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SAMENVATTING

Sinds de ontdéekking dat de concentratie van plasma "high
density" lipoproteinen (HDL) cholesterol negatief correleert met
het risico op hart— en vaatziekten in geindustrialiseerde landen,
werd de aandacht gericht op de rol van HDL in het cholesterol
metabolisme. HDL worden operationeel gedefiniberd als de klasse
van lipoprecteinen die, met behulp van preparatieve ultracentrifu-
gatie, gelsoleerd worden in het dichtheidsinterval 1.063-1.21
g/ml (humaan HDL), of 1.050-1.21 g/ml (ratte HDL). Zij =zijn
heterogeen, zowel in grootte als in chemische samenstelling. Alle
componenten van HDL nemen deel aan uitwisselingsprocessen met
andere plasma lipoprotelnen, ten gevolge wvan lipide uitwisselings
eiwitten of enzym activiteiten aanwezig in het plasma wvan de
meeste zoogdieren. Daarom is het moeilijk om het metabole lot van
de verschillende HDL componenten te onderzoeken. Daar de rat geen
plasma cholesteryl ester uitwisselingsactiviteit heeft, is dit
dier een relatief eenvoudig model voor de studie van het HDL
chelesterol metabolisme.

Dit proefschrift behandelt verschillende aspecten van het
HDL apolipoproteine metabolisme in de rat, in het bijzonder wvan
het apolipoprotelne A-IV {(apo A-IV). Daar apo A-IV gemakkelijk
van het lipoproteine complex wordt "gestript" gedurende isolatie
in de ultracentrifuge, bleef haar aanwezighelid op HDL deeltjes
tot voor kort onopgemerkt. De ontwikkeling van minder ruwe isola-—
tie methodieken heeft het mogelijk gemaakt om de studie wvan haar
metabole gedrag te verbeteren. In de studies, die in dit proef-
schrift beschreven zijn, wordt apo A-IV vergeleken met apo A-I,
het meest voorkomende eiwit in HDL. Omdat de aminozuur wvolgorden
van apo A-IV en apo A-I grote overeenkomst vertonen, is het
interessant om te bepalen of hun metabolisme vergelijkbaar is.

Teneinde ratte HDL te karakteriseren werden de verschillende
serum lipoprotelnen gescheiden door middel wvan gel filtratie op
6% agarose kolommen. Specifieke bepalingen werden ontwikkeld, met
behulp van immunoeletroforese, voor de kwantificering van apo A-I,
ape E en apo A-IV (Hoofdstuk 2). Zowel apo A-I als apo E (een
ander HDL eiwit) blijven voor 1l00% gebonden aan lipoprotelne



deeltjes, indien deze gelfiltratie als isclatie methode gebruikt
wordt. Ultracentrifugatie daarentegen, leidt tot “stripping" van
significante hoeveelheden apo A-~I en apo E. Deze eiwitten worden
teruggevonden in de lipoprotelne~deficiente fractie met dichtheid
> 1.21 g/ml. Hieruit kan de conclusie getrokken worden, dat
ultracentrifugatie een nadelig effect heeft op de integriteit wvan
serum HDI. (Hoofdstuk 4). Analyse van serum op 6% agarose kolommen
laat zien dat apo A-IV zowel voorkomt in een lipoproteilne-gebon-
den vorm als in een "vrije" vorm. Verdere karakterisering wvan de
chromatografisch geschelden dragers van serum apc A-IV werd ge-—
daan deor middel van specifieke immuunprecipitaties (Hoofdstukken
4 en 7). Uit deze studies blijkt dat apo A~IV in tenminste drie
fracties aanwezig is: 1. deeltjes met de grootte en samenstelling
van ratte EDL, die zowel apo A-I als apo A-IV (maar geen apo E)
bevatten 2. deeltjes met de grootte van ratte HDL die apo A-IV
bevatten, maar geen apc E of apo A-I 3. "vrij" apo A-IV met
mogelijk kleine hoeveelheden gebonden cholesterol en fosfolipi-
den. De hoeveelheid "vrii®™ apo A-IV, aanwezig in ratte serum, is
afhankelijk van de voedingstoestand van het dier. In gevaste
dieren is de concentratie laag {slechts 9% van de totale serum
apo A-IV concentratie), terwijl in gevoede dieren de hoeveelheid
"vrij" apo A-IV ongeveer 7 keer hoger igs en 35% wvan de totale
serum apo A-IV concentratie bedraagt.

Studies, die de verdeling van apo A~I en apo A-IV tussen
lipoproteine fracties in meseéentere lymph vergelijken, laten op-—
vallende verschillen zien {Hoofdstuk 3)}. Apo A-I is in mesentere
lymph alleen aanwezig op chylomicronen en op lymph HDL, terwijl
apo A-IV daarnaast ook aanwezig is in de "vrije" vorm. Vet infuus
in het duodenum induceert een 4—-voudige toename in de uitschei-
ding van apo A-IV in mesentere lymph, wat tot uiting komt in de
verhoging van ape A-IV uitscheiding in alle lipoproteine fracties
in de lymph. De uitscheiding van apo A~I is slechts 2 maal ver=~
hoogd tijdens vet infuus en wordt voornamelijk gereflecteerd in
een verhoogde uitscheiding van apo A-I in triglyceride-rijke
lipoprotelinen. Deze resultaten ondersteunen het denkbeeld dat apo
A-I en apo A-IV synthese in de darm onafhankelijk worden geregu-
leerd. Mede wordt gesuggereerd dat "vrij" apo A-IV in vette lymph
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bijdraagt tot verhoging van de "vrij" apo A-IV concentratie in
serum, die wordt waargenomen na voeding.

Studies wvan het in vivo metabolisme van apo A-IV laten zien
dat het HDL apeo A~IV metabolisme anders is dan het HDL apo A-I
metabolisme (Hoofdstukken 5 en 6). De halfwaarde tijd van HDL apo
A-IV in rat serum is 8.5 uur, vergeleken met een waarde van 10.2
uur voor HDL apo A=~I. Dubbel "label" experimenten werden in alle
studies gebruikt, =zodat het gedrag van HDL apc A-IV en apo A-I in
hetzelfde dier kon worden bestudeerd, waardoor een directe verge-—
lijking megelijk was. De nieren leveren een kwantitatief belang-
rijke bijdrage aan de afbraak van HDL apo A-I, terwijl de lever
een relatief kleine rol speelt. Het tegenovergestelde werd gevon-—
den voor HDL apo A-IV. Zoals eerder vermeld, is een deel van de
totale HDL apo A-IV aanwezig op deeltjes die noch apo A-Y, ncch
apo E bevatten. Deze deeltjes hebben mogelijk een relatief snelle
verdwiijningssnelheid en worden specifiek afgebroken in de lever.
Geen verschillen werden waargenomen tussen de in vive degradatie
van HDL, gemerkt met radiocactief apo A~I afkomstig wvan Of lymph
chylomicronen Bf serum HDL, alsmede van HDL gemerkt met radiocac-
tief apo A-IV afkomstig van genoemde bronnen {(Hoofdstuk 5),
hetgeen laat zien dat posttranslatie processen of extracellulaire
conversie geen groot effect hebben op het metabole gedrag van de
eiwitten.

