al.. 1976). Approximately a ten-fold excess of osmium tetroxide over lipid (bv weight) was
used. The sampies were dried, resuspended in chloroform and run in the regular polar T1C
solvent system. Osmium treated samples sho;ed a dark deposit on the TLC plate which

migrated slightly from the origin but it did not affect the %esolution of the PC spot, nor did 1t

appear to reduce liquid scintillation counting efficiency.

2.14 Statistical Analysis of the Data
Data were analyzed by a one-way analysis of variance and statistical significance was
determined by the Duncan-Bonnor test (Duncan, 1955). Statistical significance was accepied if

the P value was < 0.05.



3. RESULTS

3.1 Preparation of LDL, LPDS, and '’I-LDL
LDL and L.PDS were prepated 'by sequental ultracentrifugation of fresh human

plasma. Typically about 30 ml of LDL at a protein concentration of approximately ¢ mg/ml

\ P

were, obtained from 450 mi of blood. The LDL had equal amounts of total cholesterol and
protein, as indicated in Table 1.%his is a typical result for isolated native LDL (Krieger ef al.,

1978). The LPDS isolated by this method contained very little cholesterol, averaging 0.22 g

per mg of protein. When the LPDS .was diluted to the original plasma volume, this equalled 15

ug of cholesterol per'ml (Table 1). This represents less than 1% of the cholesterol normally

PN

present in serum.

S~

., The lipl‘d composition ol the isolaie,d LDL was determined. LDL lipids were extracted
and separated by:néutral and polar thin layer chromatography and the concentrations of the
'LDl, lipid components were determined (Table 2). The LDL contained a total of 1.04 mg chol-
,estero,l‘pe.r‘- rngwof protein, three quarters of which ;avas in the cholesteryl ester form, with 25%

a‘s free. cholesterol. The content of LDL triacylglycerol was not /determined, but from the

amount visualized on the TLC plate by stammg with I, vapor it appeared that it represented.

r.~ A

much less than 5% of the stamed neutral lipid material. These results are consistent with other

studies showing Ihal the, neutral lipids of LDL consxst primarily of cholesteryl esters, with some

o

7 free cholesterol and very few triacylglycerol molecules (Lee, 1976) :
LDL was 1odmated by the iodine monochlonde method (Bllhelmer et al., 1972) In
general,. the final specxfxc actlvuy of the ***I-LDL was from 250 to 400 cpm/ng protein. Less

than. 2% of the ¥[-LDL remamed soluble followmg protem precxpnauon with 10%

1

mchloroaccuc acxd and less than 5% of the radxoacnvxty could be removed by a lipid extraction

procedure (Table 3) \ o ,4' -' \
' |

The bmdmg of 123]- LDL to normal human skin fibroblasts was investigated. In the
: | ™
vfll'Sl expenment the concentration dependence of “’I LDL cell surface binding at 4'C 'was

39



Table 1. Protein and cholesterol content of human LDL and LPDS.
LDI. and LPDS were prepared by sequential ultracentrifugation of
approximetely 200 ml of human plasma. Data are the means * 1-5.D.

for fifteen different preparations.

.
Protein - Cholesterol Cholesterol/Protein
(mg/ml) (mg/ml) (mg/mg)

LDL 4.12 * 1.08 4.04 * 1.34 ' 0.98 * 0.13

)

LPDS 67.6 * 16.3 0.015 * 0:0052 *0.00022 * 0.00007



Taple 2. Lipid composition of LDL. LDL lipids were extracted and
chromatographed as described in Materials and Methods. The lipids
were eluted from the tlc plates and their concentrations determined
by chemical assay as described under Materials and Methods. Each

value represents the mean of duplicate determinations.

Neutral Thin Layer Chromatography

Component Concentration (mg/mg protein)
Free chole;terol , 0.28

Cholesteryl ester. 0.74
Triglycerides Knot determined

Polar Thin quef Chromatography

Y

Component

Concentration (mg/mg protein)
PC L | 0.57
sM ' 0.18 .
PE . < 0.05
"ps ' < 0.05

lyso PC . < 0.0S:

4]



)

1251 1pL. 2.5 pug of LDL protein

Table 3. Characterization of
was either precipitated with 10% trichloroacetic acid or extracted

with methanol/chloroformas described under Materials and Methods .

'

TCA Precipitation

total cpm added " 688143

total cpm remaining in supernatant 13218 (1.90%)

Lipid Extraction

-

total cpm added . 688143 B

total cpm extracted 33530 (4.87%)
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determined. The cells were preincubated for 24 hours in LPDS to induce maximal LDL receptor
activity. AL4C receptor mediated endocytosis of LDL does not occur (Goldstein et al., 1983).
ann the amount of radioactive LDL associated withﬂthe cells is a good measure of the cell
surface binding, As shown in Figure 5, binding of “".I-LDL at 4°C reaches a maximbm of
115 ng/mg cell protein at an LDL con’cimration~ of approximately 25 ug/mi. Half maximal
binding occurs at 2.5 ug/ml. Non-specific binding determined in the presence of 250 ug/ml
LDL was always less [h;n 10% of - the total binding.

The binding of ***] -LDL to f ibfoblast monolayers at 4°C as a function of time was also
determined (Figﬁre 6). Binding of '**I-LDL to normal cells preincubated for 24 houss in LP’D\S
plateaued after about 2 hours at approximately 120 ng/mg of cell protein. Binding to normal
f ibrobla;ts which had been grown exclusively in the presence of -fetal calf serum also reached a
maximum after 2 hours incubation but the lotal binding was only 15 ng/mg cell p[rolein. This
down regulation of LDL, receptor activity in cells grown m the presence of whole serum is\ a
well kno;vn phenome‘non (Goldstein and Brown, 1977). Fibroblasts from a familial hyperchol'-
esterolemia homozygote (FH), which lack functional LDL receptors, showed only tzackground

binding of ***I-LDL. From these results it can be concluded that the ***1-LDL is recognized by

the fibroblast LDL receptor described by Goldstein, Brown and coworkers. |
3.2 Noﬁreceptor Mediated Cholesterol Movementsb

3.2.1 Cholesterol exchange between vesicles and fibroblasts

- .

Since lipid vesicles were going 1o be used to alter fibroblast cholesterol content, suitable

\

conditions for cholesterol exchange between vesicles and cells were determined. Lipid vesicles

with C/P = 0.6 were prepared éon[aining tracer amounts of [*H]cholesterol and [{‘C]chol-

esteryl oleate, which served as a non-exchangeable vesicle marker. Fractionation of the vesicles

by gél,filt,ration on a Sepharose 4B column™demonstrated that more than 90% of the lipids and

_fadioactivity co-eluted as. unilamellat vesicles- in the included volume. Gas liquid

o .

{

L E
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. -Figure 5. Concentration dependence of cell surface binding of '?*] -LDL to normal fibroblasts.
The cells were incubated in medium containing 10% LPDS for 24 hours before the binding assay
was performed. Fibroblasts were incubated with various concentrations of ***1-LDL for 2
hours at 4°C. The binding was determined as described under Materials and Methods. Specific
binding (Specific) was calculated by subtraction of nonspecific binding. determined in the
presence of 250 ng/mi non-radioactive LDL, { Nonspecific) from the mean of triplicate (Toal)
or duplicate (Nonspecific) samples. ‘ ,
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Figure 6. Time dependence of binding of '*’I-LDL to fibroblasts at 4°C. Normal human skin
fibroblasts which had been preincubated for 24 hours in 10% LPDS (LPDS) or 10% FCS
(FCS). and fibroblasts from a familial hypercholesterolemia homozygote (FH) were incubated -
with 5 ug/ml ***I-LDL for various times at 4'C. The binding assay was performed as described
under Materials and Methods. Each value represents the mean of triplicate samples which have
been corrected for nonspecific binding.
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chromatographic traces of extracted vesicle lipids showed no evidence of oxidized lipids.
Various concentrations of the vesicles were incubited with normal fibrobla-sts for 2 hours at
37C, and the éxchange of radioactivity i‘nlo the cells was determined (Figure 7). There was
essemially no uptake of ["*C)cholestervl ester by the cells for all vesicle ,cc,)ncemralions {data
not shown). The [’H]cholesterol reiidily exchanged from the vesicles to the fibroblasts and a.
cholesterol concentration of 50 ug/rni:'czippeared to be optimal for this process. Since the fibro-
blast monolayers contained approxirrialeiy 8 ug of cholesterol per 25 cm’ flask. this vesicle
———holesterol concentration represents z; 12.5 fold excess over cell cholesterol.

Since it has been reported that serum albumin may facilitate cholesterol exchange with
_mammalian cells (Bartholow and Geyer, 1981, 1982), the effect of different concentrations of
albumin on the exchange of [’H]cholesterol between lipid vesicies and fibroblasts was
‘investigated (Figure 8). Although some stimulation of exchange was evident in the presence of
albumin, it was not nearly as great as reporied by Bartholoyv and Geyer (1982) and it was
decided to carry out subseciuem experiments in the absence of albumin (or aﬁy other serum

proteins).

3.2.2 Effect of cholesterol exchange on fibroblast cholesterol content
Fibroblast monolayers were incubated for 24 hours in MEM comaininé 10% lipoprotein
deficient serum (LPDS). The cells were then exposed for 6 to 24 hours to medium containing
LDL, or lipid vesicles with cholesterol/phospholipid (C/P) molar ratios of 0, 0.6, or,‘2. Cell
morphology remained normal during all incubations and viability, as asse;sed_by exclusion of
0.5% nigrosin, remained > 90% for up to 24 hours (Tz;ble 4). Cell protein averaged 250 ug per
. flask and this did not vary éigﬁific-amly with different incubation condilic;ns. 'fo ensure that
rchole»sterol movements from ihe vesicles intd the cells occurred via exchange at theA plasma
. rr;embraﬁe rather" [han‘ via fluid phase pinocytosis or v;esiclé-ce}l fusion, control incubations
. 'Qere carried out with v\és,icle‘s containing tra;:er amounts of '*C-gholesteryl oleate, a

T . & i h) .
non-éx;lzngeable marker. Even with prolonged incubations of up to 24 hours, less than 0.1%
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Figure 7. Exchange of [*H] cholesterol between vesicles and fibroblasts. Egg PC/cholesterol
vesicles (C/P = 0.6) containing tracer amounts of [*H] cholesterol and ['*C] cholesteryl oleate
were incubated in 2 ml medium with normal fibroblasts for 2 hours at 37°C. Uptake of [*H]
cholesterol by the cells was determined and corrected for total cell protein. Resul%are the
means of duplicates which did not vary by more than 10%. o

12.5

-
o
A

1

3H-CHOLESTEROL IN CELLS (cpm/iug)
) _
: :

2.51

0 . 29 N 5'0 i 715 1(;0 125
CHOLESTEROL IN MEDIUM (1g/ml)



48

Figure 8. Effect of albumin on [*H] cholesterol exchange between lipid vesicles and normal
fibroblasts. Lipid vesicles (C/P = 0.6) containing tracer amounts of [’H] cholesterol and [**C]
_ch‘oles(é‘fyl oleate were incubated at a concentration of 50 ug cholesterol/ml with fibroblast
monolayers at 37C for various times in the presence of different concentrations of bovine
serum albumin. The cell monolavers were extensively washed and their content of radicactivity
determined. Results are the means of duplicates which did not vary by more than 15% and are
corrected for total cell protein.

’

1200 ~ , -
Legend _—
® No BSA
B 1 mg/ml o
1000 H
—_ O 2 mg/mi
£
g 5Smg/ml
. 9/ /
g_. A 10 mg/ml
L
" 800 1
v e,
] .
J
(@)
4
3
O 600
[+ 4
e
v)‘ -/ [ J
L
]
O
I -
LI) 400 -
p ‘
%)
200 1
0 ] , T | R T
0 1 2 ’ 3 4

TIME (hours)



49

I

Table 4. Estimation of the amount of vesicle lipid ‘'sticking' to
)

fibroblast cells. Various egg PC/cholesterol vesicles were prebared

\
containing tracer amounts of 3H—dioleoyl PC and 1“C—cholesterylﬁ)ledte‘

and then incubated (0.5 mg/ml of PC) with either normal or FH fibro-
]

blasts for 6 or 24 hours. The cells were an}ensively washed and their

content of radiocactivity determined. Viability of normal fibroblasts
was also determined with 0.5% nigrosin staining. Results are the means

/

of duplicate experiments.

% of radioactivity added

associated with cells

Vesicles . FH cells Normal cells % normal cell
added “c_ce *m-pc  '“c-cE ’n-PC viability
) o~

egg PC 6 hours 0.045 0.133 0.069  0.094 96

24 hours 0.072 0.073 0.112 0.196 .93
Cc/P = 0.6 6 hours 0.044 0.060 0.095 0.113 98

24 hours 0.068 0.113 0.098 0.173 95
C/P = 2 6 hours  0.050 0.079 0.075 0.101 96

24 hours 0.070 0.198 0.092 0.225 ) 96
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of this vesicle marker was associated with the cells (Table 4). Other conlrpl experiments
measured the ex}change of [’Hldioleoyl PC between vesicles and normal or FH fibroblasts
(Table 4). Although PC uptake by cells was greater than uptake of the cholestervl ester. it was
still less than 0.5% of the total phohspholipid added. Other experiments showed that phospho-
lipid exchange between vesicles and fibroblast plasma membranes w;s very limited, even in the
presence of a nonspecific lipiﬁ transfer protein purified from rat liver (Poorthuls er af., 1981).

Table 5 illustrates the effects of the various incubation media on the cholesterol content
of the fibroblasts. The results are similar whether expressed as cholesterol per mg p{Olcin or as
a cholesterol/phospholipid (C/P) molar ratio. The stock cells cultured in 10% fetal, bovine
serum had an average of 31.7 ug cholesterol per mg cell protein, corresponding to a C/P of
0.421. The 24 hour preincubation of the cells in MEM comaihing 10% LPDS significantly
reduced these values 10 26.3 ug cholesierol per mg protein with C/P = 0.316. Adding 80 .g/ml
LDL back to the cells resulted in a rapid increase in cell cholesterol after 6 hours which
returned the cells to a similar cholesterol content as when grown in whole serum. Incubation of
cells with egg PC vesicles had no significant effect on fibroblast cholesterol content after
6 hours but after 24 hours the cell cholesterol was significantly reduced. Lipid vesicles
composed of cholesterol and egg PC in a C/P = 0.6 ratio had no significant effect on fibro-
blast cholesterol content, even after a 24 hour incubation. However, incubations of cells with
cholesterol nch (C/P = 2) vesxcles rapidly increased the cell cholesterol to about 32 pg/mg
protein, a value similar to that for fibroblasts grown with whole serum or incubated in a
medium containing LDL. |

. Figure 9 demonstrates the effect of the incubation with various media on the chol-

‘4
A
terol synthesis activity of the f 1broblasts The results are expressed as a percentage -of the

actmty of the control cells mcubated in LPDS. When LDL was added back to the cells, chol-

esterol synthesis declined rapldly ‘0 15% of Lhe control value after 6 hours. This rapid
down- -regulation of cholesterol synthesis by LDL was no doubt d’ue to the receptor dependem

pathway described by Brown et al. (1974). When egg PC vesicles wer_e incubated with the cells,



Table 5. Cholesterol content of fibroblasts following incubation

with media of wvarious compositions. Fibroblasts were grown in 10%

:

fetal calf serum as described in the Materials andMethods section
‘and then preincubated for 24 hHours in medium containing 10% LPDS.
The}medium was then removed and replaced with medium containing either
80 ugof LDL/ml or 0.5mg of lipid vesicles/ml composed of egg phospha~
tidylcholine or cholesterol and egg phosphatidylcholine with a C/P
of 0.6 or 2. The cells were incubated at 37°C for 6 or 24 hours
before determinations were made. Values are means * S.E.M. with the
number of experiments indicated in parentheses: *significantly differ-
ent from control (LPDS), P < 0.01; +*tsignificantly differént from

control (LPDS), P < 0.05.

Cholesterol

Addition to the content (ug/
medium mg of pretein Cc/p
Fetal calf serum , 31.7 £ 0,9% (7) 0.421 * 0.028* (7)
LPDS 126.320.4 (10) '0.316 * 0.006 (10)
LDL . 6 hours 37.8 % 2.1* (4) - 0.414 £ 0.015% (5)
24 hours 30.1 2 6.4+ (4)  0.318 + 0.007. (5)
Egg phosphatidyl- 6 hours 27.1 2'1.2 (4) '0.314 £:0.006 (4)
choline .
24 hours  21.3 % 1.3* (4) © 0.220 + 0.019* (4)
.C/P==0.6 vesicles © 6 hours ‘28;3f (2} r0.326 % 0.052 V (4)
. 24 hours  28.0 # 074“ (4) 0.316 % 0.013  (5)
C/P=2 vesicles 6 hours 33.0 © (2)  0.364 % 0.016 (3)
24 hours  31.7 % 1.3* (4)  0.367 + 0.012 ®)

.
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Figure 9. Effects of various incubation media on cholesterol syvnthesis. The fibroblasts were
cultured as described in the Matenals and Methods section and then preincubated for 24 hours
in MEM containing 10% LPDS. The medium was then removed and replaced with MEM
containing either 80 ug of 1.DL/ml (LDL). 0.5 mg of egg phosphatidvicholine vesicles/mi (ezg
PC wvesicles). 0.5 mg of cholesterol/egg phosphatidylcholine vesicles/m! with C/P = 0.6
(C/P = 0.6 vesicles); or 0.5 mg of cholesterol/egg phosphatidyicholine vesicles/ml with
C/P = 2 (C/P = 2 vesicles). The cells were incubated for either 6 hours (hatched bars) or
" 24 hours (open bars) at 37C before cholestero! synthesis activity was determined. Results are
expressed as a percentage of control (LPDS% synthesis, '+ S.E.M. Results are from four to six
experiments. Significant difference from control: *P < 0.01, **P < 0.05.
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cholesterol svmhesxs mcreased slightly after 6 hours and then increased to almost twice the
~ .

comrol value after’ 24 hours. Under. the conditions o{ this incubation, we have ShOWn a decrease

in the fibroblast choleswrol content (Table 5) whié{n we believe occurred as a result of a net

efftur of cholesterol from the cell plasma membrahe/ to the egg PC vesicles. We interpret the

-

stimulation of endogenéus cholesterol synthesis \p be consequence of this efflux and the

. A -
resulting decrease in cell cholesterol content. Incubation of the fibroblaS[s with vesicies

(e}

containing cholesterol in a C/P = 0.6 ratio resulted in a small but sxgmﬁcam decrease in chol-
csterol synthesis after 24 hours to about 65 _control values. In the case of the cholesterol
tich (C/P = 2) vesicles, the synthesis activity was significan\tly reduced to less than 10% of the

control after 24 hours. Under these experimental conditions we expect that cholesterol is
~7

delivered to the fibroblasts via exchange from the vesicle to the plasma membrane. This resulled

in the increase in cell cholesterol shown in Table 5, and it appears that these cells respond by

-

decreasing their endogenous cholesterol production. Using a similar protocol, Slotte and
-Lundberg (19836) have also demonstrated decreased cholesterol synthesis in rat aortic smooth

muscle cells. The fact that the C/P = 0.6 vesicles showed some limited effect on cholesterol

synthesis probably indicates that these vesicles may also have some ability to deliver cholesterol

. 1o the cells.

3.2.3 Effect on cholesterol esterification .
Figure 10 demhhstrates the effects.of the incubation of cells with either LDL or vesicles
on the, cholesterol’esterificationAactivity of the fibrohlasts.' When LDL was a’dded to the cellsy

esterification acuvny (measured as the mcorporanon of *C- oleate into cholesteryl ester) was

ERa

mcreased 3 Fold. afier & hours ‘but had retumed after 24 hours to values not sxgmflcantlv

dlf ferent from control. ThlS has been-’ prevxously demonstrated for the receptor -mediated LDL
[
pathway (GoldSIem et a1 1974) After 6 hours none of the\d1f ferent vesicles showed any sig-

mfxcam effegt on the ﬁbroblast estenfxcauon activity. But after 24 hours of incu tbation, the
-, \
various: vesicles ‘had» exerted mgmfxcant effects which appear to be directly related to the

« -

.

o " '. )
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Figure 10. Effects of various incubation media on cholesterol esterification. The experimental
conditions were as described in Figure 9. Following the incubations for 6 hours (hatched bars)
or 24 hours (open bars), -cholesterol esterification activity was determined. Results are
expressed as a percentage of control (LPDS) incorporation of [*H] oleate into cholesteryl
esters, * S.E.M. Results are from six to eight experiments, except for 1. DL at 6 hours (three
experiments) and 24 hours (two experiments). Significant difference from,comrdi?‘/’ <0.01,
**p <0.05. .
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cholesterol content of the vésiclés. The egg PC vesicles decreased esterification activity, the
/ ‘ .
C/P = 0.6 vesicles had no ;ﬂ‘ecl‘ and the cholesterol rich C/P = 2 vesicles markedly sumu-

lated the esterification activity by 2.5-foid. These data suggest that cholesterol delivered in net

amounts (o the plasma membrane can within .24 hours stimulate the cholesterol estenficauon

machinery of the cell. .

3.2.4 Effect on '*’I-LDL binding

Figure 11 shows the effects of the incubation with different media on the binding of
115].LDL to the fibroblasts. The average LDL binding (following the standard 24 hour incu-
bation of cells in LPDS) was 118 ng/mg cell protein, in agreement with literature values
(Brown and Goldstein, l975)l. When LDL was added back to cells, we obsgrvcd typical
down-regulation of the LDL recei:)tors; toward basal levels by 24v:;1oursA Incubation of cells for
6 hours with any of the various lipid vesicles had no significant effect on the binding of LDL.
However, after 24 hours of incubation we observed a significant decrease in *?*I-LDL binding
in cells exposed to choleSte?ol rich vesicles to levels that were similar to those obtained for cells
that were incubated with LDL. Cells exposed to C/P = 0.6 vesicles éhowed a small but not sig-
nificant decrease in LDL binding after 24 hours. Fibroblasts incubated with egg PC vesicles
showed small but i;ot statistically significant increases in LDL binding.
3.25 ,Experiment's with familial hype}cholesterolgmia fibroblasts N

A set of expérimems similar to those described above were cafrived out to determine the
ef fect$ of non-receptor mediated movements of cholesterol on the cholesterol homeostasis of *

FH fi?roblasts. These cells lack functional LDL receptors and must therefore satisfy their chol-

esterol requirefnents- by either de novo 'synthesis or by non-receptor mediated uptake of sterol
from the medium. It would therefore be interesting to see how these cells modulate their intra-

cellular cholesterol metabolism in response to sterol-influx or efflux occurring at the cell surface
[ ] . . ‘

» membrane.
%
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1

Figure 11.-Effects of various incubation media on I.DL binding. Experimental incubation con-
ditions are described in Figure 9. Following the incubations at 37°C for 6 hoyrs (hatched bars)
or 24 hours (open bars), the fibroblast monolayers were washed and incubated witih '’ -LDL
at 4°C for 2 hours. Specific binding was determined as described in the Materials and Methods
section. Results are expressed as a percentage of control (LPDS) specific LDL binding,
* S.E.M. Results are from four to six experiments, except for egg phosphaudyicholine vesicles
at 6 hours (three experiments) and for LDL at 24 hours (mne experiments). Significant
different from control: *P < 0.01.
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Normal and FH fibroblasts were incubated in medium containing LPDS for 24 hou'rs.
and then exposed to the various experimental media for a further 24 hours, after which deter-
minations of cholesterol svnthesis, cholesterol eslériﬂcqlion_ and '’ -L.DL binding were made.

Table 6 shows the effects of the experimental incuba£i0n5 on- cellular cholesterol
synthesis. For the normal fibroblasts, typical effects were observed with FCS, LLDL, and the
C/P = 2 vesicles markedly decreasing cholesterol synthésis while the egg PC vesicles signifi-
cantly stimulated biosynthesis (compare to Figure 9). As observed in other experiments, the
C/P = 0.6 vesicles also showed some ability to partially down regulate cholesterol synthesis, in
this case by some 30%. A

The FH fibroblasts ré§ponded in a quali‘talively similar fashion to the various incu-
bation media, with decreased ‘chélesterol synthesis occurring in cultures which received FCS,
LDL, 01: CI;,;P = 2 vesicles and sfgm’ﬁcamly increased synthesis invlhe presence of egg PC
vesicles. In‘ all cases the magnitude of the response appeared.to be less in the FH cells as
compared to the normal fibroblasts.

The effects of the different media on normal and FH fibroblast cholesterol esteri-
fication are presented in Table 7. Again the results for normal cells are in agreement with
previous experiments (see Figure 10)_-w§"th a barticularly striking six -fold sumulation of esteri-
f iéau’on by the C/P = 2 vesicles. Medium containing FCS also s’timulat.ed cholesterol esteri-
fication, but to a lesser extent. .

The results for the FH fibroblasts are for the most part qualitatively similar to those

vobtairied for normal cells. A very large stimulation was observed for C/P = 2 vesiclés.'

Interestingly, a three-fold stimulation of esterification occurred in the presence of LDL, which
© differs f rom- the situa;ion with normal cells, where no stimulapfon was observed after 74 hours. A
This result is consistent with the idea t.ha; LDL cholestérél which enters the FH cell by
exchange at the plasma membrane takes much longer to su‘rﬁulate the cellular ch‘oleéterol esteri--

fication machinery than does-LDL cholesterol which enters normal cells via the LDL receptor

pathway.

w K t



Table 6. Effects of various incubation media on cholesterol
synthesis in normal and FH fibroblast cells. The experimental
conditions were as described in Figure 9, except the incubation
was for 24 hours. Results are expressed as a percentage of con-

trol (LPDS) synthesis * 1 S.D. with the number of samples indi-

cated in parentheses. *significantly different from control,
P < 0.01.
(m‘
Addition to medium B Normal cells FH Cells
LPDS ‘ 100% (4) 100% (4)
FC]S ‘ 12 + 4 (3)* 45 + 2/ (2)*
LDL _ Bt 1 (3 3082 (3)+
Egg PC vesicles 145 + 22 (4)* | 116 £+ 9 (3)*
c/p = 0.6 vesicles 68129 (3)* 43 + 31 (4)*
C/P = 2 vesicles ' 8 +1 (4)* 30 £ 4 (3)*
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N

Table 7. Effects of various incubation media on cholesterol esteri-
fication in normal and FH fibroblasts. The experimental conditions
were as described in Table 6. Results are expressed as a percentage

'
of contr (LPDS) esterification * 1 S.E. with the number of samples

indicated' in parentheses. *significantly different from control,

p'< 0.01.

Addition to medium Normal cells FH cells
LPDS | 100 (4) 100 (4)
FCS 295 * 72 (3)* 145 % 85 (3)
LDL 69 * 91 (3) 317 = 5 (2)*

Egg PC vesicles : : 15 ¢+ 8 (3)* 88 +-16 (4)
C/P = 0.6 vesicles . 166 + 14 (3) 189 * 60 (4)
C/P = 2 vesicles . . 641 1175 (2)* | 1288 + 265 (4)*
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In a final series of experiments, the effects of the different incubation media on the
binding of ***I-LDL to FH fibroblasts was determined. As anticipated. no significant effect
was observed and all FH cell cultures showed only background "*°I-1.DL binding equal to the

non -specific binding (data not shown).