Tenslotte was het mogelijk om meerdere HDL subklassen te
karakteriseren, wederom gebruik makend van specifieke immuunpre-
cipitaties (Hoofdstuk 7). Drie relatief simpele HDL subklassen
(apo A-I-EDL, apo E-HDL en apo A-IV-HDL} nemen meer dan 80% van
het totale HDL cholestercl voor hun rekening. Het resterende HDL
cholesterol is aanwezig op meer complexe EDL deeltjes die meer
dan een van de drie belangrijke HDL apolipoprotelnen bevatten.
Deze resultaten illustreren de complexiteit in HDL structuur en

metabolisme.
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SUMMARY

Attenticn has been focussed on the role of plasma high
density lipoproteins (HDL) in cholesterol metabolism, following
the discovery that the concentration of this fraction in plasma
correlates negatively with the risk of coronary heart disease in
industrialized countries. HDL are operationally defined as the
class of lipoproteins isolated between densities 1.063-1.21 g/ml
(human HDL), or 1.050-1.21 g/ml (rat HDL}, using preparative
ultracentrifugation. They are heterogenous in both size and che-
mical composition. All of its constituents participate in exchan-
ge processes with other plasma lipoproteins, as a result of lipid
transfer proteins or enzyme activities present in the plasma
compartment of most mammalian species. Therefore it is difficult
to investigate the metabolic fate of the wvarious HDL components.
Because rat plasma lacks cholesteryl ester transfer activity.
this animal is a relatively simple model for the study of HDL
cholesterol metabelism.

The present thesis deals with several aspects of HDL apoli-
poprotein metabolism in the rat, in particular apolipoprotein A~
IV (apo A-~IV). Since apo A-IV is rapidly "stripped" from the
lipoprotein particle during ultracentrifugal isolation, its pre-
sence on HDL particles remained unappreciated until recently. The
development of milder isolation procedures has enabled us to
improve the study of its metabolic behaviour. In the studies
discussed in this thesis we have compared apc A-IV with apo A-I,
which is the meost abundant protein of HDL. Because apo A-IV and
apo A-I show homology in their aminc acid seguence, it is of
interest to determine whether their metabolic behaviour is compa-
rable.

In order to characterize rat HDL, the different serum lipo—
proteins were separated by molecular sieve chromategraphy on
columns of 63 agarose. Specific electroimmuncassays were develo-
ped for apo A~I, apo E and apo A-IV in order to guantitate these
apolipoproteins (Chapter 2}. All apo A-I and apo E {another
apolipoprotein constituent of rat HDL) remained associated with

lipoprotein particles using gel filtration for lipoprotein isola-
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tion. In contrast, ultracentrifugation caused significant amounts
of apo E as well as apo A-I to be stripped off the lipoproteins.
They are recovered in the lipoprotein-deficient bottom Ffraction
of density > 1.21 g/ml, suggesting that ultracentrifugation af-—
fects the integrity of serum HDL (Chapter 4). Analysis of serunm
on 6% agarose columns reveals that apo A-IV occurs. beth in a
lipoprotein-associated form and in a "free" form. Further charac-
terization of the chromatographically separated carriers of apo
A-IV was obtained from specific immunoprecipitation studies
(Chapters 4 and 7}. From these studies it is evident that apo A-
IV is present in at least three fractions: 1. particles with the
size and composition of typical rat HDL, containing both apo A-I
and apo A-IV (but no apo E) 2. HDL-sized particles containing apo
A-IV, but neither apo E nor apo A-I 3. "free" apo A-IV, probably
containing small amounts of bound cholestereol and phospholipids.
The amount of "free" apo A-IV present in rat serum is dependent
upen the nutritional status of the animal. In fasting animals it
is low (only 9% of total serum apo A-IV), while in chow-fed
animals the "free" apo A-IV content is about 7-fold higher and
comprises as much as 35% of the serum apo A-IV concentration.

Studies comparing the distribution of apo A-I and apo A-IV
between lipoprotein fractions in mesenteric lymph revealed marked
differences (Chapter 3). Apo A-I in mesenteric lymph is only
present on chylomicron particles and lymph HDL, whereas apo A-IV,
in addition, is also present in the “"free" form. Lipid infusion
into the duodenum induces a 4-fold increase in the output of apo
A=IV in mesenteric lymph, which is reflected in elevation of apo
A=IV output in all lymph lipoprotein fractions. The output of apo
A-I was only 2-fold elevated by lipid infusion and mainly reflec—
ted increased ocutput of apo A~I in triglyceride~rich lipopro-—
teins. These results favour the view that apo A-I and apo A~IV
synthesis in the intestine are independently regulated. They also
suggest that the "free" apo A-IV in fatty lymph contributes to
the elevation of“"free” apo A-IV levels in serum, observed after
feeding.

Studies on the in vive turnover of apo A-IV show that HDL
apo A-IV metabolism differs from HDL apo A-I metabolism (Chapters

13



5 and &). The half-life of HDL apc A~IV in rat serum is 8.5 h,
compared to a value of 10.2 h for HDL apc A-I. Double label
experiments were used in all studies, so that the behaviour of
HDL apo A-IV and apo A-I could be studied simultaneously in the
same animal, enabling us to make a direct comparison. It was
found that the kidneys are quantitatively most important for the
degradation of EDL apo A-I, whereas the liver plays a relatively
minor role. The opposite was found for HDL apo A~IV. As mentioned
previously, part of the toetal HDL apo A-IV is present on parti-
cles containing neither apo A-I nor apo E. It is proposed that
these particles (apo A-IV-HDL) have a relatively rapid turnover
and are specifically degraded in the liver. Wo differences in the
fractional turnover rate or the tissue uptake of HDL labeled with
ape A-I derived from either lymph chylomicrons or serum HDL, or
with apo A-IV, derived from these sources, was observed (Chapter
5}, indicating that posttranslational processes or extracellular
conversion have no big effects on the metabolic behaviour of the
protein.

Finally, again using specific immunoprecipitations, it was
possible to characterize additienal rat HDL subclasses (Chapter
7). Three relatively simple HDL subeclasses (apo A-I HDL, apo E
HDL and apo A-IV HDL) account for more than 80% of the totzl HDL
cholesterocl. The remaining HDL chelesterol is present on more
complex HDL particles containing more than one of the three major
HDL apelipoproteins. These finding illustrate the complexity in

HDL structure and metabolism.
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TABLE 1.1.

Major human plasma lipoproteins

density of major lipid major apo- electro—

flotation constituent lipoprotein phoretic

g/ml mobility
Chylomicrons {0.95 triglycerides B481,A—I,A“II, origin

A-IV,C,E
Very low density {1.006 triglvecerides BqggrE.C pre~ 8
lipoproteins
Low density 1.019-1.063 cholesterol Bigo 3
lipoproteins (esters)
High density 1.063-1.21 phosphelipids &A-I,A-II,C o,
lipoproteins
Major rat plasma lipoproteins
Chylomicrons {0.95 triglycerides B,q,h-I,A~IV,C,E origin
Very low density {1.006 trxiglycerides ByarBigorE-C pre=—_
lipoproteins
Low density 1.019-1.050 cholesterol BygoE B
lipoproteins (esters)
High density 1.050-1.21 cholesterol A-I,A~IV,E,C o
lipoproteins (esters)/phos—
pholipids

L apolipoprotein B exist in two forms which, though distinct, share common

antigenic determinants. B,sg is synthesized predominantly in the intestine and

B0 in the liver. The subscripts relate to their relative molecular weight.
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Lipids are organic compounds that are poorly soluble in
water. In the human body, they function as structural components,
as storage forms of énergy, as metabolic fuel and as substrates
for the synthesis of hormones (prostaglandines and steroid hormo-
nes) or intracellular messengers {phosphatidylinositolphospha-
tes). Lipids are transported in plasma in large complexes of
physically combined lipid and protein. These complexes are cal-
led: plasma lipoproteins. They have a micellar structure in which
triglycerides and cholesteryl esters form a hydrophcbic core
surrounded by a surface coat of phosphelipid, free cholestercl
and protein molecules. The classification and nomenclature of the
plasma lipoproteins have been based on the ultracentrifugal flo-
tation in salt solutions (1-2) and on their electrophoretic
mobility in agarose gels (4). Four major different lipoprotein
classes can be distinguished:

- chylomicrons

- very low density lipoproteins (VLDL)

- low density lipoproteins (LDL)

- high density lipoproteins {HDL)