3.3 Uptake and Cellular/ f’rocesging of LDL-Associated Phosphatidyicholine

" In order to further investigate the different kinds of lip%d movements between serum
and cultured fibroblasts, it was decided to examine a >receptor mediated process, namely the
receptor mediated endocytosis of LDL and its associated lipids. LDL has four major
;omponems which together constitute over 90% of the particle by weight (Lee.tl976: Krieger er
al.. 1978): I) apolipoprotlein B (22%). cholesteryl esters (38%), pho‘spholipids (23%). and free
cholesterol (8%). The protein componeni can be radiolabelled with '*’I as described above in
section 3.1. However, introduction of radioactive lipids into the LDL particle has generally
required mér’e complex extraction/reconstitutio‘n procedures. A:.’sodium deoxycholate reco{n‘-
stitution method has been described (Ginsburg et al.,‘ 1982; Walsh and Atkinsop, 1983;
Ginsburg et al.,' 1984) but in our hands the apoprotein/lipid recombinant particle contzﬁned
sufficient deoxycholate.as 1o be injurious to cells. Inste’g@ the heptane extraction procedure of
Krieger-et al. (1978, 1979) has been used to produce‘recombi;%am LDL particles. This method
was ;)fiéinally used to in;trdduce- ex0genous cholesteryliestexzs into LDL. In the present studies
this method was modified to allow incorporatidn of exogenous phospholiﬁid into the recoiﬁ-
binant particle as well. In addition, exogenous free. cholesterol c.ould be imr.oduced into the
reconstiu’ned LDL by a modification of (hé ~method .of Lundberg et al. (1982). Overall this ’
jresulted in-thé capabili_ty to sélectively radiolabel all éf ‘the four major LDL components listed .

above. : , . : - E . o
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3.3.1 Preparation and characterization of reconstituted LDL particles

In the first series of experim‘ents_ LDL was reconstituted with exogenous ['H]chol-
estervl linoleate according to the procedure of Krieger er al. (1978) 1o produce a solﬁble, recon -
stituted particle hereafter designated as r{’H-CE]JL.DL. This parnclé was similar in chemucal

composition to the one described in the original d (Table 8). containing 0.84 mg chol-

esteryl linoleate/mg protein with no free);{{olesterol remdging. The extraction procedure

appears Lo remove some of the LDL phospholipid, \reducmg s concentration 0 0.69 mg/mg

protein. The yield of protein of 48% agrees well wuh the results obtained by Krieger et al.
(1978).

A second series of reconstituted LDL particles were prepared in order to determine if
exogenous phospholipid could ‘bc incorporated into LDL by this procedure. In this case the
reconstitution wés carried out in the preéence of 6 mg of non -’radioactive cholesteryl linoleate .
and increasing amounts of [’H]dioleoyl phosphatidylcholine (DOPC). The phospﬁolipidIW'a.s
added in heptane solution, along with the cholesteryl ligxolcatc as described in the origina]
method. This pfoduced a number of reconstituted LDL particles collectively referred‘ to_as
r[’H-D()’PC]LDL. '

The effectof iﬁcreasing amounts of DOPC in the‘recombinaufo,n mixture on the overall
yield of tLDL protein was determined. As shown in Figure 12, increasing amounts of DOPC °
reduced the yiel‘('i0 of r{’H-DOPC]LDL protein. From 0 to 200 ugrﬂ of DOPC added, the yield
declined by more than 50%. For mf;re than 500 pgm of DOPC added the yield of protein
declined to near ’zero,} and this was accorripanied by substantial turbidity in the samples.

The chitem of chollesteryl ester, phospholipid, and [*H]DOPC radidacti‘vi:y were deter.-
minea for the différen£ r[’H-DOi"'C]LDL recombinants. These data were nornialize,d to the
amount of TLDL p;jrotein and are present\ed in Figure 13. As can been seen, the presence of PC
in the reconstitution mixture had very little effect on the CE content of ihe r[’H-DOPC]LDLT,

Jincreasing it only by ébopt 10% at. the highest PC concentrations.‘The phospholipid content, as

determined by phosphate assay, increased with increasing added [*H]DOPC to a maximum of -

&



Tab}e 8. Chemical composition of reconstituted LDL. Duplicate samples
of .LDL (1.9 mg protein) were heptane extracted and reconstituted with
16 mg of choles‘teryl lin.oleateu The protein, cholesteryl ester, free
choiesterol, and phospholipid content of the untreated LbL and the re-

constitutdd LDL were determined as described under Materials and Methods.

Free Cholesteryl - Phospho- .
' @ Sample Protein Cholesterol ester lipid
Native (untreated) LDL 1.90 0.52 1.62 1 36

Reconstituted LDL " 0.91 < 0.005 0.76 0.69
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Figure 12. Effect of phosphatidylcholine on the yield of reconstituted LDL protein. LDL was
reconstituted as described under Materials and Methods in the presence of various amounts of
[’H] dioleoyl phosphatidyvicholine (DOPC). The amount of solubilized protein was determined
bv the method of Lowry et af (1951). Data are the means of duplicate samples which did not
vary by more than 15%. ~ '
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Figure 13. Effect of increasing amounts of added phosphatidyicholine on the reconstituted

LDL content of cholesteryl ester (CE),

phospholipid (Phospholipid) and [’H] dioleoyl

phosphatidyicholine ({*H] DOPC). Experimental conditions were as described in Figure 12.
Total cholesterol and phospholipid were determined as described under Materials and Methods.
{(’H] DOPC content was calculated from the amount of solubilized radxoacmm Results are the
-means of duplicate samples. ‘
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o L .
0.64 mg/mg protein. Thi$ represents an increase of 30% compared to the rLDL prepared in the

absence of exogenous phospholipid. The content of [’HJDOPC. on the other hand, increased 10
a maximum of 0.3 mg incorporated per mg LDL protein when 0.5 mg of ["H]DOPC was
included in the reconstitution mixture. Taken together, these results imply that some of the [’H]
DOPC associated with t‘he rLDL represents net addition of phospholipid. while the remaindc;
most likely represents r.‘adiolabel incorporated by an exchange process. Assuming that PC
represents. 75% of the total LDL phospholipid before reconstitution and trat the added {*H]}
DOPC 'exchanges only with other PC molecules, it can be calculated that a very substanual
amount (perhaps up to 90%) of the incorporated [*H]DOPC represents phospholipid added to
the reconstituted LDL by exchange.

This interpretation was supported by thin layer chroma[dgraphy of the phospholipids
of a recombinant particle prepared in the presence of 300 wg of ['HJDOPC (Table 9). Even
though the amount of radioactivity associated with the tTLDL implied that 130 ug of [*'HJDOPC
héd been incorporated, chemical assay d@f the phosphgtidylcholine demonstrated in fact that a
small (not significant) decrease in PC content had occurred. Theref ore, the net uptake of [°H]
DOPC observed must have t;een accompanied by a compe'nsatipg net movement of LDL

.

phospholipid in the opposite direction. The coﬁtem of rLDL sphingomyelin also appeareé(ia be

slightly decreased, although again this result’ was not significantly different from the untreated .

3.3.2.1 Uptake and degradatiop of r[*H-CE]LDL -

As a preliminary test for the biological activity of the reconstituted LDL pafticle.

native LDL and 1[CE]LDL were compéred for their ability to compete against ***I-LDL

for binding to the cell Surface of normal fibroblasis at 4C. As shown in Figure 14, the -

reconstituted and native LDL were of almost equal potency in their ability to compete with

125].L DL for the LDL receptor.



Table 9. Phospholipid compésition of r[’H-DOPC]LDL. The recon-

stituted particle was prepared as described under MateTials and

¢ £
Methods in the presence of 0.3 mg [’H]DOPC. Duplicate lipid
extracts were subjected to polar thin layer chromatography. The

" phospholipids were eluted from the plates and their concentrations
determined as described under Materials and Methods. The amount
of (?H]DOPC incorporated, as calculated by the radiocactivity

-
present, equalled 0.13 mg. ‘?} - e

Phospholipid content (mg/mg protein)

Phospholipid Untreated LDL % r(’H-DOPCJLDL
: )
Phosphatidylcholine - | 0.50 0.48 .
Sphingomyelin 0.14 % 0.10
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. Y

Figure 14. Compeuuon curves for nauve or reconsmuted LDL against %1-LDL binding to.

‘ fibroblasts. Cells were preincubated in medium containing 10% LPDS for 24 hours before use,
Monolayers received 10 ug/ml! ***]-LDL and various concentrations of either unlabelled native )
' LDL (Native LDL) or r[CEJLDL (1LDL) for 4 hours at 4°C. ¥ - LDL. bmdlm was deter- o

*  mined as described undet Materials and Methods. Each value represents a’single sample for ’
. .. 1LDL and Lrinxcatc samples for native LDL. ‘ . R
‘ °
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{CEJLDL was also tested foi its ability to regulate intracellular cholesterol
metabolism. As shown in Table 10, the 1[CEJLDL showed an almost equal ability as native’
LDIL to decrease fibro‘blast cholesterol synthesis and to stimula[e cholesterol esterification, .
For both processes. the r[(.ZE]LDL induced a cellular response that was about 80% of that

L & . l l
occurring im the presence of an equal amount of native LDL protein. This result may be

-

d_ue 10 a partal loss of biological function of the LDL apolipoprotein during the recon-
stitution procedure, or may instead be simply'a result of the fact that f{fCE]LDL contains
less total cholesterol than native LDL (Table 8).

To directly measure the metabolism of the r[’H-CEJLDL it was incubated with

normal fibroblasts and its cellular uptake and hydrolysis were measured as a function of
4

time. As shown in_Figure 15, the cellular content of intact ’H-cholesteryl linoleate

L3
>

increased with time and reached a plateau within two hours. Free *H-cholesterol very

rapidly appeared”in the cells and continued to accumulate in a linear fashion up to

: & C

four hours. By that time approximately 85% of the *H-radioactivity in the cell was in the
/ . .

hyérolyzed, free cholesterol form. This hydrolysis of the CE of the r[’H-CE]LDLwa,é

* prevented by 100 M chloroquine, a weak base which accumulates in acidic organelles and
wnich inhibits acid-dependent processes (Dean el al., 1984). In the‘pre‘sence of 100 uM
chloroquine the cellular accumulatron of f{CEJLDL was reduced but even more ‘sriking,

tbe content of free versus estenf red cholesterol was reversed so that af ter 4 hours over 80%

-

of the *H-radioactivity was in the unhydrolyzed CE form. These results demonstrate that’
the'r[’H-CE LDL - was delivered to the fibroblast flysosome' where the CE was rapidly

<
'4

degraded to free cholesterol which’ remamed in the cell. These results are jn- agreement with

tl}ose of Krieger et al. (1978)

o o, - -

.3.'3;2.2 Upta'ke. and“'“fneta‘bolism of different reconstituted LDL particles containing
- exogenous phosphatrdylcholhes k ‘ R o L _"'.4;_‘:3

”

Vanous : onrtuted LDL partrcles contammg radroactwe phosphatrdylcholmes ) ’

S we;‘} p:c‘pa!'ed-i by 't e'moétf‘red re§gstftutron procedure descnbed under Matenals aftd
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Table 10. Suppression of ™gholes ©l synthesis and stimulation of

cholesterol esterification by native and reconstituted LDL. Fibro-

-~

blasts were preincubated for 24 hours in medium containing 10% LPDS
and were then exposed to medium containing either native LDL or

r [CE)JLDL (80 ug/ml) for 4 hours at 37°C in the presence of either

-

14 £ 14

C-oleic,acid. Cholesterol syn-
o

10 pCi of C-acetate or 10 uCi o

thesis and cholesterol esterification were determined as described

under Materials and Methods. ' N
Cholesterol synthesis Cholesterol esterification
Addition to - (cpm acetate incorpor- | (Cpm.oleic acid incorpor-
..>) L, - . -
the medium ated/mg protein) ated/mg. protein)
Control 82,268 41,738
(10% LPDS) 64,981 (100, \\ 52,017 (100%
Native LDL 13,558 " . 173,504 .
| 12,949  (28%) " 152,773 (98
CE) LDL 21,38 . 32 °
x (CE] 1,389 (323) 133,324 (264%)

§ 25,242 114,260
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Figure 15. Time course of the uptake and hdrolysis of 1[’H-CE]JLDL in the presence and
absence of chloroquine. Fibroblasts were preincubated for 24 hours in medium containing 10%
LPDS. Cells then received r[’HJLDL (20 ug/ml) in the presence or absence of 100 xM chloro-
quine and were incubated at 37C for the indicated times. The cell lipids were extracted, the
cholestero! and CE separated by tic, and samples were counted as described under Maternals and
Methods. Each value represents the mean of duplicate mcubanons which dxd nol vary b\ more

than 15%. and are corrected for cell protein. >
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Methods. Two different prenarations of [*H-DOPC]LDL were@rodticed by including
0.3 mg of [’H]DOPC (10 mCi/mmol) in the reconstitution mixture; these are referred to as
i[’H-DOPC 1]LDL and r[’H-DOPC 2]LDL. Twr) other LDL recombinants, containing
DPPC labelled in'either the choline head group or the acyl chains, were prepared by
including 0.3 mg of carrier egg PC containing 75 xCi of either [choline-methyt ;’\}{/]f)PPIC
or [2-palmitoyl-9, 10-’H]DPPC in the reconstitution; these are designated t[*H-cho-
line:-DPPCJLDL and r[’H-palmitO)"I‘DPPC]LDL.lThe specific- activities of these recon-
" stituted LDL particles, expressed as cpm/mg LDL protein, were as follows: if*H-DOPC 1]
LDL, 0.97 x 10¢ cpm/mg; 1[*H-DOPC 2]LDL, 1.37 x 10¢ cpm/mg; r[*H-choline-DPPC]
LDL, 6.478‘. x 10 cpm/mg; and r[°H-palmitoyl-DPPCJLDL, 6.17 x 10* cpm/mg. When
i [hESe “re;eons‘g;ituted LDL particles were incubated with nogmal f ibroblasts there was similar
uptake ‘of;"’the Pé radioactivity for Ieach preparation (Figure 16). Fibroulasts from a

* familial ‘hypercholesterolem_ia homozygote, whieh Jdack functional LDL receptors, took up

‘. a . . . |

less than 15% of the PC, as did the normal cells. S
The cellular uptake of the r[>H-DOPC 2]LD-L was examined in .more detail. A lipid
» extract of the rLDL wns chrbmartographed and tne concentratfon of PC determined to be
.0.:?9 mg/mg pr‘otein. This corr/eSponds to a specific activity of 2.24 x 10¢ cpm/umel of
ILDL PC. The uptake of this particle by normal flbroblasts giown in medium- contammg ~
LPDS or ECS, or by FH fibroblasts, ‘was then determmed As shown in Figure 17, cells
‘mcubated in.10% LPDS took up approxrmately 3.5 nmol of [’H]DOPC in 4 hours. Thxs is a
;?" reasonab}e ra.te of PC uptake COmpared to the uptake “of CE by normal- ftbroblasts.
(Krreger et al., 1978) Normal fibroblasts which had been grown in whole serum Wthh

B

éésuppresses LDL receptor actxvnty, showed very little uptake (< 15% of the valae in LPDS)
of rLDL associated PC FH fibroblasts d1d not take up tﬁ% [*H]DOPC to any sxgmfxcam -

<% extent This, result suggests that there is very little exchange of the DOPC with the fibro- -

~

i _..';v‘_, last cell membrane a that v1rtually all the radtoacuvrty assqcxated thh the normal cells~
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Figure 16. Time course of the cellular uptake of various LDL particles reconstituted with
exogenous phosphatidylcholines. The cells were premcubated in medium containing 10% LPDS
for 24 hours 1o induce maximal LDL receptor activity. Reconstituted LDL particles (20 ug/ml)
containing either [*H}JDOPC (DOPC 1 or DOPC 2) or [’H- chohne]DPPC (DPPC 1) or °
{(*Hpalmitoyl]]DPPC (DPPC 2) were incubated for the times shown. The monolavers were
washed and the content of cellular radicactivity and protein determined as described under
Materials and Methods. Data are the means of either duplicate 6r triplicate samples which did
not vary by more than 15% -
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Figure 17. Uptake of LDL associated DOPC by normal and FH fibroblasts. Normal cells were
preincubated for 24 hours in LPDS (LPDS) or FCS (FCS). FH cells were preincubated for
24 hours in LPDS (FH). rf’H-DOPCJLDL (20 pg/ml) was added to the monolavers for
various times and cellular uptake of radioactivitv determined as described under Materials and
. Methods. Results are the means of duplicates which did not vary by more than 10%.
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When the cellular lipids of normal fibroblasts which had been exposed to any \of
the radioactive PC-containing rLDLs were examined, an interesting observation was made.
1t had been shown [ha‘l these LDL recombinants were recognized by the LLDL receptor and
1t was assumed that they were subsequently delivered to the lysosomes for hvdrolvsis, as
was shown for the CE component of i[’H-CE]JLDL. However, thin layer chromatography
of the cellular _lipids consistently showed that the radiolabelled PC remained essentially
intact throughout the time course of the experimenl and that 80-95% ‘of the cellular radio-

. activily could be recovered in the-PC spot on the TLC plates. An example of a scan of the | .