These lipoprotein classes have a specific size and chemical
composition (see Table 1l.l1.) and play different roles in lipid

metabolism.
CHYLOMICRONS

The small intestine has long been recognized as an important
organ for lipoprotein and apolipoprotein synthesis (3-8). After
absorption into the enterocyte, dietary lipids are incorporated
into chylomicrons and subsegquently secreted in the mesenteric
lymph. These particles consist mainly of triglycerides (about 20%
of the total lipid mass) and conseguently have a very low density
(d < 0.95 g/ml). The triglycerides are located in the core of the
particles together with cholesteryl esters. The surface is mainly
composed of phospholipids and a number of apolipoproteins, which
are alsc synthesized in the enterocytes (apo Bug, apo A-I, apo A-
IT and apo A-IV, (see ref. 9-13)). The composition of the chylo-

micron particles is strongly influenced by the nutritional status
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of the animal. After fat feeding large chylomicrons, carrying
exogenous triglycerides, will predominate in the lymph, while
during fasting the size of the particles decreases and the tri-
glvcerides are derived from endogenous sources. Chylomicrons
function as vehicles to transport lipids through the intestinal
lymph into the plasma compartment. There they acgquire apo C's and
ape E by transfer from other lipoproteins, mainly HDL (9, 12,
14}. Apo C=II in particular serves to activate the enzyme lipo-
protein lipase, located on the endothelial cells of capillaries
of extrahepatic tissues. This enzyme catalyses the hydrolysis of
chylomicreon triglyceride {(15), resulting in the production of
smaller remnants which possess a surplus of surface coat compo-
nents, like phospholipids and apolipoproteins (mainly apo A-I,
apo A-IV and apo C's). The latter relocate by transfer to HDL
(12, 14-20) thus completing the cycle of events. The chylomicron
remnant particles, which have retained apo E, can now be rapidly
removed from the circulation by a specific hepatic receptor that

recognizes apo E {21, 22}.
VERY LOW DENSITY LIPOPROTEINS

VLDL (density < 1.006 g/ml) are synthesized in the liver.
They have a lower triglyceride content (60-70% of the total lipid
mass) and a smaller size than chylomicrons. It should be stated
that in the context of the present work we define chylomicrons as
triglyceride~rich particles derived from the intestine, while
VLDL particles are of hepatic origin. The apolipoprotein composi-
tion of VLDL is significantly different from that of chylomicrons
(Table 1.1). Lymph chylomiecrons contain mainly apo Byg, apo A-I
and ape A-IV, while serum VLDL consist of apo By,,, apo E and apo
C. VLDL are responsible for the transport of triglycerides and
cholestercl from the liver for redistribution to various tissues.
Within the plasma compartment VLDL are attacked by lipoprotein
lipase which hydrolyses their triglyceride core and produces a
series of smaller cholesterol enriched particles (i.e. intermedi-
ate density lipoproteins, {IDL) and low density lipoproteins,
(LDL)) {23). Recent studies have shown that a significant frac-

18



tion of IDL-apoc B is removed directly from the circulation and
never reaches LDL (23~28). Therefore two different pathways for
VLDL degradation have been proposed. Firstly, large VLDL par-
ticles are rapidly attacked by lipoprotein lipase, as described
above, resulting in remnant particles which are subseguently
catabolized by the liver and do not contribute to the formation
of LDL (28). The uptake of the remnants in the liver is probably
receptor-mediated (29), greatly facilitated by apo E but inhibi-
ted by the C apolipoproteins (30). Secondly, small VLDL par-
ticles, either directly secreted from the liver or derived from
lipolysis of larger triglyceride-rich particles, are somehow
predisposed to go all the way through the VLDL delipidation
cascade and may lead to the formation of LDL (25, 28).

LOW DENSITY LIPOPROTEINS

LDi isolated from the density range between 1.019-1.063
g/ml, is the major checlestercl carrying lipoprotein in the human
circulation and has therefore been the subject of studies dealing
with cholestercl metabolism. Its core is composed of cholesterol
esters and small quantities of triglycerides, while the surface
coat comprises protein, unesterified cholestercl and phospholi-
pids. LDL contains one specific apolipoprotein molecule: apo
B1pg- Sometimes small amounts of apo E are also present both in
human as well as rat LDL. The concentration of LDL in rat plasma
is low, compared to human plasma.

As noted above, LDL constitute the end stage of lipase
induced VLDL hydrolysis. In some subjects (eg. individuals with
familial hypercholesterolemia), however, turnover of LDL apo B
appears to exceed the VLDL apc B preoduction rate, suggesting that
LDL apo B may be derived from other sources than VLDL. From
studies in cholesterol-fed animals (31-34) and in hypercholester-
olemic patients (353, 36) evidence for direct synthesis of LDL in
the liver was obtained. In normolipidemic human subjects and
animals, however, no evidence for LDL synthesis in the liver was
obtained (38, 32). A possible explanation for these observations

is that under certain conditions, apce B may enter the circulation
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as IDL {density range 1.006-1.019) and subseguently are converted
into LDL {26, 40}.

LDL appear to be largely responsible for the transport of
cholesterol to various tissues which require it for structural
(membrane synthesis) and metabolic purposes (e.g. steroid hormone
production). It also plays a keyrole in delivering cholesterol to
the liver for ultimate excretion from the body. Its tissue uptake
is governed by specific high affinity LDL receptors on the cell
surface which recognizes both apo Bygp and E (41-45), although
other, less well defined processes, also contribute to its cata~-
bolism (46-48).

HYGH DENSITY LIPOPROTEINS

HDL consist of a heterogenous group of relatively small
particles, isclated by ultracentrifugation in the density inter-
val 1.063-1.21 g/ml (human HDL) or 1.05-1.21 g/ml (rat HDL).
Phospholipids are the major lipid component.

Human HDL, can be divided into two major subclasses if
isolated by ultracentrifugation: HDL,; and HDL,. They differ in
size, density, overall chemical composition and apolipoprotein
content (Table 1.2., (49-56)). HDL_, represents another particle
type which floats at a lower density than the mean mass of EDL
and accumulates in the plasma of various species during choles-
terol feeding (57). It is characterized by a high apo E content.

In +the rat, in contrast to man, HDL is the major choles-
terol carrying lipoprotein fraction. The main HDL fraction in the
rat, referred to as HDL, (Table 1.3.) has an overall lipid compo-
sition similar to that of human HDL,. However, its apolipoprotein
content differs inasmuch as it contains more ape E and apo A-IV-
but less apo A-II than human HDL. In addition to HDL, a particle
called HDL; can be isolated in the density interval 1.03-1.08
g/ml in normal rat plasma. HDL;] has apo E as its major protein
component together with variable guantities of apo A-I (57, 59~
6l). Cholesterol feeding to rats, as stated above, results in the
appearance of a cholesterol-rich particle called HDLC, which
contains predominantly apo E.

20



TABLE 1.2.
Properties of human serum high density lipoprotein subclasses1

Physical properties HDL HDL, ’ HDL

Density range {(g/ml) 1.04-1.06 1.063=-1.125 t1.125-1.21

Chemical composition,

(weight %)
protein 20.3% 41.0% 55.0%
phospholipids 29.3% 29.5% 22.5%
cholesterol 50.0% 21.6% 14.6%
triglycerides 0.5% 4.5% 41.1%
Apolipoproteins
(weight %)
A-T +2 75% 85%
A-IT - 15% 25%
A-TV +3
c 10% 5%
E 12 +3

obtained from ref. 58.
2 main apolipoprotein components occuring in varying proportions in HDL,, -

3 minor apolipoprotein components occuring in varying proportions.

ORIGIN OF HIGH DENSITY LIPOPROTEINS

The circulating HDL particles which are described above, are
not secreted as such into the plasma, but are proeduced in a
nascent form by their tissues of origin, the liver and the intes-—
tine (62-67)}. The particles, synthesized in the liver, are poor
in cholesteryl esters and contain mainly apo E (68-71), in con-
trast to plasma HDL that contains mainly cholesteryl esters in
its core and has apo A-I as its major surface protein. The nas-
cent HDL is disc-shaped on electron microscopy, but, under the
influence of the plasma enzyme lecithin-cholesterol acyltrans-

ferase (LCAT), which esterifies free cholesterol, it adopts the
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spherical configuration characteristic of the mature particles
present in plasma. The surface coat components, required for this
conformational change, come by transfer from triglyceride-rich
particles. Lymph HDL has a lipid composition similar to that of
nascent -HDL from the liver. It is enriched in phospholipids,
deficient in cholesteryl esters and also has a discoidal appea-
rance. ILts major apolipoprotein, however, is apo A-I. Apo E is

almost completely absent from lymph HDL (64, 65).

TABLE 1.3.

Properties of rat serum high density lipoprotein subclasses

Physical properties HDLCT HDL11 upL2
Density range {g/ml) 1.020=-1.080 1.020-1.080 1.050=1.210
Chemical composition
(weight %)
protein 15.1% 30.1% 42%
phospholipid 4f.4% 26.0% 31%
cholesterol 42.8% 39.9% 26%
triglycerides 1.0% 4.0% 0-1%
Apolipoproteins
(weight %)
A-I +3 +3 50%
A-IV 15%
z +3 +3 20%
C 10%

1 values obtained from ref. 57.

2 values obtained from ref. 192 (chemical composition) and from ref. 37 (apo-

lipoproteins)

3 main apolipoprotein components occuring in varying proportions.
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METABOLISM OF HIGH DENSITY LIPOPROTEINS

Since the discovery that HDL cholesterol concentrations in
plasma correlate negatively with the risk of coronary heart
disease in industrialized countries (72~74, 158, 159), more at-
tention has been focussed on this lipoprotein class and its role
in cholesterol metabolism. Circulating HDL is not a stable parti-
¢le, but lives in a constant flux as a result of enzyme reactions
and lipid transfer processes, which makes it difficult to study
its metabolism. However, the extent of the interchange is limited
in the rat since this animal lacks a plasma protein {(cholesteryl
ester transfer protein), which is responsible for cholesteryl
ester transfer between lipoprotein particles in other species
(75, 76). Consequently this animal is a relatively simple model
for studies designed to investigate HDL metabolism, since choles—
terol esters do not exchange from the particle and therefore are
a good marker of its turnover.

HDL seems to play a major role in the process referred to as
reverse cholestercl transport {77-79). This links HDL particle
metabolism to the transport of cholesterol from peripheral tis-—
sues to the liver where cholesterol is excreted as such or degra-
ded tec bile acids. Furthermore, HDL is also involved in the
delivery of cholestercl to organs that participate in the synthe-—
sis of steroid hormones (80-83).

As already menticned above, HDL is the major cholesterol
carrying lipoprotein fraction in rat plasma. Studies by Van 't
Hooft et al. (8l), later confirmed by others (82, 83), have shown
that partial hepatectomy does not change apo A-I turnover, where-—
as it does decrease HDL cholesteryl ester flux. Therefore, it is
possible to dissociate the metabolism of these two HDL compo—
nents. The liver turns out to be the major site of catabolism for
HDL cholesteryl esters and phospholipids (81-84), while other
organs, notably the kidneys, play a role in the removal of apo A-
I from the circulation {82, 85).
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APOLTPOPROTEINS IN RAT HIGH DENSITY LIPOPROTEINS

Knowledge of the structure and function of apoclipoproteins
has increased rapidly during the last few years. Apclipoproteins
play a specific reole in the maintenance of the structure of the
lipoproteins, but they also have specific functions in the regu=-
lation of lipoprotein metabolism. Apolipoproteins from rat HDL
can be visualized on SDS gel electrophoresis as shown in Fig.
1.1l. Three major apoproteins can be detected: apo A-I, apo E and

apo A-IV, while small amounts of C apoproteins are also present.
APOLIPOPROTEIN AT

Apo A-I was first described as a component of rat HDL (89~
92). It is a single polypeptide of 235 amino acids (calculated
mol., wt- 27,369 (93, 94)) with a known amino acid sequence. Rat
apo A-T is & amino acids shorter than human apo A-I, which ¢con-
tains 243 amino acids and has a calculated molecular weight of
28,100 (95).

The liver and the intestine are the two organs of apo A-I
synthesis (11, 13, 96~103). Apo A~I is synthesized as a prepro-
protein with a 24 amipo acld NHj~terminal extension. Cotransla-
tiocnal cleavage of this polypeptide results in the proteolysis of
the 18 aminc acid pre segment, leaving an unusual pro peptide
with a 6 amino acid NH,~terminal extension, which is called pro
apo A-I {104, 105). On iscelectric focusing gel electrophoresis
it is elear that 80% of the mesenteric lymh synthesized apo A~I
is present in the proform, with a pI of 5.5 (the more acidic
form, see Fig. 1l.2.). The 6 amino acid pro segment is then
cleaved probably by an enzymatic process in the plasma compart-
ment (101, 106, 107}, yielding mature apo A-I (pI 5.6). However,
up to 36% of the pro form escaped this c¢leavage and remains
unchanged in the circulation. In other words, the conversion of
pro apo A-I into the mature form in the rat seems to be a slow

and possibly incomplete process (101).
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Fig. 1.1-. Analysis of apolipoprotein from rat
HDL, isolated in the density range 1.050-1.21
g/ml, on SDS polyacrylamide gel electrophoresis.

Fige. 1.2. Analytical isoelectric focusing in
polyacrylamide gels of apo A~I in a pH gradient
from 4-6.
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. APOA-IV.

Fig. 1.3. Analytical isocelectric focusing in
polyacrylamide gels of ape A-IV in a pH gradient
from 4-6.

APOLIPOPROTEINS A-IV

Apo A-IV was first described by Swaney et al. (108). It is a
single polypeptide of 371 amino acids (caleculated mol. wt. 46,000
(109)): its amino acid composition is remarkably similar in rat
and man (110-113). Interestingly, the human protein shows immunc-
chemical crossreactivity with anti-rat apo A-IV (110).

Wu et al. (11, 114) showed, by means of SH-leucine incorpo-
ration into rat apolipoproteins that in rats 59% of the apo A-IV
was synthesized by the small intestine. The other organ involved
in apo A-IV synthesis is the liver. Measurements of specific mRNA

levels in the small intestine and in the liver, translated in a
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mRNA-dependent protein synthesizing system and immunoprecipitated
with specific antibody, confirmed that the intestine is more
active in apo A-IV synthesis than the liver (113, 116). The apo
A-IV product (pre apo A-IV) from rat intestine has a molecular
weight of 48,500 daltons (1l17), 2,500 daltons larger than mature
apo A-IV. Both the rat and human proteins are secreted as a pre
protein with a largely homologous 20 amine acid NHp-terminal
extension (117, . 118). The extension is cleaved cotranslationally
and results in the mature apo A-IV protein. Thus, unlike pre pro
apo A-I, pre apo A~IV does not contain a propeptide.

Further examination of "apo A-IV, isolated from lymph chylo-
microns or serum HDL, showed that apo A~IV contéins two major
protein bands with pIl's close to 5.0 (Fig. 1.3.). The more promi-
nent component is the basic protein that amounts to 80% of the
apo A-IV isolated from lymph chyleomicrons and 60% of the apo A-IV
obtained from serum HDL. Analysis of the isoforms after blotting
on nitrocellulose paper, with a specific antibody raised against
apo A=IV demonstrated that both react with the antibody, indica-
ting that they are iscproteins of apo A-~IV. Whether the differen-—
ce is caused by differences in carbohydrate molety remains to be

determined.
APOLIPOPROTEIN E

Apo E, or arginine-rich apolipoprotein, was first recognized
as a constituent of VLDL particles in both human and rat (89, %o,
119). Rat apo E is a single peptide containing 293 amino acids
{calculated mol. wt. 34,000} with a known amino acid composition
and a complete amino acid sequence (90, 24, 120, 121). The origi-
nal designation arginine-rich apolipoprotein is derived from the
discovery that apo E contains characteristically 10-12 mol% of
the amino acid arginine. Rat apo E is 8 amino acids shorter than
human apo E (120).