N : N .

radioactivity present on the TLC plates is presented in Figure 18. The radioactive PC

Ly

accumulated in the tell in a time dependent manner, with na evilence of breakdown or
. 1

; -conversion to other lipids. When the TLC plates were stained, cut into segments and

counted ®y. liquid scintillation counting, again vimually all of 1he radidactivity was

i

associated with the PC spot (Table 11).

.- These results suggested several possibilities: i) that the.f{PC]JLDL particles were

boiind to the cell but for some reason ,wer'e not internalized; 2) that the r[PCJLDL was

"deliv'ered intact_ to the lysosomes, but the P.C. was for-somé reason resistant to hydrolysis;
or 3) the f[PC]JLDL was delivexed‘ to lysoségtes, but at- some point along the endocytic
pathwaii a substantial amount- of: its associated PC segregated frofn the particle, perhaps

}vxa exchange with endogenous phosphohpld and thus escaped ly5050mal hydrolysm&

That at least a part of the rLDL PC reached the lysosomes was suggested by results

»

of expenments in Wthh r[’ﬁl cholme DPPC]LDL was mcubated with normal and FH
‘l .

¥ fi 1broblasts in the presence or Iatbsence of 100 uM chloroqume The uptake of whe rLDL was
sxmllar for normal flbroblasts ln thej presence or absence of chloroqume f or up 1 4 5 hours _
(Fl ure 19) after whxch the chlo.roqume appeared 1o lnhlblt further LDL uptake FH cells,.-
dﬁj not take up the r[’H chohne DPPC]LDL to any significant extent. When the llpxds, -
' i-‘were exuacted from the nonnal and FH cells and chromatographed on 'I'LC plates once: \)

agam essenual}y all of the radloactmty appeared in the PC spot (greater than 80% for all

< .
A
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Figure I8. Radioactivity scan of thin layer chromatogram of lipids extracted from fibroblasts
incubated with r[DPPCJLDL. 1[’H-palmitoyl-DPPC]JLRIL was incubated (20 pg/ml) with
normal fibroblasts (which had been preincubated in 10% LPDS for 24 hours) for various times.
The monolavers were washed, and the cellular lipids were extracted and chromatographed as
described under Materials and Methods. The plates were scanned with a Bioscan radioactivity
scanner.
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Table 11. Amouﬁt of fibroblast radiovactivity associated with the PC

)
spot on tlc plates following incubation of cells with rLDLs containing

radicactive "PC. Piecopstituted LDL particles were incubated at 20 ug/ml

with normal fibroblasts which had been preincubated in 10% LPDS for

-

24 hours. After various timgg, the monolayers were washed and the

—

76

cellular lipids were extracted, éhromatographcgd, and counted as des-

cribed under Materials and Methods. Results are the means of duplicates

Y
AN

which did not vary by more than 20%.

n

% of radioacti\}ity associated with PC

Time (hours) . ¢ r[>H-DOPC]LDL ' r{’H-palmitoyl]LDL
" 0.5 . ‘ - ) 83
1. 91 ' ' 90
2 _ 94 . 89
" t
a.. B 90 93
N . [ 2
6 . . 89 c . 91
. - O .
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Figure 19. Time course of uptake of r{*H-choline-DPPCJrLDL by normal and FH fibroblasts.
Cells were treated as in Figure 17. except that 20 yg/ml r[*H-choline-DPPC] was incubated
with the monolayers in the presence or absence of )0 «M chloroquine. Results are frolm single
samples and are corrected for total cell protein.
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. %he f rrst double -labelled TLDL was prepared by the xﬁsual reconstrluuon procedure

78

time points and incubation conditions). However, when the aqueous laver from each lipid

extract was courted, it revealed a time dependent. chloroquine™inhipitable appearance of

radioasuvity (Flgure 20). It should be recalled that for the first four/hours of the incu-
. ?auon_. approxfmately equal amounts of radioactivity was taken up by the normal cells in
;-\‘ )
- the_presence of 100 uM chloroquine as in its absence (Figure 19). These results suggest

1 least a pertion of the LDL associated DPPC choline head group was converted b»

the fildroblasf to a Qaler soluble compound by an vacid-dependem process. This eviderrce 15
most consistent with the secorrd‘dr third possibilitiés diecussed above, namely rhal although
: 1:ome of the LDL assocrated phospholipid reaches the lysosome and is degraded to smaller,
galer soluble molecules, the majority of the PC remains resistant to hvdrolysis. This could
either be due to exchange of rhe radioactive PC with cellular lipid prior to the arrival of the

e

lipoprotein at the lvsosome, or to some unexplained resistance of DPPC to lvsosomal

phospholipaées.‘ .
' 4 ! !
3.3.3 Uptake and Cellular Processing of Double-Labelled Reconstituted LDL
In liéht of of the preceding results, it was degided to further investigate the uptake énd

me[abollsm of LDL -associated PC. I'n order to determine the possrble mechamsms by .which

'TLDL PC appareml) escaped /lysosomal hydrolysrs reconstituted LDL parucles were. prepared
. comammg twO separate radrolabels in eu:her the prorem or lrpnd componems In lhIS manner it

" was possrble to directly cor'hpare thegup,take and cellular me[abolism of PC with that of the .

o - o d

other LDLéom_anems. : o o Cw

v'l ',L ‘ - : ‘ \\~

3. 3 3.1 Cellular proce.ssmg of rLDL labelled in PC and CE

% inthe presence of 150 uCr of [’H]cholesteryl lmoleate (labelled in the cholesterol) and
10 uCi of [“C]DOPC (labelled in the fatty acyl chains). The reconsmuted paruele desag-'

" nated r[’H CE/“C -—DOPC]LDL had a SpeCIf ic acnvrty for the CE of 1 58 X .10‘ cpm: ‘H/ ‘
. ] mg_ protem and for PC_ the specific actmty equalled 0.35 x 10* cpm “C/mg protern. This

B I . *

L}
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< Figure 20. Time course of the appearance of *H-radioactivity in the aqueous laver of a lipid
extract of normal and FH fibroblasts incubated with r{’H-choline-DPPC]JLDL in the presence
or absence of 100 «M chloroquine. Experimental conditions as described in Figure 19.
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. the'nydrolysis of the [“C]DOPC‘.‘

parallel with the [’H]frée cholesterol (Figure

80

>
- . -~
’.

. . B R T Q ~ ’
corresponds to a *H/'*C ratio of 4.53. When the r’H:CE/**C-DOPCIJLDL was incubated

L ¢

. with normal fibroblasts for up to S hours, both *H and **C radioacxi\'it‘_\ accur’nulaledvln

the cells in a time dependent manner (Figure 21). With increasing ume. the *H/"*C rauo
p g g

inside the cell appeared (o tncrease gradually (Table 12). At the earhest time pownts the

Y
ratio of *H to **C was the same in the cells as for the intact 1['"H-CE/**C-DOPCJLDL.

This suggests that both the PC and CE were taken up by the cell together. At later time

-~

points the ’H/“C ratic mcre“séd by about 20% after 4 or 5 hours. It is not cmirvcl,\ clear

;vhy this ratio should increase. One possibili[_y, ASSuming that at least a portion of the
& . N : '
internalized PC is catabolized (as suggested by the data in Figures 19 and 20), is that'a part

of any ["*CJoleic acid rel/e;sed by cellilar phosphohpases may leak out of the cell inwo ll}ch

., e

culture mediym. This would lead © the mcrease in "H/'"*C ratio observed. H0wever

'auempts to demonstrate an accumudation of radioacu‘ve free fatty acids in the medium

R 3

were unsuccessful. The me.dium lipids weré cxtrécted and su‘bjeétcd 10 neutral thin layer

chromatographV‘ There was no significant difference in Lhe amount of radloacuvm in the
fa[ty acnd spot from medxum which had been incubated wuh normal fibroblasts compared,

to that of FH cells, nor did it increase with time. There is t,herefore no direct evidence for

- .

The cellular lipids of the normal f ibroblasts{ which had been 'i’
1’H-CE/"C-DOPC]LDL were extracted afid, the neutral and polar lipids separated by
TLC’ Hydrolysis of the ['HJCE to f ree cholesterol took place very rapidly.”as shown in

Figure-22. Within 0.5 hours of incubation {’H]cholesterol’.z'ilppeared in the cells and" it
P> v

' mcreased in.an esscnually linear manner for S hours: The ['H]CE in the ccll reached a‘

’ .-1"

plateau after 0.5 hours‘that was ma\mtamed until 5 hours These results are S1mllar to [hOSCI
obtamed wuh the smgle labelled r[’H CE]LDL shown prevxously in Fxgure 15. However :
the [“C]DOPC component of the. double labelled 1LDL did a6t appcar to-be substanually ‘
hyd.golyzed (< 18% at all nrng pomts) and accumulated in Lhe cell approxxmately in

R2). The similar shape of these two‘curves
* T : ' ' :
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Figﬁ_.’"l”—ime cours¢ df the cellular uptake of i°’H-CE/**C-DOPCILDL. Fibroblasts were
preincubated in medium containing 10% LPDS for 24 hours. Monolavers were incubated with

20 wg/ml 1[’H-CE/*C-DOPCIJLDL at 37°C for the indicated times. Data are the means of

duplicate samples that varied by less than 15%. , .
»
’ 2
3000
o

Shece or Me—pc UPTAKE (cpm/mg)

0 A 2 3 \i
P - TIME (hours) v -\
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Table 12. °H/'“C ratio of fibroblasts following incubation

—

with r[3H-CE/1“C—DOPC)LDL. Experimental procedures were as

described in Figure 21. *a/'"C ratio of the rLDL was 4.53.

Time (hours) - *n/ltc
. -
0.1 4.58
1 4.48
1.5 5.25 B
2 5.60
4 5.89

- 82
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o

Figure 22. Time course of the hydrolvsis of the CE but not the DOPC of r[’H-CE/**C-DOPC])
LDL. Experimental conditions were as- described in Figure 21 for normal fibroblasts. The
cellular lipids were extracted and chromatographed by neutral and polar tic as described under
Materigls and Methods. The amount of radioactivity present in the free cholesterol (*H-chol-
esterol), cholestery] esters (H-CE) and DOPC (**C-DOPC) was determined. Results are the
means of duplicale samples which did not vary by more than 20%. _
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also suggests that significant breakdown of the DOPC did not occur.

3.3.3.2 Cellular processing of r{***1/'H-DOPC]LDL
! To .directly compare the’ uptaké arld metabolism of the apoprotein and phospho-
lipid components of LDL. a reconstituted L DL vparticle was prepared from;\‘”l -LD‘L in the
presence of 0.3 mg [PH]JDOPC. This r[‘“l/’H‘-DOPC]LDL had a specific activity of
304 cpm ***1/ng protem The specific activity of the *H- DOPC was determmed by lipid
extraction of an aliquot of the rLDL followed by polar TLC and liquid scmtrllatton
‘ countmg of the PC spot. This was necessary to reduce the interference caused by any
resrdual traces of '**] -radioactivity when trying to count the [*H]DOPC. '
The r***1/*H- DOPC]LDL was mcubated (50 ug/ml) with normal flbroblasts
which had been preincu.bated in medium containing IO%@LPDS. The time course of the

cellular uptake of [*H]DOPC and **’I-LDL is shown in Frgure 23. Total uptake of both the

protem and the phospholipid was similar. Thin layer chromatography of lrprds extracted

from the cells showed that greater than 75% of the *H radroactrvrty assocxated wrth the cells

' appeared in the PC spot, consrstent with only partral hydrolysis of the LDL assocrated’

DOPC. The, hydrolysis of the apoprotein component of -r[***1/ ’H]LDL ‘was .determmed and
was compared to that of the "na,tlve“ 1251 .LDL (Figure 24). In both cases, the cellular
content of ' -labelled protein was tn a steady state plateau after 2 hours This represents

LDL which had been taken up by the frbroblasts but whrch had not yet been hydrolyzed in

the lysosomes. ”’I LDL which had been hydrolyzed 0 lts component ammo acids was'

excreted by the cells into the medrum as trrchloroacetlc acrd soluble materral (upper‘ curves

of Frgure 24) 1] -radioactivity from r[“’I/’H DOPC]LDL was released from the f'tbro~

blasts at a srrmlar rate to that from natlve" 125]-LLDL. This mdrcates that the apoprotem

component of the double-labelled, reconstttuted'LDL was delrvered 10 the 1ysOsomes and.‘..

hydrolyzed Smce the phosphohprd component of this recpnstltuted LDL ~Was taken up by
the cells (Figure 23)- but not catabolized (as shown by TLC) it appears that the PC

-component of r[“’l/’l—l DOPC]LDL escapes lysosomal hydrolysis.