The liver is the major organ for apo E synthesis (11, 62,
69, 70, 120~124). The intestine, an important organ for apo A-I
and apo A-IV synthesis, does not make a significant contribution

to apo B synthesis (11, 120, 123}. However, the protein can be
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synthesized in many other tissues like adrenals and the brain
(123, 124). The primary translation preduct is a preprotein with
a 18 amino acid NH,-terminal extension which is cleaved cotrans—
lationally (94, 120, 121). The protein is then glycosylated,
secreted and subsequently desialylated in serum.

AYM OF THE STUDY

Earlier studies by Van 't Hooft et al. (85, 160), in our
laboratory, mainly focussed upon the catabolism of HDL apolipo-
proteins A-I and E. They found that the kidneys were an important
organ involved in the catabolism of these proteins together with
the liver. The present thesis mainly deals with EDL apo A-IV.
Until very recently, apo A-IV metabolism was relatively unknown.
This was due to the fact that, during isolation of HDL particles
by density ultracentrifugation, apo A~IV was readily "stripped"
and recovered in the "bottom" fraction, together with the bulk of
the serum protein. Better isclation procedures enabled us to
investigate the behaviour of apo A-~IV in the rat, leading to
expansion of our knowledge of lipoprotein metabolism in general.

The first part (Chapter 2) cutlines a sensitive electroimmu-—
noassay for the determination of apo A~I, apo E, and apo A-IV in
diluted samples. This method has been successfully used to analy-
se the distribution of these proteins in rat mesgenteric lymph
(Chapter 3} and rat serum (Chapter 4), following their fractiona-
tion by molecular sieve chromatography on agarose gels. The
latter procedure was employed to obviate the well known problem
of particle protein stripping which occurs during ultracentrifu-
gation (60, 86-88). Chapter 4 describes the results of a study
designed to compare the effects of gel filtration and ultracen-
trifugation on HDL particle composition. Chapters 5 and 6 descri=~
be our studies on the catabolic sites of apolipoprotein A-IV con-
taining lipoproteins. The final paper (Chapter 7) describes the
analysis of HDL subclasses using specific immunoprecipitation.

28



CHAPTER 2

ELECTROIMMUNOCASSAY OF RAT APOLYPOPROTEINS A-I, A-XV AND E.
A PROCEDURE FOR SAMPLE TREATMERT TO INCREASE THE
SENSITIVITY IN DILUTED FRACTIONS

G.M. Dallinga~Thie, P.H.E. Groot and A. van Tol

Journal of Lipid Research 1985, 28, 889-892
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SUMMARY

Methods for the quantitative determination of rat apolipo~-
proteins A~I, A-IV and E by electroimmunoassay are described.
Apclipoproteins present in diluted samples of bioleogical fluids
(approx. 2 ml) were concentrated by precipitation with deoxycho-
late and trichloroacetic acid. The protein pellets were solubi-
lized in 0.1 ml of 0.5 M NaOH and these samples were delipidated
with tetramethylurea and assayed. This protocol enables the mea-
surement of apolipoprotein concentrations that are at least 10
times lower than normally detectable; 0.2 ug of apolipoprotein A-
IV, 0.2 ug of apolipoprotein A-~I and 0.8 ug of apolipoprotein E

can be easily detected in samples of 2 ml.
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INTRODUCTION

Quantitative measurements of specific apolipoproteins in
biological fluids are possible with a variety of immunochemical
procedures, e.d., radiocimmunoassay, enzyme-linked immunosorbent
assay, radial immunodiffusion, immunoelectrophoresis and nephelo—
metry. If the number of samples to be analyzed is limited, radial
immunodiffusion and immunoelectrophoresis are the metheds of
choice. Their use is, however, limited to samples with substan-
tial concentrations of apolipoproteins due to the relatively low
sensitivity of these methods. To make them applicable to diluted
samples, we developed a procedure of sample treatment that ena-
bles measurement of apolipoprotein concentrations by electroimmu-
noassay, which are at least 10 times lower than normally detecta-—
ble. Apolipoproteins present in diluted samples were concentrated
by precipitation with deoxycholate-trichloroacetic acid (DOC-
TCA), the precipitates were then delipidated with TMU and assay-
ed. This method has been successfully used to analyze the distri-
bution of apolipoproteins A=I, A«IV and E in rat serum and mesen-—

teric lymph, fracticnated by agarcose gel column chromatography.
MATERIALS AND METHODS

Isolation of apolipoproteins

HDL was isclated from serum of chow-fed male Wistar rats
{body weight 350~-400 g) by seguential density ultracentrifugation
at 4°C in the density interval of 1.063-1.21 g/ml (2), washed
once by reflotation at a density of 1.21 g/ml and dialyzed exten-
sively against 0.15 M NaCl, containing 2mM Na-phosphate buffer
(pE 7.4}).

The HDL was delipidated by extraction with 20 vol. of etha-
nol-diethyl ether 3:1 (V/v) for 20 h at 4°C (125) and the apoli~-
poproteins were dissolved in 0.05 M NacCl containing 5 M urea and
2 mM Na-phosphate buffer (pH 7.4).

Apo E was isclated from the apoc HDL fraction by affinity
chromatography on Sepharose CL-4B, containing covalently bound
heparin, as described by Shelburne et al. (126) and further
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purified by chromatography at 4°C on Sephadex G 200 {column size
0.2 x 70 ecm, flow 7 ml/h), equilibrated with 150 mM Tris-HCl (pE
8.2) containing 1 mM EDTA, 0.02% NaNy ané 6 M urea. The fraction
©of HDL not bound to the heparin-Sepharose column was used for the
isolation of apc A-I and ape A-IV. Apo A-I and apo A-IV were
separated by gel filtration at 4°C on Sephadex G-200 (column size
2.5 x 90 em, flow 15 ml/h), equilibrated with the same buffer as
described above. The isclated apolipoprotein fractions were dia-
lyzed against 0.15 M NaCl containing } mM EDTA {(pH 7.4) arnd
stored at -70°C. The purity was checked by urea polyacrylamide
gel electrophoresis f{apo A-I and apo A~IV) (127) and by Na-
dodecylsulphate polvacrylamide gel electrophoresis (apo A~I, apo
A-1V, apo E)} (128}. Each apolipoprotein showed a single band

after staining with Coomassie Brilliant Blue R-250.

Preparation of antisera

Apolipoprotein solutions (50 mg in 1.5 ml of 0.15 M Nacl)
were mixed with an egqual volume of Freund's complete adjuvant and
injected intradermally at multiple spots in Wew Zealand white
rabbits weighing about 2 kg. After 14 days this procedure was
repeated once. Then booster injections without the adjuvant were
given every 14 days, untill 5 al of a 1:30 dilution of the rabbit
serum caused the formation of a visible precipitation arc against
5 ml of undiluted rat serum in an Quchterlony double immunodif-
fusion test. Animals were bled and serum was prepared. The IgG
fraction of these antisera was isolated by affinity chromatogra-
phy on Sepharose-4EB, containing covalently bound protein A (Phar-
macia, Uppsala, Sweden) according to standard procedures. The
titers (ng of IgG protein needed to precipitate 1 mg of apolipo-
protein) of the resulting IgG preparations were 78 (apo A-I), 140
(apo A-IV) and 598 (apoc E). The specificity of the antibody
preparations was c¢hecked by double immunodiffusion against pure
rat apo A-I, apo E and apo A-IV and against rat serum albumin.
All antibody preparations reacted only with their specific anti-

gen.
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Electroimmunoassays

Immunoelectrophoresis according to Laurell (129) was perfor-—
med for each of the rat apclipoproteins. The antibody supporting
gel in the apo A-I assay contained 1% agarcose dissolved in 80 mM
Tris-HACl, 24 mM Tricine~HCL, 0.5 mM Ca-lactate (pH 8.6), 5% (V/v)
polyethylene glycol (mol. wt. 300) and anti-rat apo A-I rabbit
IgG. 80 ul of anti~apo A-I, containing 1.2 mg of IgG, was mixed
with 30 ml of agarose solution. For the assay of apo A-IV, 2 mM
Ca~lactate was used, while for the apo E assay neither Ca-lactate
nor polyethylene glycol was added. One hundred eighty ml of anti-
apo A-IV (5.1 mg of IgG) or 420 ml of anti-apo E (15.92 mg of IgG)
was mixed with 30 ml of agarose solutiocn. Samples of 13 ul were
applied to the wells in the agarose gels. The electrophoresis of
apo 2-I1 and apo A-IV was carried out at 15°C and 7 V/em for 17 h.
The apo E aggsay was carried out at 2 V/em for 12 h. The gels were
washed in saline, dried on overhead projector sheets {3M, Minnea-
polis-St. Paul, USA), stained with Coomassie Brilliant Blue R-250
(0.034%) in ethanocl-acetic¢ acid-water (1:2:4 V/v) and destained
in ethanol-acetie acid-water (3:1:5, V/v). The within—-day coeffi-
cients of variation for rat serum were 3%, 6% and 6% for ape A-I,
apo A-IV and apo E, respectively; the between-day coefficients of
variation were 4%, 7% and 7% for apo A-I, apo A-IV and apo E,
respectively.

Sample treatment

Proteins, including (apo} lipoproteins, in the samples to be
analyzed were routinely precipitated with TCA in the presence of
DOC as a carrier (130). This precipitation step increased the
sensitivity of the assay by a factor of 10, Dbecause the precipi-
tate could be solubilized in a small volume. Samples were di-
luted, if necessary, to a final volume of 1.975 ml and 0.025 ml
of 2% DOC solution was added. After standing for 30 min at room
temperature, 1 ml of 18% TCA solution was added and after 15 min.
the resulting precipitate was ccllected by centrifugation at 3000
g for 30 min. The supernatant was discarded and the precipitate
wag dissolved in 0.1 ml of 0.3 M NaOH. Freshly distilled TMU

(0.1 ml) was added and the samples were incubated for 30 min. at
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30°C (127). Next, 0.1 ml of 20 mM Tris-HC1 (pH 8.3), containing 8
M urea, was added and the samples were heated at 100°C for 2 min.
The resulting volume was measured and accounted for in the final
calculations. A sample of pooled rat serum and pure apolipopro—
tein solutions were treated identically and used as standards in
each plate. Protein was determined according to Lowry et al.
{(131), using bovine serum albumin as standard.

RESULTS AND DISCUSSION

In order to make the immuncassays suitable for assaying
apolipoproteins in a variety of biological fluids, we developed a
procedure for sample treatment that makes it possible to measure
apolipoprotein concentrations in very diluted samples. Apolipo-
proteins in diluted samples are quantitatively precipitated with
TCA in the presence of DOC. The small pellet, collected by cen-
trifugation, is routinely solubilized in 0.1 ml of 0.5 M NaOH.

Proteins are guantitatively recovered in the pellet. The use
of a rather concentrated NaCH sclution is necessary to neutralize
the TCA-containing pellet and to dissolve the protein pellet in a
small volume. If the NaOH concentration is lowered, the rocket
immunoprecipitate »ecomes less clear and because larger velumes
(0.2 ml of 0.2 M NaOH and 0.2 ml of TMU) are needed to dissolve
the protein pellet, the sample concentration is decreased. The
solubilized pellet is subsequently delipidated with TMU and apo—
lipoproteins are fully unfolded by the addition of 8 M urea
followed by beoiling for 2 min. The described sample treatment,
using 0.1 ml of 0.5 M NaCH, results in a 1l0-fold ccncentration of
apolipoproteins. This factor can be increased much further if
larger samples are used, assuming that a reproducible method for
the collection of the precipitate is available.

We used the buffer Tris-Tricine instead of the freguently
used Veronal buffer bhecause the use of the former buffer results
in sharper rockets and essentially prevents current induced chan-
ges in the pH of the medium during electrophoresis.

The described procedure for sample treatment could affect

the immunoreactivity of the different apelipoproteins. Therefore
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standards treated identically were always included in the assay.
Rockets obtained with pure rat apolipoprotein standards treated
according to the above mentioned procedure are shown in Fig. 2.1.
Immunoprecipitates are shown in assay plates containing anti-rat
apo A-IV (top), anti-rat apo A-I (middle} or anti-rat apo E
(pottom) rabbit IgG. The surface areas of the precipitates
{height x width at half-maximal height) were always strictly
linearly related to the antigen concentration as illustrated in
the figures. The morphological appearance of the rockets obtained
with rat serum was identical to that obtained with pure apolipo-
protein standards (not shown).

For further evaluation of the method we studied the effect
of sample concentration on the recovery of immunoreactive apoli-
poproteins, using prediluted pure apelipoprotein solutions and
prediluted rat serum. The recovery of pure apolipoproteins after
predilution followed by precipitation and subsequent resolubili-
zation, appears to be slightly less than 100%, if compared with
untreated apolipoprotein solutions. However, we observed a compa-
rable loss (4~14%) in the serum samples (see Table 2.1.). RApoli-
poprotein concentrations measured in bioclogical fluids with or
without the precipitation with DOC-TCA are therefore identical.
Two NaOH concentrations were used to rescolubilize the precipi-
tates. Using the highest concentraticn (0.5 M NaOH)} the volume
could be limited to ©.1 ml and the resulting rockets had sharper
edges and were easier to gquantitate. Using the protocol as des—
cribed above (using a 2 ml sample volume), apolipoprotein masses
in biological fluids as low as 0.2 wmg of apo A~1IV, 0.2 g of
apo A-I and 0.8 ag of apc E can be measured.

The apolipoprotein concentrations in sera of male Wistar
rats fasted overnight {(body weight 250-300 g) were found to be
31.8 + 3.8, 9.0 + 2.2 and 20.4 + 3.5 mg/100 ml for apo A-I, apo
A-IV and apo E, respectively {(n=12). Previous literature values
for rat serum apo A~I range from 34 mg/l00 ml, measured by radio-
immunoassay (87), to 59 ml/100 ml measured by electroimmunocassay
{96, 132). The apo A-IV concentration in rat serum was reported
to be 24.4 mg/100 ml (133), but this level was increased due to
the addition of 40% sucrose to the drinking water. Serum apo E
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levels in male rats of about 17 mg/l00 ml were measured using
either electroimmunoassay (122) or radioimmunocassay (86). It
appears that the serum apolipoprotein levels measured by our
assay are in reasonable agreement with the reported literature
values, Xeeping in mind that fasting causes a decrease in apo A-I

as well as apo A-IV concentration (unpublished observations).