P
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. Fxgure 23. Time course of the uptake of #{**’1/°H-DOPC]LDL. Fxbroblasts Were preincubated

in 10% LPDS for 24 hours before use. Monolayers were incubated for various times with " -

50 wg/ml of 1[***1/°H-DOPC]LDL. The cells and medium .were treated as described. under
Materials and Methods. Total cellular uptake of - LDL (LDL) was calculated as described
under Materials and Methods. ['H]DOPC uptake (DOPC) was determined by coummg of the )
. PC spot follomng tlc. Results are the means of duplicate incubations and did not vaty by moren
than 20% - :

UPTAKE (149/mg cell protein)

: Oir - - - T T v . .
o - 2 R S R
TIME (hours) Co
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Figure 24. Time course of the uptake and cellular hydrolysis of '**I-LDL and r[**’l/"H-DOPC]
LDL. Experimental conditions were as described in Figure 23. Monolayers received 50 ug/ml of
either *»*I-LDL or [**’1/°H-DOPC]LDL for the indicated times. The total cellular content of
131 LDL (Cells-LDL) and 1[**1/°H-DOPCJLDL (Cells-tLDL) were determined as described
under Materials and Methods. The total amount of '**[-protein hydrolyséd and excreted into -
the medium for '**I-LDL (Medium-LDL) and 1['**I/°H-DOPC]JLDL. (Medium-rLDL) were

T duplicate s

determi as described under Materials and Methods. Each. value represents the mean of’
ples. - ‘ C
’ .

_ Y , : v A

‘1 | Legend - P
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3.3.3.3 Cellular uptake pf rLDL contammg labelled PC and cholesteryl hexadecyl ether o

‘ 'l’o drreotly compare the, zcellm{r uptake and processmg of LDL assocxated ,
i e
phospholrprd wtth another LDL component whxch 15 known not to be catabohzed °a .

.r ’l-'"‘

double- labelled reconstrtuted LDL parucle was . prepared contammg tracer amounts of
[“C]DOPC and [’H]cholesteryl hexadecyl ether Thts ether analogtie of eho]esteryl ester is- "

.‘ resrstant to esterase hydrolysxs and has been used pre\qously m the study of lprprotem

-

'metabohsm (Hrggs et aI ,1984) Z'he rLDL was- prepared in the usual manner except that -
250 «Ci of - [}H]cholesteryl hexadecyl ether was mcluded wrth the unlabelled cholesteryl

flmoleate .The reconstrtuted partrcle desrgnat.ed r[’H CEthcr{“C DOPC]LDL had a, )

- J

specific actrvrty of 2. 34 x 10‘ ’H cpm and 0. 16 X 10‘ “C cpm per mg protein When the '
rLDL was incubated wrth frbroblasts bOth the DOPC and cholesteryl ether components ' '
were taken up in a concentration -dependent manner ( thure 25) The-’H/ ’-‘C ratro 'l" or the i
1wo components was the same in the cells as for the rLDL and remarned essenttally

constant for all coucentrattons Netther label was taken up by FH cells to any apprecrable

extent The srmtlar shape of the uptake curves for the [“C]DOPC and [’H}cholesteryl ether e

suggests that the PC like the ether arfalogue of CE ‘Temains unhydrolyzed by the cells

I .
- . . ) '. B,

3.3. 3 4 Estrmauon of the recyclmg of LDL- associated DPPC v ' : : — A

The results of the preﬁhﬁg expenmems mvolvmg the incubation of smgle a’

double -labelled rLDL pamcles with normal and. FH. frbroblasts demonstrated tha‘t‘

LDL -associated PC substantrally ‘escaped lysosomal hydrolysxs and remamed mta.ct wnthm

the cell. One poSsrbrhty whrc[h had not been mvesﬁgated was that perhaps the PC was Sn
" fact catabollzed but that the breakdown products were reutlhzed in. the synthesxs of new

PC molﬁgcules In order to test thts possrbrltty an expertment was camed out wrth an rLDl.

containing DPPC radrolabelled in the choline head group “This r[‘H DPPC]LDL was. pre v

pared with 0.3 mg carrier egg PC and 7~5 y.Cl [cholme methyl ’H]DPPC and had a o
4 specrfrc actrvxty of 5.6x 106 cpm/mg protem The rLDL was mcubated wuh normal frbro-":

v \‘ S
blast cells at a co_ncentratton of 20 ug/ml at 37’C for vartous times up 10.7 hours.-;A_a h-pr_c_ly N

a Y
. \_
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S Fagure 2‘5 Cencent‘rahon dependence of the uptake of r[’H -CEther/!*C- DOPC]LDI_ by normal

hbmblasw{:euwere ‘preincubated in medmm containing -10%-LPDS for 24 hours before use,

'and then .were:. incubated’ with: variou$’ goncentrations. of 1’H- CEther/“C -DOPCILDL for

- 3 hours ag.37'C prake was determneq as described ander Matenals and Methods. Results are’

"me means of: daphcate mcUbanons , o
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extract of the cells showed a time dependent increase'iq,radioactjvity in both the aqueous

ksl

and organic layers of the extract (Figure 26). The radioactivity in the aqueous layer repre-

scnted a constant frgction of that'in the organic layer at each time, averaging 5% of the

total This was as sho’n prevrously for another preparauon of rf!H- cholme DPPC]LDL

when an average of 8% of the total’ radroacnvnv appeared in the aqueous layer of a hprd
extract of ce]ls which had been mcubated wuh the tLDL (see Figure 19 and Figure 20).
These results again suggest that a fractx.on of the internalized PC has been hydrolyzed by
the cells | - | ‘ .

In order to deterﬁnme if the LDL*associated [’H]DPPC was being hydrolyzed by

the cells with subsequent reutilization of the radiolabelled headgroup for new‘ PC synthesis,

it was necessaf¥y to éeparate the dipalmitoyl PC species from the other PC molecules

present in the cell. To accomplish this, a polar TLC procedure was used in which half of

\

the lipid extracts were treated with osmium tetroxide as described under Materials and -

Methods. This procedure resulted in the retention at the orlgin of most of the PC

molecules containing unsaturated fatty acids, while the DPPC species ‘appea,red in the

régular PC .spdt‘.('l'able 13). \ o '_ : ' - .

‘When this procedure was apphed to the lrprds extracted from f 1broblasts which had

' been mcubated with r[choline- JH—DPPC]LDL the results demonstrated that only a small

amount of cell associated radioactivity r¢mamed at the TLC plate origin (Frgure 27). This -

i
amounted to about 25% of the total radroactrvuy after 7 hours of mcubauon In other -

words. three’ quaners of the [?H]DPPC associated with the cell af ter 7 hourg rémained in

the dxpalmuoyl form. Thls result again demonstrates the substanual although not

complete resistance 1o cellular hydrolysrs of PC takcn up by the f rbroblast via the LDL

~ réceptor pathway. . : : I LA

\

TR
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«F:gure 26 Tnm? couxse of the cellylar up{ake of r[cholme ‘H- DPPC] radxoacuvuy irto the
orgahic and aqueous laycrs of a lipid extract of .normal fibroblasts. Cells were preincubated for
24 hours in medinm containing }0% LPDS and were then exposed for various times to 20 yg/ml
~of 1ftholine- SH:DPPC)LDL. The cell lipids were extratted and counted ‘as described under
Matenals and Methods Results are the means of dupﬁcate mcubanons which did not wvary by

" friore. than’ "15‘% - - .
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Table 13. Quantitation of the separation of DPPC from other PC

€~
species by tlcdof osmium tetrqxide—tmeatedlipidextraéts. Samples

. o ’ .
of egg PC coﬁtaining tracer amounts of [?H]DOPC or [®H]IDPPC were

treated as described under Materials and Methods. Some of the

samples were treated with osmium tetroxide before tlc. Fpllowing.

polar tlc the amount .of radiocactivity was determined at the origin

and in ﬁhe PC spot. Results are the means t 1 S.D. for four
samples.
, %+ of cpm
- ’H—lipid. Treatment Origin pC
DQPC | - 6.8 ¢+ 1.5 93?;_; 1.5
DOPC © + osmium 91.3 + 4.8 8.6 3.1
DPPC - 4 4.5 # 1;0 95.4 £ 0.9

DPPC _ + osmium 21.4 + 1.0 78.6 + 1.0

91



92

Figure 27. Time course of ‘the conversion, of the DPPC of 1[’H-DPPCJLDL to -other PC
species by normal fibroblasts. Incubation conditions were as described for Figure 26. Lipid
extracts were chromatographed by polar tlc and the content of radioactivity at the origin and in
the PC spot were determined as described_under Materials and Methods. Some samples were
treated with osmium tetroxide ( + osmium) before tlc. Each value is the mean of duplicate
incubatiors which did not vary by more than 20%.
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3.4 &'mary of the Degradz;tion of LDL Components

A summary of the degradation of the various LDL components by human fibr-oblaﬂ
cells is show'n in Figure 28. The data are cdmpiled from a variety of expgrimemst with sinéle and
‘l double-labelled reconstituted LDL particles: In agreement lwith olhef studies (Krieéer&r al.,
1978; _Goldstein and Brown, 1974), it has been\demonstrate’d .that_ following the upla.i(e and
delivery of LDL to lysosome;. both the protein and cholesteryl ester components are rapidly
hydrolyzéd. In contrast, the results of experiments in which fibroblasts ).v'ere incubaled with
reconst}tuted LDL particles containing differemA phosphatidylcholines _suggesl that
LDL -associated PC molecules -escape lysosomal hydrolysis and remain substantially (> 75%)

,

intact.,
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Figujre 28. Summary of the cellular degradation of the. various components of LDL. L
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4. DISCUSSION

The factors which determine the movement of lipids between cultured cells and serum

are complex. It has become increasingly appreciated that extracellular sources of lipid have pro-
found effects on cellular lipid composil;on and metabolism. More recently, attention has been
focussed not only on understanding how lipids méve in and out of cells, bul'also on hqw they
are transported between the various membranes within cells (Voelker. '1985). In addition.
although ihe cOmpos‘itional_ heterogeneity of the‘mcmbranc liﬁids Qf\’differen‘tl ¢ell organelles has
. become well established, the quespion of how sﬁ'ch divex‘sit‘y‘:‘ of structure is ggﬁeraied' and main-

tained has yet to be answered. In the present studies, two different types of lipid movements

between cultured human skin fibroblasts and extracellular lipic_i sourées_have been investigated.:
In the first series of experiments, the effects of non‘-"receptor mediated mdycmems of
phole’stérdl to or from normal and FH fibroblasts were determined.
in order to examine the effeds of passive exchange movements of cholesterol on overall
cholesterol homeostasis in the absence of any protein mediated p‘athways, fibroblasts were im’:u-

bated in serum-free medium containing lipid vesicles of various cholesterol/phospholipid (C/P)
ratios. The absence of serum eliminated any complicfating stero! fluxes, either from the LDL

receptor pathway or due to efflux to other serum components. [t also avoided the possible

effects of LDL on cellular phosﬁ)t;olipid metabolism (Poznansky et al., submitted), or effects

of other'serum factors on eell ‘growth. Sonicated lipid vesicles were used to alter cell cholesterol
content because they are ‘well characterized, relatively easy lo prepare containing radioactive

tracers, and can be, used to either load or deplete membrane cholesterol.

3

“There are three key activities which are invelved in the regulation of cultured fibroblast
SR .

. . ! M oy o - . .
~ cholesterol levels: cholesterol synthesis activity, cholesterol esterification activity, and LDL
s

receptor number. Each of these activities responds to cholesterol delivered to-the cell via the

[y

receptor -mediated endocytosis and degradation of the entire LDL 'particle (Brown and

Goldstein, 1975; B_rbwn et al., 1974; Goldstein et al., 1974). The results of the present studies

~

indicate that-these activities are also responsive to cholesterol that _e‘mers the cellular pool via

S e . : . S
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passive exchange at the plasma@embranc. Incub‘ati'on of normal fibroblasts with either LDL or

cholesterol rich vesicles resulted \in similar changes in cell cholesterol content, cholesterol

‘ syn'thesis and esterification activities, and LDL receptor number. However, although both LDI.

and the vesicles increased cell cholesterol after 6 hours of incubation, there were differences in

the time course of other effects. LDL exerted clear effects on synthesis, esterification, and

gbinding within 6 hours. The effects of the C/P = 2 vesicles were delayed compared to-those of

LDL, with clear changes in the various activities not-evident until after 24 hours.
. .

The mechamsm by whrch choleszerol exchanged into the cell at the plasma membrane is -

able 1o partrcrpate in the regulauon of mtracellular cholesterol metabohsm is unknown

¥

. Although by all accounts cholesterol appears to move quue rapidly between (Green‘ 1983).

wifhin (Bell, 1984). and across (Backer and Dawidowicz 1981) a variety of model and

blologrcal membranes it is clear that there is an uneven distribution of choleSLerol within the
w

\‘-.1——\

cell. The plasma‘ membrane ]ysosomal membranegs, and erbablv Golgr -appanatus membranes ‘
\

are stero} rich (Lange and Ram‘bs 1983; Thompson, 1980). Cther mtracellular membranes,

particularly those of the endoplasmic reticulum, are believed to be relatively-sterol poor and are

typically isolated as'microsomes with-C/P ratios of approximately 0.1 to 0.2 (Hashimoto er al..

1983). This is an intefesting result in view of the faet_that it is the endoplasmic reticulum which: .

"is the site of cholesterol synthesis. A possible explanation for this observation is provided by

experiments from a ‘number‘of laboratories which suggest that the translocation of newilyv
synthesized 'sterol from the endoplasmic reticulum to the plasma membrane is a relatively rapid
process, occurring with a half -time of “ aboyt 10 to 30 minutes (DgGrella and Si.moni., 1982;
Mills er al.,.. 1984; Lange and Matthies, 1984)..0On the other hand, it appe‘ars that plasma

membrane cholesterol does not readily equilibrate with intracellular membranes (Poznansk%'

. and Czekanski, 1982; Shireman and Remsen, 1982; Slotte and Lyndberg, 1983a; Kaplan et al.,

@
1984).

Q.