TABLE 2.1.
Effects of DOC-TCA precipitation and subsequent resolubilization in NaOH on

the recovery of immunoreactive apelipoproteins

0.2 M NaoH 0.5 M NaOH

Pure apc A~I standards 93+ 42 8512
Apo A-I in rat serum lipo-

proteins 93+ 3 28+3
Pure apo A-IV standards 20+ 7 88+8
Apo A~IV in rat serum lipo-

proteins 93+ 4 92+4
Pure apo E standards 96+12 86+9
Apc E in rat serum lipo—

proteins 26+ 4 86+5

% Values are % + SD (three experiments) of concentrations of standards or rat

serum assayed without precipitation and resolubilization. All samples were
delipidated. Two concentrations of NaOH were tested. Precipitates were dissol-

ved in 0.2 ml of 0.2 M NaOH or 0.1 ml of 0.5 M NaOH.
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In conclusion, a precipitation step including addition of
DOC~TCA, preceeding TMU delipidation, makes it possible to mea-
sure apolipoprotein concentrations in very dilute samples. This
method was specially designed to measure apolipoprotein concen-
trations in samples obtained after fractionation of serum and
mesenteric lymph on 6% agarose columns. The results of these

experiments will be published elsewhere.

The authors wish to thank Miss Y.L.M. Schneijderberg for
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CHAPTER 3

DISTRIBUTION OF APOLIPOPROTEINS A-I AND A-IV AMONG LIPOPROTEIN
CLASSES IN RAT MESENTERIC LYMPH, FRACTIONATED BY MOLECULAR
SIEVE CHROMATOGRAPHY

G.M. Dallinga-Thie, A. van Tol, F.M. van 't Hooft and
P.H.E. CGroot

Biochimica et Biophysica Acta (1986), in press.
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SUMMARY

The distribution of apo A-I and apc A«IV among lymph lipo-
protein fractions was studied after separation by molecular sieve
chromatography, aveiding any ultracentrifugation. Lymph was ob-
tained from rats infused either with a glucose scolution or with a
triacylglycerol emulsion. Relative to glucose infusion, tri-
acylglyecerol infusion caused a 20-fold increase in the output of
triacylglycercol, coupled with a 4-fold increase in output of apo
A=IV. The output of apo A~I was only elevated 2-fold.

Chromatography on 6% agarose showed that lymph apo A~I and
apo A-IV are present on triacylglyc¢erol-rich particles and on
particles with the size of HDL. Apo A-IV in addition is also
present as "free" apo A-IV. The increase in apo A-~I output is
caused by a higher cutput of apo A-I associated with large chylo~
microns only, while the increase in apc A-IV output is reflected
by an increase in apeo A-IV output in all lymph lipoprotein frac-—
tions, including lymph HDL and "free” apo A-IV. The increased
level of "free" apo A-~IV, seen in fatty lymph, may contribute
to, and at least partly explain, the high concentraticns of

n

"free" apo A~IV present in serum obtained from fed animals.
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INTRODUCTION

The small intestine has since long been recognized as an
important organ for lipoprotein and apolipoprotein (ape) synthe-
sis (8, 134, 135). After absorption into the enterocyte the
dietary lipids are incorporéted into chylomicrons which serve as
vehicles for transport through the intestinal lymph to the plasma
compartment. The size and composition of lymph chylomicrons have
been described to depend upon the nutritional status of +the
animals. After fat feeding the lymph will contain predominantly
large chylomicrons (Sf > 400} transporting mainly exogenous tri-
acylglycerol. The apcoprotein moiety of these particles mainly
consist of apo A-I, apo B and apo A-IV (13, 114). Under fasting
conditions predominantly smaller chylomicrons are found in rat
mesenteric lymph (20 < Sf < 400), containing triacylglycerol,
cholesterol and phosphelipids derived from endogenous sources.
The major apoclipoproteins on these small chylomicrons are again
apo A-I, apo B and apo A-IV. Small amounts of apo E and apo C's
could also be detected {13, 17, 136).

In addition to chylomicrons, high density lipoproteins (HDL)
have been found in rat mesenteric lymph (64). Lymph HDL differs
from plasma HDL because, in addition to spherical HDL, the main
structure found in plasma, discoidal particles that are enriched
in phospheolipids and deficient in cholesteryl esters are present.
The apoprotein moiety of disc shaped HDL mainly consists of apo
A-I, while almost no apo E or apo C could be detected. It has
been proposed that disceidal mesenteric lymph HDL is synthesized
in the enterocyte, while the spherical HDL particles may in part
be derived from the plasma entering the lymph by ultrafiltration
(64). Whether EDL of intestinal origin contributes significantly
to the size of the pool of HDL in plasma is not well known.

In the present study we determined the distribution of apo
A=-1 and apo A-IV among lipoproteins in intestinal lymph. Lymph
was obtained from rats during intraducdenal infusion of triacyl-
glycerol or glucose and directly fractionated on agarose columns,
without any ultracentrifugation. This procedure avoids the strip-

ping and redistribution of apolipoproteins and surface lipids due
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to ultracentrifugation in salt solutions {12). Two different aga-
rose columns were used: 6% agarose permitting the separation of
large triaecylglycerol-rich particles, lymph HDL and possible
"free" apolipoproteins, and 2% agarose for further separation of

the triacylglycerol-rich subfractions.
MATERIALS AND METHODS

Taurocholate was obtained from Calbiochem (La Jolla,
U.S.A.). 6% agarose {BioGel A-5M, 200-400 mesh) and 2% agarose
(Bio Gel A-50M, 100-200 mesh) were obtained from BioRad, Rich=
mond, Ca, U.S.A.}.

Male Wistar rats {(weighing about 250 g) deprived of food for
20 h were anesthetized with diethylether. The main mesenteric
lymph duct was cannulated between 9 and 10 A.M. using PP~50
polyethylene tubing {137). A second PP-50 cannula was inserted
into the duodenum. The rats were placed into a restraining cage
and allowed to recover from the anesthesia. 3ll animals had free
access to drinking water containing 5% glucose and 0.6% NacCl.
Animals received intraduodenally a 0.7% NaCl solution containing
either 10% {¥/v) glucose, or an emulsion of 69 mM glyceroltri-
oleate and 6.25 mM taurocholate in 0.7% NaCl both at a rate of
1.46 ml/h. Lymph was collected in ice chilled tubes between 5
P.M. and the next morning. After removal of the fibrin clots EDTA
was added till a final concentration of 1 mM.

Lymph lipoproteins were sgeparated by gel filtration chroma-
tography as described for serum previously (138). Fifteen ml
batches of lymph obtained from one animal irn each individual
experiment were applied to both a 6% and a 2% agarose column (2.5
x 120 em), equilibrated and eluted with 0.15 M NacCcl, 1 mM EDTA,
0.01% NaNy, 2 mM Na phosphate (pH 7.4) at 49c. Flow rate was
approximately 15 ml/h and fractions of 5 ml were collected.

In the eluate, cholesterol was determined according to Zak
et al. (139) using the extraction procedure of Abell {140).
Triacylglycerol was determined according to Laurell (142). Total
protein was determined by the method of Lowry et al. (131) using

bovine serum albumin as standard. The turbidity after the color
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development, due to excess of lipids, was removed by extraction
with diethylether. Total phospholipids were determined according
to Bartlett et al. (141). Prior to this procedure, samples were
precipitated with TCA (final concentration 5% w/v) in the pre-
sence of albumin as a carr;er. The precipitate was collected by
centrifugation and phospheolipid phosphorus was determined in the
pellet without further extraction. Apolipoproteins were determi-
ned with specific electroimmunoassays exactly as described before
(143). Prior to electrophoresis the samples were concentrated by
means of DOC-TCA precipitation. The precipitates were dissolved
in Q,1 ml of 0,5 M NaOH and delipidated with TMU as described
earlier (143). A sample of pocled rat serum and pure apolipopro-
tein standards were treated identically and used as standards in
each plate. The within-day coefficients of variation for rat
serum were 3%, 6% and 6% for apo A-I, apo A-IV and apo E respec-—
tively; the between—-day coefficients of variation were 4%, 7% and
7% for apo A~I, apo A-IV and apo E respectively. Recoveries of
lipids and apolipoproteins after agarose chromatography were:
total cholesterol 87 + 16%, phospholipids 88 + 14%, triacylglyce~-
rol 93 + 21%, apo A-I 89 + 15%, apo A-IV 77 + 13% (means * SD of

6 experiments).