Since it can be estimated that cultured cells such as fibroblasts internalize the equivalent

of their surface area approximately every hour (Steinman et al., 1983: Farquhar, 1983), it is
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unclear how this separation of plasrrra membrane and ‘imracellular cpoleslerol pools is main-
lained. Brelsclrer (1976, 1984) has oroposed that coated pits, which are the srles of internali-
zation of cell plasma membrane, act as "molecular filters” which may exclude varioos
membrane components, including cholesterol. Evigence for this hyporhesis comes frorrr .
freeze-fracture electron microscopy which showed the absence of filipin-sterol complexes in the
coated pits of cell ples‘.ma membranes (Montesano et af.. 1979; but for a contrary view éee
McGookey et al., 1;83. and Steer et al.. 1984). Another possibility is that plasma membrane
cholesrerol may be imernalized into the cell but then at some point become segregated f rom the

endocytic pathway and recycled to the cell surface, as has been demonstrated for several

cell-surface receptors, including the LDL receptor (reviewed by Brown et al.. 1983). The

. results presented here are consistent with either of these hypotheées; 1t may well be that chol-

esterol delivered directly to the cell interior via the endocytosis and degradation of LDL may

2

gain access o any intracellular regulatory pool(s) more rapidly than cholesterol exchanged into

the cell at the plasma membrane. This' would explain why cholesterol delivered 1o the cell by

'exchange from vesncles requires a longer perlod of time than does LDL chgiesrerol 1o effect

changes in m[racellular cholesterol metabolism. Under these condmons it may be .that the

movem‘em of cholesterol from the plasma membrane to the cell interior is rate-limiting. This

4

mav have also been the case when LDL was incubated with FH ﬂbroblasls Under these con-

dmons it would be expected tbat cholestero] would enter the cell via non-receptor medlated

- o

N~ -

exchange The changes in intracellular cholesterol metabohsm (particularly estermcauon)

" observed for FH cells in response to LDL were delayed and resembled qualitatively the change;

observed when normal fibroblasts were incubated wﬁh C/P = 2 vesicles. This again éuggests
thaliil may be the movement of cholesterol frorh the cell surface to the endoplasmic reticulum
which delays the response observed ¥

Conversely-, the results from experiments involving cellular cholesterol efflux to egg PC

vesicles imply that, in this case, the efflux from the plasma membrane is the rate-limiting step

since the changes in both cell cholesterol content and intracellular metabolism occur together

L]



had already reduced the cell cholesterol content.
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after 24 hours of incubation. The fact that the cholesterol efflux to'egg PC vesicles appears to

be a slower process than the influx from the cholesterol rich (C/P = 2) vesicles (24 hours
‘ |
versus 6 hours) is not unexpected, considering that the cells were preincubated in LPDS which .

The physiological significance of Ehese kinds of passive, no:;- receptor mediated move-
‘ments of cholesterol is nol\knnwn. I_l is clear that under cell culture Ncbndi[idns, substantial
amounts of cholesterol-can be delivered to fibroblasts by 'exchange_ For normal fibroblasts
incvuba‘ted’ in medium containing 10% LPDS for 24 hours (rnaximal LDL recgptor ~acu'vity
;nduced) and'then incubated with‘ZO.uG/ml LDL, typically an uptake of LDL pr(;tein in the.
order of 0.5 to 1 ug/mg cell protein/hr was observed. This represents a flux of cholesterol into
the cell via the LDL receptor pathway of about 1.5 ng/mg protein/nr. The flux of stered from
cholesterol nch (C/P =2) vesicles to fibroblasts was observed to be about 1 ug/mg protem/hr
(cf. Table 5). Theref ore, even with full up-regulation of the LDL receptor pathwa) approxi- .
matel_v equal amounts of cholesterol can enter the cell via receptor mediated and non—receptor.‘
mediated routes. Under more physiological conditions in vive, or for cells cultured in whole

serum in vitro, the LDL receptor activity will be reduced (typically to 5-10% of maximal

activity) and under these circumstances the movement of cholester! into cells will have an

. .increasingly important non-receptor mediated component.

LIEN

It is unclear how cholesterol introduced into fibroblasts via exchange is transferred o

the cell.interior or'if it can be-used for new membrane synthesis. Experiments by Goldstein er

al. (1979) have indicated that cholesterol delivered to cultured fibroblasts via exchange from

. LDL or HDL cannot suppdrl the prolonged growth of these cells, perhapé indfcating that ,ﬂélu_

amounts of cholesterol had not been delivered. Yet itjs known that such a mechanism s at least
possnble the mncroorgamsm mycoplasma has been shown to derive its membrane cho]estero] v1a
passive equxhbrauon with the cholesterol.of serum hpoprotems (Razin and Rottem, 1978). In

addition, it has been demonstrated that mouse splenic lymphocytes, which: are unreéponsivé to
’ .

. mitogenic stimuli when cultured in the presence of cholesterol synthesis inhibitors, do respond
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. and divide when their membranes have been enriched with cholesterol obtained via exchange

. S
[*3

from synthetic lipid vesicles (Ip er al.. 1980).

The role of cholesterol efflux from tissues occurring via excpange frbm the cell surface
emosl likely lg) an HDL subfraction in v.l'vo)'“ may also be ‘very s';gpif‘i’éant .i‘n determining cellular
and serum cholesterol homeostasis. As shown in the experiments derﬂOnéiréting cholestérol '
5 "

efflux to egg PC v/esx'éles_ cholesterol exchange from the cell surface will increase LDL receptor
activity and in vivo would be expected 1o increase the peripheral cahbolism of l__DL, perhaps
rcsultiﬂg in reduced ;erum LDL’levels. . | o

LY

The second type of lipid movement investigated in this series of experiments was the
receptor mediated uptake of LDL-associatcd PC by cultured fibroblasts. A procedure fo; the
incorporation of differen; radiolabélled PC molecules into a recombinant LDL particle was
devised..based on a modification of the procedure of Krieger et a)‘. (1978). The reconstituted
LDL -pafticles obtained appeared to be very similar in composition and biological activity to
those described in the original method. The rLDLs had similar contents of CE and phospholipid

as native LDL, b_utl lacked fre/e cholesterol and [riacylglycgrols. Apparently a substantial

amount of the Tadiolabelled PC was’incorporated by an exchange process rather than by net

addition of phospholipid.

| It was pc;ssiblg to sel étiv'ely }abel the recombinant LDL particles in tl;e éhélestcryl
ester, phosphaddylch;)lipe, nd apolipc;protein B components -and seléctively follow their
uptake.and énet,abblism by npormal and re'ceptor deficient fibroblasts. Ther_é are several lines of

v

evidence whiéh_ demonstrate that the various rLDLs were recognized and catabolized via the
LDL receptor pathwéy described by Goldstein and Brown (1977):
1.~ ILDL competed agaiﬁg{ihe binding of '**] -LDL to ndrmal fibroblasts almost as eff ectively

as native’[ff)L;

2. tLDL was not taken up by FH fibroblasts, which lack f unctional LDL receptors;

>

3. . cellular uptake of 1LDL by normal fibroblasts cultured in whole sefum was < 10% of the

« uptake by cells exposed to 10% LDPS;
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4. the apo;;rotein moiety of rLDL was degraded intracellularly to amino acids which were
relcz;sc;d into the culture medium,;
5. the cl;olcsteryl linoleate component of rLD‘l\,'wa_s rapidly hydrolyzed by cells to free chol-
cslerol‘ and fatty acid hy a pro;:ess which was inhib'ited\ by the lysqsomal inhibitor chloro-
_quing; . \
6 ~ the cholesterol liberated by the cel}\ular hydrolysis of the rLD>. CE down fegulated cellular
cholesterol svnthesis and stimulated cholesterol esterification. |
> .bespile these re?ults indicating fha‘t rLDLs were delivered_ via‘theﬂ LDL receptor ‘path-
way to the f 1broblast lysosome for hydrolysxs it was consistently observed that LDL -associated
PC. remamed substanuall) intact durmg the time course of the incubation with cells (typlcally
6 hours). Apparently, therefore, aithough the PC'is intemah’zed into the cel] (as evidenced by
the lack of PC uptake into FH cells or normal cells grown in the presenée of whole serum), it is
somehow resistz;nt to lysosomal hydrolysis. .
‘ Tﬁal this apparent resistance to catabolism is not due to a breakdown/reutilization cycle

of PC componcnts was demonstrated by the result that at least three quarters of imemalized

2

rLDL- assocxated DPPC remamed intact and had not been convened to another PC species

followmg 7 hours of incubation.

Evidence that at least a portion of the LDL -associated, PC was delivered 10 the lyso-

-
[l

somes fo'r‘hydrolysis was providec‘f -by experiments in which the incﬁbation of rLDL‘ containing
PC radxolabel ed in the chohne head group with normal fibroblasts resulted in the conversion of
"~ 5-8% of the radxoacnvnty in the cell into a water soluble form. This conversmn was mhxb.ted in
the presenpe of chloroquine and likely represents lysosomal hygirolysxs of a portion of the
imernalized PC. ‘ o 0 LT
The mechanisrh by whichl LDL~_associate_d‘ PC escaﬁes lysc;somal hydrolysis is not

certain but a strong ‘possib‘ility is that the phospholipid in the 6uu;r shell of LDL is available for

exchange with endogenous cellular lipid somewhere along the endocytic pathway before actually

“arriving at the lysosome. There are several prelysosomal or endosomal compartments which -

\

iy
IRy
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have been described,"bul the movements br the lipids which make up the membranes of these
compartments have not been investigated. Little is known either of the rates of turnover of
these lipids. .

In general. the turnover of cellular phospholipids appears to be an exceedingly complex
phenomenon Esumales for the turnover of different phospholipids in different tissues and cell
lypes range fre)m a few hours to several days (Van den Bosch 1980). And even within a given
particular class of phospholipid, different mf)lecular species appear to turn over at varying
rates. For cells grown m' culture, the situation is further complicated by f actors such as the
confluency of1 the enltures (Cunningham, i972) and the possible stimulation“of lipid tnrnover
by hormones or other factors such as plé[elel derived growth factor (Leslie, 1982).

The role of degradative proceéses in determining overall phospholipid turnover is"also‘
somewhat unclear. Although most’ phospholipids are synthesized in one location, their
degradation may take plaee at various sites within the cell, and it is possible that thle‘.‘hc:tero:1
geneity of rates of turnover is a ‘reeul[ of the various lipase activities present in different
locauons within the cell. For example D'Sousa et af. (1983) have demonstrated that the turn-
over ofl«exogenous PC mtroduced mto eullured cells by exchange at the plasma membrane has a
v

e

* slower turnover than PC symhesrzed de novo. ‘
e

’?’It has been chal]engmg to study the degradauon of phosphohprd in a systematic manner
because it is difficult to selectively label a single pool of phospholxpld which is all degraded -

witﬁ\the same cellular compartment. Therefore, one approach to the study of phospholipid

deg}radation by lysosomes has been 1o isolate the various lysosomal phospholipase activities and

to-study their characteristics in vitro.

There are difficulties in extrapolating from in vitro assays of . phospholipase activity to

their nOrmal pnysiological function (Van den Bosch and Aarsman, 1979). Substrates may be

-~

presented to the enzyme in a varrety of physical states in parl determined by the characteristics '
of the phospholipid but mflucnced also by the method employed to drsgerse the substrate .

(detergents, bile salts other lrprds etc) Thrs could account for some “of the drfferences

-
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obser_v_ed' in substrau; sp@gif icity for different preparations of enzyme.

Another potential method for-the assay of intracellular lysosomal bhospho!ipases is 10~
use the reconstituted LDL descri‘béd' in these studies. Although much of the lipid appears to
escape hydrolysis at least a portion of the PC appears to reach the lysosomes and s catabolized.
With reconstituted particles containing PC molecules double-labelled jn the acyl chains or head

t

groups, it may be possible to determine the in vivo rates of, for example, lysosomal
phospholipase A, versus A, or phospholipase C activities. As well, the s;me method could -be
used to study‘ the other major LDL phospholipid, sphi.r;gom)"elin (SM). which is enriched in
cell plasmé \membrane and appears to be turned over by a process which may involve lysosomal

»

sphingorhyelinasc (Lastennet et al., 1975; Sutrina and Chen, 1984).
i Finally, the fact that PC appc‘ars to be taken up by cells but not h‘ydrolyzed has some

imgrcsting implica.tions in the regulation of cellular PC synthesis. We have shown (sznansky

et a[.‘, sx;bmitted) that LDL.will down regulate endogenous PC synthesis in human f ibroblasts

and lymphocytes. This phenomenon has also been previously reported for ASM (Verdery and

Theolis, 1982). The meqhaniSm by which Lt}is down regulation occurs is not known, but é;urther'

investigation of thes catabolism and intracellular localization of LDL -associated ‘PC ‘may

provide an insight into this process.
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Figﬁ_.’"l”—ime cours¢ df the cellular uptake of i°’H-CE/**C-DOPCILDL. Fibroblasts were
preincubated in medium containing 10% LPDS for 24 hours. Monolavers were incubated with
20 wg/ml 1[’H-CE/*C-DOPCIJLDL at 37°C for the indicated times. Data are the means of

duplicate samples that varied by less than 15%. ,
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Table 12. °H/'“C ratio of fibroblasts following incubation

—

with r[3H-CE/1“C—DOPC)LDL. Experimental procedures were as

described in Figure 21. *a/'"C ratio of the rLDL was 4.53.

Time (hours) - *n/ltc
. -
0.1 4.58
1 4.48
1.5 5.25 B
2 5.60
4 5.89

- 82
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Figure 22. Time course of the hydrolvsis of the CE but not the DOPC of r[’H-CE/**C-DOPC])
LDL. Experimental conditions were as- described in Figure 21 for normal fibroblasts. The
cellular lipids were extracted and chromatographed by neutral and polar tic as described under
Materigls and Methods. The amount of radioactivity present in the free cholesterol (*H-chol-
esterol), cholestery] esters (H-CE) and DOPC (**C-DOPC) was determined. Results are the
means of duplicale samples which did not vary by more than 20%. _
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also suggests that significant breakdown of the DOPC did not occur.

3.3.3.2 Cellular processing of r{***1/'H-DOPC]LDL

! To .directly compare the’ uptake arrd metabolism of the apoprotein and phospho-
lipid components of LDL. a reconstituted L DL vparticle was prepared frorn;\‘”l -LD‘L in the
presence of 0.3 mg [PH]DOPC. This i[***1/°H-DOPC]LDL had a specific activity of
304 cpm ***l/ng protein. The specific activity of the *H-DOPC was deterrnined by lipid
extraction of an aliquot of the tLDL followed by polar 'I:LC and liquid scintillation‘
‘ counting of the PC spot. This was necessary to reduce the interference ca.used by any
resrdual traces of '**] -radioactivity when trying to count the [*H]DOPC. '

The r***1/*H- DOPC]LDL was mcubated (50 ug/ml) with normal flbroblasts
which had been preincu.bated in medium containing IO%@LPDS. The time course of the
cellular uptake of [*H]DOPC and **’I-LDL is shown in Frgure 23. Total uptake of both the
protem and the phospholxptd was similar. Thin layer chromatography of lrprds extracted |
from the cells showed that greater than 75% of the *H radroactrvrty associated wrth. the cells
' appeared in the PC spot, consistent with only partial hydrolysis of the LDIL-associated’
DOPC. The, hydrolysis of the apoprotein componenr of r[”’l/ ’l—I]LDlj_\yas .dete'rmined /;nd
was compared to that of the "native“ lz’L-LDL (Figure’24l) 'In both cases, the cellular
content of ' labelled protetn was m a steady state plateau af ter 2 hours This represents
LDL which had been taken up by the frbroblasts but whrch had not yet been hydrolyzed in
the lysosomes. ”’I LDL which had been hydrolyzed 0 1ts componem amrno acids was'
excreted by the cells into the medrum as trrchloroacetlc acrd soluble materral (upper‘ curves
of Frgure 24) 125] - radjogctivity from r[“’I/’H DOPC]LDL was released from the f'rbro~
blasts at a srrmlar rate to that from nattve" 125]-LLDL. This mdrcates that the apoprotem
component of the double-labelled, reconstituted*LDL was delrvered to the lysosomes and
hydrolyzed. Si'nce the phospholipid component of this recpnstltuted LDL-fwas'ta'lr\en up’by
the cells (Figure 23)- but not catabolized (as shown by TLC) it appears that the PC

-component of r[“’l/’l—l DOPC]LDL escapes lysosomal hydrolysis.
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- Fxgure 23. Time course of the uptake of #{**’1/°H-DOPC]LDL. Fxbroblasts Were preincubated
in 10% LPDS for 24 hours before use. Monolayers were incubated for various times with "
50 wg/ml of 1[***1/°H-DOPC]LDL. The cells and medium .were treated as described. under
Materials and Methods. Total cellular uptake of - LDL (LDL) was calculated as described
under Materials and Methods. ['H]DOPC uptake (DOPC) was determined by coummg of the )
. PC spot follomng tlc. Results are the means of duplicate incubations and did not vaty by moren
than 20% - ‘ :

UPTAKE (149/mg cell protein)

TIME (hogrs)l
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Figure 24. Time course of the uptake and cellular hydrolysis of '**I-LDL and r[**’l/"H-DOPC]
LDL. Experimental conditions were as described in Figure 23. Monolayers received 50 ug/ml of
either *»*I-LDL or [**’1/°H-DOPC]LDL for the indicated times. The total cellular content of
131 LDL (Cells-LDL) and 1[**1/°H-DOPCJLDL (Cells-tLDL) were determined as described
under Materials and Methods. The total amount of '**[-protein hydrolyséd and excreted into -
the medium for '**I-LDL (Medium-LDL) and 1['**I/°H-DOPC]JLDL. (Medium-rLDL) were

T duplicate s

determi as described under Materials and Methods. Each. value represents the mean of’
ples. - ‘ C
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3.3.3.3 Cellular uptake pf rLDL contammg labelled PC and cholesteryl hexadecyl ether \“, )

) 'l’o drreotly compare the, zcellm{r uptake and processmg of LDL assocxated ;o K
_L .. N . !
phospholrprd wtth another LDL component whxch 15 known not to be catabohzed °a o

.r ’l-'_‘-

double- labelled reconstrtuted LDL parttcle was . prepared contammg tracer amounts of
[“C]DOPC and [’H]cholesteryl hexadecyl ether Thrs ether analogtie of eho]esteryl ester is- "

.‘ resrstant to esterase hydrolysxs and has been used pre\qously m the study of lprprotem

-

'metabohttm (Hrggs et aI ,1984) Z'he rLDL was- prepared in the usual manner except that -
250 «Ci of - [}H]cholesteryl hexadecyl ether was mcluded wrth the unlabelled cholesteryl

flmoleate .The" reconstrtuted partrcle desrgnated r[’H CEthcr{“C DOPC]LDL had a,

- J

specific actrvrty of 2. 34 x 10‘ ’H cpm and 0. 16 X 10‘ “C cpm per mg protein When the '
rLDL was incubated wrth frbroblasts bOth the DOPC and cholesteryl ether components '
were taken up in a concentration -dependent manner ( Frgure 25) The-’H/ ’-‘C ratro 'l" or the i
1wo components was the same in the cells as for the rLDL and remarned essennally

constant for all coucentrattons Netther label was taken up by FH cells to any apprecrable *'*

extent The srmtlar shape of the uptake curves for the [“C]DOPC and [’H}cholesteryl ether

suggests that the PC like the ether arfalogue of CE ‘Temains unhydrolyzed by the cells

I .
- . . . '. [T

3.3. 3 4 Estrmauon of the recyclmg of LDL- associated DPPC v ' : c — ; REEs

The results of the preﬁhﬁg expenments mvolvmg the incubation of smgle At

‘double -labelled tLDL partrcles with normal and FH. frbroblasts demonstrated that

LDL -associated PC substantrally ‘escaped lysosomal hydrolysxs and remamed mta.ct wnthm

the cell. One poSsrbrhty whrc[h had not been mvesﬁgated was that perhaps the PC was Sn
" fact catabollzed but that the breakdown products were reutlhzed in. the synthesxs of new By

PC molﬁgcules In order to test thts possrbrltty an expertment was camed out wrth an rLDl.

containing DPPC radrolabelled in the choline head group “This r[‘H DPPC]LDL was. pre v

pared with 0.3 mg carrier egg PC and 7~5 y.Cl [cholme methyl ’H]DPPC and had a L
4 specrfrc actrvxty of 5.6x 106 cpm/mg protem The rLDL was mcubated wuh normal frbro-":

v L‘ P
blast cells at a co_ncentratton of 20 ug/ml at 37’C for vartous times up 10.7 hours.-;A_a h-pr_c_ly N
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extract of the cells showed a time dependent increase'iq,radioactjvity in both the aqueous

ksl

and organic layers of the extract (Figure 26). The radioactivity in the aqueous layer repre-

scnted a constant frgction of that'in the organic layer at each time, averaging 5% of the

total This was as sho’n prevrously for another preparauon of rf!H- cholme DPPC]LDL

when an average of 8% of the total’ radroacnvnv appeared in the aqueous layer of a hprd
extract of ce]ls which had been mcubated wuh the tLDL (see Figure 19 and Figure 20).
These results again suggest that a fractx.on of the internalized PC has been hydrolyzed by
the cells | - | ‘ .

In order to deterﬁnme if the LDL*associated [’H]DPPC was being hydrolyzed by

the cells with subsequent reutilization of the radiolabelled headgroup for new‘ PC synthesis,

it was necessaf¥y to éeparate the dipalmitoyl PC species from the other PC molecules

present in the cell. To accomplish this, a polar TLC procedure was used in which half of

\

the lipid extracts were treated with osmium tetroxide as described under Materials and -

Methods. This procedure resulted in the retention at the orlgin of most of the PC

molecules containing unsaturated fatty acids, while the DPPC species ‘appea,red in the

régular PC .spdt‘.('l'able 13). \ o ) ' ' ' ‘ .

‘When this procedure was apphed to the lrprds extracted from f 1broblasts which had

' been mcubated with r[choline- JH—DPPC]LDL the results demonstrated that only a small

amount of cell associated radioactivity r¢mamed at the TLC plate origin (Frgure 27). This -

i
amounted to about 25% of the total radroactrvuy after 7 hours of mcubauon In other -

words. three’ quaners of the [?H]DPPC associated with the cell af ter 7 hourg rémained in

the dxpalmuoyl form. Thls result again demonstrates the substanual although not

complete resistance 1o cellular hydrolysrs of PC takcn up by the f rbroblast via the LDL

~ réceptor pathway. . : : I LA

\
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',«Figu're 26. Time cohxse of the cellylar up{aké'of r{choline-*H- -DPPC] radxbactivity irto the

- orgahic and aqueous laycrs of a lipid extract of -normal fibroblasts. Cells were preincubated for

24 hours in medinm containing }0% LPDS and were then exposed for various times to 20 yg/ml

~.-of .1r[choline- SH:DPPC)LDL. The cell lipids were extratted and counted ‘as described under
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Table 13. Quantitation of the separation of DPPC from other PC

€~
species by tlcdof osmium tetrqxide—tmeatedlipidextraéts. Samples

. o ’ .
of egg PC coﬁtaining tracer amounts of [?H]DOPC or [®H]IDPPC were

treated as described under Materials and Methods. Some of the

samples were treated with osmium tetroxide before tlc. Fpllowing.

polar tlc the amount .of radiocactivity was determined at the origin

and in the PC spot. Results are the means t 1 S.D. for four

samples.
, %+ of cpm
- ’H—lipid. Treatment Origin pC
DQPC | - 6.8 £+ 1.5 93?;-; 1.5
DOPC © + osmium 91.3 + 4.8 8.6 3.1
DPPC - 4 4.5 % 1;0 95.4 £ 0.9

DPPC _ + osmium 21.4 + 1.0 78.6 + 1.0

91
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Figure 27. Time course of ‘the conversion, of the DPPC of 1[’H-DPPCJLDL to -other PC
species by normal fibroblasts. Incubation conditions were as described for Figure 26. Lipid
extracts were chromatographed by polar tlc and the content of radioactivity at the origin and in
the PC spot were determined as described_under Materials and Methods. Some samples were
treated with osmium tetroxide ( + osmium) before tlc. Each value is the mean of duplicate
incubatiors which did not vary by more than 20%.
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3.4 &'mary of the Degradz;tion of LDL Components

A summary of the degradation of the various LDL components by human fibr-oblaﬂ
cells is show'n in Figure 28. The data are cdmpiled from a variety of expgrimemst with sinéle and
‘ double-labelled reconstituted LDL particles: In agreement lwith olhef studies (Krieéer&r al.,
1978; _Goldstein and Brown, 1974), it has been\demonstrate’d .that_ following the upla.i(e and
delivery of LDL to lysosome;. both the protein and cholesteryl ester components are rapidly
hydrolyzéd. In contrast, the results of experiments in which fibroblasts ).v'ere incubaled with
reconst}tuted LDL particles containing differemA phosphatidylcholines _suggesl that
LDL -associated PC molecules -escape lysosomal hydrolysis and remain substantially (> 75%)

,

intact.,
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Figujre 28. Summary of the cellular degradation of the. various components of LDL.

T -Légendf
- |& pC

_ e PROTEIN
0 CE " .

- 80

—8

- on
o
1

of LDL Comriponent Not Degraded
o

ov.
. /0

'

. ' . . . . - ""'. 4 B
- " . . . TIME (hours)
B . t . - ! ‘ - » - " “o ‘ )

2 ¢




4. DISCUSSION

The factors which determine the movement (_)ff‘lipids, belween caltured.c:ells‘ancl serum
are complex. It has become increasingly appreciated that extracellular sourees of lipid have pro-
found effects on cellular lipid composillon and metabolism. More recently, attention has been
focussed not only on understanding how lipids meve in and out of cells, bul'also on how they
are LranSported between the various membranes within cells (Vbelker 1985) ‘In addition,
although the composmonal heterogeneity of the membrane lxplds of. dlfferem gell ‘organelles has

. become well establlshed, the quesgon of how such dlvex‘suy. of structure is generaled and main-

tained has yet to be answered. In the present studies, two different types of lipid movements

between cultured human skin fibroblasts and extracellular lipic_l sourees_have been investigated.:
In the first series of experiments, the effects of non‘-"receptor mediated mdyemems of
’choléSLerdl to or from normal and FH fibroblasts were determined.
in order to examine the effeels of passive exchange movements of cholesterol on overall
cholesterol homeostasis in the absence of any protein mediated p‘athways, fibroblasts were ineu-

bated in serum-free medium containing lipid vesicles of various cholesterol/phospholipid (C/P)
ratios. The absence of serum eliminated any complieating stero! fluxes, either from the LDL

N

receptor pathway or due to efflux to other serum components. [t also avoided the possible

effects of LDL on cellular phospholipid metabolism (Poznansky ef al.. submitted), or effects
of otherv’serum f aclofs on eell 'growtfx. Sonicated lipid vesicles were used to alter cell cholesterol
content because they are well characlerxzed relatively easy to prepare comammg radloactlve

tracers, and can be, used to either load or deplete membrane cho]esterol

3

“There are three key activities which‘are invelved in the regulation of cultured fibroblast

‘ . 'Y n . -
- chelesterol leyels: cholesterol synthesis activity, cholesterol esterification activity, and LDL

s

receptor number. Each of these activities responds to cholesterol delivered to-the cell via the

[y
.

receptor -mediated endocytosis and degradation of the entire LDL particle (Brown and

Goldsteinr 1975-‘ Brewn et al., 1974; Goldstein et al., 1974). The results of the present studies

~
-

mdlcate that -these activities are also responsxve to cholesterol that emers the cellular pool via

S e . : . S

. - .95
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passive exchange at the plasma@embranc. Incub‘ati'on of normal fibroblasts with either LDL or

cholesterol rich vesicles resulted \in similar changes in cell cholesterol content, cholesterol
syn'thesis and esterification activities, and LDL receptor number. However, although both LDI.

and the vesicles increased cell cholesterol after 6 hours of incubation, there were differences in

the time course of other effects. LDL exerted clear effects on synthesis, esterification, and

gbinding within 6 hours. The effects of the C/P = 2 vesicles were delayed compared to-those of

LDL, with clear changes in the various activities not-evident until after 24 hours.
. .

The mechamsm by whrch choleszerol exchanged into the cell at the plasma membrane is -

able 1o partrcrpate in the regulauon of mtracellular cholesterol metabohsm is unknown

¥

. Although by all accounts cholesterol appears to move quue rapidly between (Green‘ 1983).

wifhin (Bell, 1984). and across (Backer and Dawidowicz 1981) a variety of model and

blologrcal membranes it is clear that there is an uneven distribution of choleSLerol within the

w
-~

cell. The plasma‘ membrane ]ysosomal membranegs, and erbablv Golgr -appanatus membranes ‘
\

are stero} rich (Lange and Ram‘bs 1983; Thompson, 1980). Cther mtracellular membranes,

particularly those of the endoplasmic reticulum, are believed to be relatively-sterol poor and are

typically isolated as'microsomes with-C/P ratios of approximately 0.1 to 0.2 (Hashimoto er al..

1983). This is an intefesting result in view of the faet_that it is the endoplasmic reticulum which: .

"is the site of cholesterol synthesis. A possible explanation for this observation is provided by

experiments from a ‘number‘of laboratories which suggest that the translocation of newilyv
synthesized 'sterol from the endoplasmic reticulum to the plasma membrane is a relatively rapid
process, occurring with a half -time of “ aboyt 10 to 30 minutes (DgGrella and Si.moni., 1982;
Mills er al.,.. 1984; Lange and Matthies, 1984)..0On the other hand, it appe‘ars that plasma

membrane cholesterol does not readily equilibrate with intracellular membranes (Poznansk%'

. and Czekanski, 1982; Shireman and Remsen, 1982; Slotte and Lyndberg, 1983a; Kaplan et al.,

@
1984).

Q.

Since it can be estimated that cultured cells such as fibroblasts internalize the equivalent

of their surface area approximately every hour (Steinman et al., 1983: Farquhar, 1983), it is
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unclear how this separation of plasrna membrane and ‘inlracellular cnoleslerol pools 1s main-
lained. Brelscner (1976, 1984) has nroposed that coated pits, which are the snes of internali-
zation of cell plasma membrane, act as "molecular filters” which may exclude varions
rnembrane components, including cholesterol. Evigence for this hyporhesis comes fron) .
freeze-fracture electron microscopy which showed the absence of filipin-sterol complexes in the
coated pits of cell plns‘.ma membranes (Montesano et af., 1979; but for a contrary view see
McGookey et al.. 1;83. and Steer et al.. 1984). Another possibility is that plasma membrane
cholesrerol may be internalized into the cell but then at some point become segregated f rom the
endocytic pathway and recycled to the cell surface, af: has been demonstrated for several
cell-surface receptors, including the LDL receptor (reviewed by Brown et al.. 1983). The

\ results’ presented here are consistent with either of these hypothes:es; it rnay well be that chol-
esterol delivered directly 1o the cell interior via the endocytosis and degradation ‘of LDL may
gain access ro any intracellular regulatory pool(s) more rapidly than cholesterol exchanged into
We'cel}‘at the plasma membrane. This' would explain why cholesterol delivered 1o the cell by
exchange from vesncles requires a longer perlod of time than does LDL chgiesrerol to effect
y changes in m[racellular cholesterol metabolism. Under these condmons it mav be .that the

' movem‘em of cholesterol from the plasma membrane to the cell interior is rate-limiting. This

mav have also been the case when LDL was incubated with FH ﬂbroblasls Under these con-

- dmons it would be expected tbat cholestero] would enter the cell via non-receptor medlated

- o

N~ -

exchange The changes in intracellular cholesterol metabohsm (particularly esterif 1cauon)
" observed for FH cells in response to LDL were delayed and resembled qualitatively the change;
observed when normal fibroblasts were incubated wﬁh C/P = 2 vesicles. This again éuggests
thaliil may be the movement of cholesterol frorh the cell surface to the endoplasmic reticulum
which delays the response observed ¥

Conversely-, the results from experiments involving cellular cholesterol efflux to egg PC

vesicles imply that, in this case, the efflux from the plasma membrane is the rate-limiting step

since the changes in both cell cholesterol content and intracellular metabolism occur together

L]
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after 24 hours of incubation. The fact that the cholesterol efflux to'egg PC vesicles appears to

be 5 siower process than the influx from the cholesterolurich (C/P = 2) vesicles (24 hou,rs
versus 6 hours) is not unexpected, considering that the cells were preincubated in LPDS whiéh ;
had already reduced the cell cholesterql content. '
The physiological significance of Ehese kinds of passive, no:;- receptor mediated move-
‘ments of cholesterol is nol\knéwn. I_l is clear that under cell culture Nc'ondi[io'ns, substantial
amounts of cholesterol-can be delivered to fibroblasts by 'exchange_ For normal fibroblasts
incvuba‘tcd’ in medium containing 10% LPDS for 24 hours (r_naximal LDL recgptor ~acu'vity
;nduced) and'then incubated with‘ZO.uG/ml LDL, typically an uptake of LDL pr(;tein in the.
order of 0.5 to 1 ug/mg cell protein/hr was observed. This represents a flux of cholesterol into
the cell via the LDL receptor pathway of about 1.5 ng/mg protein/hr. Th; flux of sterod from
cholesterol nch (C/P =2) vesicles to fibroblasts was observed to be about 1 ug/mg protem/hr
(cf. Table 5). Thcref ore, even with full up-regulation of the LDL receptor pathwa) approxi- .
matel_v equal amounts of cholesterol can enter the cell via receptor mediated and non—receptor.‘
mediated routes. Under more physiological conditions in vive, or for cells cultured in whole
serum in vitro, the LDL receptor activity will be reduced (tyf)ically to 5-10% of maximal
acu‘vity) 'and‘ under these circumstances the movement of cholestem! into cells wiil have an
,Aincreasingly important non-receptor mediated component. |
It is unclear how cholesterol introduced into fibroblasts via exchange is transferred to,li
the cell interior ér“ if it can be-used for new membrane synthesis. Experiments by qudspein et
al. (1979) have indicated that cholesterol delivered to cultured fibroblasts via excha;lge from
. LDL or HDL cannot suppdrl the prolonged gfowth of these cells, perhapé indfcating that 4nél~_
amounts of cholesterol had not bcén delivered. Yet itjs known that such a mechanism s at least
possiﬁle; the microorgaﬁism myco.;JpIasma has been shpwn to derive its membrane cho]estéro] via
passive eqﬁiiibration with the cholesterol.of serum lipoprote‘ins (Razin and Rottem, 1978). In
addiiign, it has been demonstrated that mouse vsplenic lymphocytes, which: are unreéponsi\}e to

’ .
mitogenic stimuli when cultured in the presence of cholesterol synthesis inhibitors, do respond
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and divide when their membranes have been enriched with cholesterol obtained via exchange

. S
[*3

from synthetic lipid vesicles (Ip er al.. 1980).

The role of cholesterol efflux from tissues occurring via excpange frbm the cell surface
emosl likely lg) an HDL subfraction in v.l'vo)'“ may also be ‘very s';gpif‘i’éant .i‘n determining cellular
and serum cholesterol homeostasis. As shown in the experiments derﬂOnéiréting cholestérol '
5 "

efflux to egg PC v/esx'éles_ cholesterol exchange from the cell surface will increase LDL receptor
activity and in vivo would be expected 1o increase the peripheral cahbolism of l__DL, perhaps
rcsultiﬂg in reduced ;erum LDL’levels. . | o

LY

The second type of lipid movement investigated in this series of experiments was the
receptor mediated uptake of LDL-associatcd PC by cultured fibroblasts. A procedure fo; the
incorporation of differen; radiolabélled PC molecules into a recombinant LDL particle was
devised..based on a modification of the procedure of Krieger et a)‘. (1978). The reconstituted
LDL -pafticles obtained appeared to be very similar in composition and biological activity to
those described in the original method. The rLDLs had similar contents of CE and phospholipid

as native LDL, b_utl lacked fre/e cholesterol and [riacylglycgrols. Apparently a substantial

amount of the Tadiolabelled PC was’incorporated by an exchange process rather than by net

addition of phospholipid.

| It was pc;ssiblg to sel étiv'ely }abel the recombinant LDL particles in tl;e éhélestcryl
ester, phosphaddylch;)lipe, nd apolipc;protein B components and selectively follow their
uptake.and énet,abblism by npormal and re'ceptor deficient fibroblasts. Ther_é are several lines of

o ¥

evidence whiéh_ demonstrate that the various rLDLs were recognized and catabolized via the
LDL receptor pathwéy degcribed by Goldstein and Brown (1977):
1.~ ILDL competed agaiﬁg{ihe binding of '**] -LDL to ndrmal fibroblasts almost as eff ectively

as native’[ff)L;

2. tLDL was not taken up by FH fibroblasts, which lack f unctional LDL receptors;

>

3. - cellular uptake of rLDL by normal fibroblasts cultured in whole setum was < 10% of the

uptake by cells exposed to 10% LDPS;
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4. the apo;;rotein moiety of rLDL was degraded intracellularly to amino acids which were
relcz;sc;d into the culture medium,;
5. the cl;olcsteryl linoleate component of rLD‘l\,'wa_s rapidly hydrolyzed by cells to free chol-
cslerol‘ and fatty acid hy a pro;:ess which was inhib'ited\ by the lysqsomal inhibitor chloro-
_quing; . \
6 ~ the cholesterol liberated by the cel}\ular hydrolysis of the rLD>. CE down fegulated cellular
cholesterol svnthesis and stimulated cholesterol esterification. |
> .bespile these re?ults indicating fha‘t rLDLs were delivered_ via‘theﬂ LDL receptor ‘path-
way to the f 1broblast lysosome for hydrolysxs it was consistently observed that LDL -associated
PC. remamed substanuall) intact durmg the time course of the incubation with cells (typlcally
6 hours). Apparently, therefore, aithough the PC'is intemah’zed into the cel] (as evidenced by
the lack of PC uptake into FH cells or normal cells grown in the presenée of whole serum), it is
somehow resistz;nt to lysosomal hydrolysis. .
‘ Tﬁal this apparent resistance to catabolism is not due to a breakdown/reutilization cycle

of PC componcnts was demonstrated by the result that at least three quarters of imemalized

2

rLDL- assocxated DPPC remamed intact and had not been convened to another PC species

followmg 7 hours of incubation.

Evidence that at least a portion of the LDL -associated, PC was delivered 10 the lyso-

-
[l

somes fo'r‘hydrolysis was providec‘f -by experiments in which the incﬁbation of rLDL‘ containing
PC radxolabel ed in the chohne head group with normal fibroblasts resulted in the conversion of
"~ 5-8% of the radxoacnvnty in the cell into a water soluble form. This conversmn was mhxb.ted in
the presenpe of chloroquine and likely represents lysosomal hygirolysxs of a portion of the
imernalized PC. ‘ S ) -
The mechanisrh by whichl LDL~_associate_d‘ PC escaﬁes lysc;somal hydrolysis is not

certain but a strong ‘possib‘ility is that the phospholipid in the 6uu;r shell of LDL is available for

exchange with endogenous cellular lipid somewhere along the endocytic pathway before actually

“arriving at the lysosome. There are several prelysosomal or endosomal compartments which -

o

3



-

101

have been described,"bul the movements br the lipids which make up the membranes of these
compartments have not been investigated. Little is known either of the rates of turnover of
these lipids. .

In general. the turnover of cellular phospholipids appears to be an exceedingly complex
phenomenon Esumales for the turnover of different phospholipids in different tissues and cell
lypes range fre)m a few hours to several days (Van den Bosch 1980). And even within a given
particular class of phospholipid, different mf)lecular species appear to turn over at varying
rates. For cells grown m' culture, the situation is further complicated by f actors such as the
confluency of1 the enltures (Cunningham, i972) and the possible stimulation of lipid tnrnover
by hormones or other factors such as plé[elel derived growth factor (Leslie, 1982).

The role of degradative proceéses in determining overall phospholipid turnover is"also‘
somewhat unclear. Although most’ phospholipids are synthesized in one location, their
degradation may take plaee at various sites within the cell, and it is possible that thle‘.‘hc:tero:1
geneity of rates of turnover is a ‘reeul[ of the various lipase activities present in different
locauons within the cell. For example D'Sousa et af. (1983) have demonstrated that the turn-
over ofl«exogenous PC mtroduced mto eullured cells by exchange at the plasma membrane has a

e

* slower turnover than PC symhesrzed de novo. ‘
e

’?’It has been chal]engmg to study the degradauon of phosphohprd in a systematic manner
because it is difficult to selectively label a single pool of phospholxpld which is all degraded -

witﬁ\the same cellular compartment. Therefore, one approach to the study of phospholipid

deg}radation by lysosomes has been 1o isolate the various lysosomal phospholipase activities and

to-study their characteristics in vitro.

There are difficulties in extrapolating from in vitro assays of . phospholipase activity to
their nOrmal physiological function (Van den Bosch and Aarsman, 1979). Substrates may be
presented to the enzyme in a varrety of physical states in parl determined by the characteristics '

of the phospholipid but mflucnced also by the method employed to drsgerse the substrate .

(detergents, bile salts other lrprds etc) Thrs could account for some “of the drfferences
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obser_v_ed' in substrau; sp@gif icity for different preparations of enzyme.

Another potential method for-the assay of intracellular lysosomal bhospho!ipases is 10~
use the reconstituted LDL descri‘béd' in these studies. Although much of the lipid appears to
escape hydrolysis at least a portion of the PC appears to reach the lysosomes and is catabolized.
With reconstituted particles containing PC molecules double-labelled jn the acy'i chains or head
groups, it may be possible to determine the in vivo rates of, for example, lysosomal
phospholipase A, versus A, or phospholipase C activities. As well, the s;me method could -be
used to study‘ the other major LDL phospholipid, sphi.r;gom)"elin (SM). which is enriched in
cell plasmé \membrane and appears to be turned over by a process which may involve lysosomal
sphingorhyelinasc (Lastennet et al., 1975; Sutrina and Chen, 1984). )

i Finally, the fact that PC appc‘ars to be taken up by cells but not h‘ydrolyzed has some
imgrcsting implica.tions in the regulation of cellular PC synthesis. We have shown (sznansky
et a[.‘, sx;bmitted) that LDL.will down regulate endogenous PC synthesis in human f ibroblasts
and lymphocytes. This phenomenon has also been previously reported for ASM (Verdery and
Theolis, 1982). The meqhaniSm by which Lt}is down regulation occurs is not known, but é;urther'

investigation of thes catabolism and intracellular localization of LDL -associated ‘PC ‘may

provide an insight into this process.
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