Statistical analysis
The results were statistically evaluated using Student's two-
tailed unpaired t-test.Differences were considered statistically

significant at » < 0.05.
RESULTS

Table 3.1. shows data on the chemical composition of mesen—
teriec lymph obtained from rats infused intraducdenally with eit~-
her a glucose solution or a triacylglycerol emulsion. During
glucose infusion a lymph flow of 2 + 0.5 ml/h was obtained,
somewhat lower than that found during triacylglycerol infusion (3
+ 0.5 mi/h). The lymphatic output of triacylglycerol during lipid
infusion amounted 75.7 + 10.7 mg/h, which is slightly less than
the infusion rate into the duodenum (20 mg/h}, suggesting that
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TABLE 3.1.
Transport rates of lipids and apolipoproteins in mesenteric lymph of rats
during glucose or triacylglycerol absorption
Mesenteric lymph was collected from rats fed intraduodenally either with a
glucose solution or a triacylglycerol emulsion. Data are expressed as trans-
port rate (concentration x lymph flow). Lymph £flows were 2.0+0.5 and 3.0+0.5

ml/k during glucose and triacylglycerol absorption, respectively.

Transport rate mg/h

Glucose infusion Triacylglycerol infusion

Triacylglycerol 3.8+ 1.6! 75.7  + 10.72
Phospholipids 1.3+ 0.2 5.5 =+ 2.72
Total cholesterol 0.4 + 0.1 0.7 * 0.32
Total protein 14.9 + 2.7 22.3  + 5.5%
Apo A-I 0.094 + 0.015 0.197 + 0.0382
Bpo A-IV 0.072 + 0.015 0.261 + 0.083%
Apo E n.d.? n.d.

Ta11 values are given as mean + S.D. of 7 experiments.

2All parameters are significantly increased due to triacylglycerol
abgsorption (p<0.01).

3n.d. means not detectable. Apc E levels were less than 1 ug/mi.
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most of mesenteric lymph produced during our observation period
is recovered extracorporally. During glucose infusion the output
of triaeylglycerol was decreased 20-times (Table 3.1.). Output of
lymphatic phospholipids were 4-times higher on triacylglycerol
infusion than on glucose infusion, while smaller differences were
observed for cholesterol and total protein (1.5 times). The
lymphatic output of apolipoproteins A-I and A~IV was also increa=-
sed during lipid infusion (2-and 4-times, respectively). Lympha-
tic concentrations of apolipoprotein E were too low to be detec=
ted using the immunoassay available in our laboratory {(less than
lag/ml).

The distribution of apolipoproteins among lymph lipoproteins
was studied after fractionation of lymph by agarose gel chromato-
graphy. Artificial losses of (apo) lipoprotein constituents du-
ring lipoprotein separation are expected to be low using this
procedure This is important as chylomicrons are known to be very
susceptible for such processes (12),

In the present study, two types of agarcse gels were used,
6% agarose, capable of separating chylomicrens, HDL and possible
free apolipoproteins and 2% agarose, capable to subfractionating
chylomicrons according to size. Apo A-I in fatty lymph, fraction-
ated on a 6% agarose column, is distributed bimodally (Fig.
3.1.A.). Three guarters of the apo A-I is present in the chylomi-
cron fraction eluting in the void volume of this column, while
the rest of the apo A-I is eluted in particles of the size of
serum HDL (as determined in separate experiments in which rat
serum was fractionated on the same column; compare ref. {138)).
The other major apoprotein present in fatty lymph, apo A-IV, 1s
distributed differently. Sixty % of apo A-IV recovered from the
column is carried by chylomicrons found in the void velume, while
only 8% is associated with.particles of the size of HDL. The
remaining 32% of lymph apo A-~IV is present in fractions in which
so called "free® apolipoprotein A-IV is found when rat serum is
fractionated on the same column {(Fig. 3.1.a., (138)}. In lymph,
during glucose infusion (Fig. 3.2.A.), roughly egual guantities
of apo A-I are associated with the chylomicron and HDL fractions.

The data for apolipoprotein A-IV were found to be 39%, 17% and
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44% for the chylomicron, HDL and “free" apolipoprotein fractions,
respectively.

More information about the distribution of apo A-I and apo
A-IV between chylomicron particles of different size was obtained
by fractionating lymph on 2% agarose columns. Elution profiles of
both apolipoproteins in lymph during triacylglycercel infusion
{(Fig. 3.1.B.) showed a marked peak in the void volume, followed
by a slow descending limb. These peaks in the veid volume of the
column were not observed in glucose lymph (Fig. 3.2.B.). Arbitra-
ry two areas were distinguished in the elution profile: large
chylomicrons, eluting between 205-276 ml and small chylomicrons,
eluting between 277-470 ml. The chemical composition of large
chylomicrons and small chylomicrons isclated from glucose lymph
or triacylglycerol infused lymph are presented in Table 3.2. As
eXpected, a decrease in triacylglycerol and an increase in phos-
pholipids were observed with decreasing size of the chylomicrons.
In the large chylomicfon fraction in fatty lymph, a weight ratio
for apo A-I1 over apo A~-IV of about 1.0 was observed, which decli~
ned toc about 0.8 in the smaller chylomicron particles. In glucose
lyrmph, marked shifts of apo A-I and apo A-IV to smaller particle
sizes were found. Only insignificant guantities were found in the
large chylomicron fraction. In addition to these c¢hanges in
apolipoprotein mass distribution, the ratio of apo A-I over apo
A-IV, which is 4.0 in small chylomicrons present in glucose
lymph, is significantly higher than the ratio found in fatty
lymph (0.8).

Compositional data of the lymph HDL and the "free”™ apolipo~-
protein fractions are shown in Table 3.3.. Lymph HDL, isolated
from glucose as well as fatty lymph, is rich in phospholipids and
contains only small guantities of cheolesterol. The lymphatid
output of apc A-I, the major apoprotein of lymph HDL, during
triacylglycercl infusion, was not very different from the output
during glucose infusion. Apo A-IV in lymph HDL was higher during
fat absorption but (part of) this increase may be due to the
increase in "free" apo A-IV (see below) not completely separated
from lymph HDL. Both in glucose and fatty lymph, apo A-IV was
found in a peak eluting from the column after HDL. The position
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TABLE 3.2.

Effects of glucose or triacylglycercl absorption on the transport rates in
mesenteric lymph and chemical composition of chylomicrons fractions isolated
by 2% agarose gel chromatography .

The data shown in this table are expressed as transport rates in mg/h (concen-—
tration in lymph multiplied by the lymph flow). Large chylomicrons were eluted
between 205-276 m}l, small chylomicrons were eluted between 277-470 ml. For

further details see Fig. 3.1.B8 and 3.2.B. and the text.

Mass transported Infusion in duodenum of
in lymph
associated with Constituent Glucose Triacylglycerol
Large apo a-I 0.004+0.004 0.086+ 0.0397+2
chylomicrons apo B~IV 0.003+0.005 0.089+ 0. 0482
total lipid mass 1.1 +1.7 56.6 +18.92
triacylglycerol (weight %) (78+ 9) {92+3)
phospholipids (weight %)} (20+10) ( 7+2)
cholesterol (weight %) ( 2+ T} ( 1+1)
Small apo A-I 0.057+0.013 0.060_‘!-__0.032
chylomicrons apo ATV 0.016+0.019 0.072+0. 0222
total lipid mass 2.81 +0.4 10.1 +3.8%
triacylglycercl (weight %) (63+9) (75+5)
phospholipid (weight %) (30+7) (2245)
cholesterol {weight %) { 3+1) { 3+1)

Tall values are given as mean * S.D. of 3 experiments. .

2statistically significant at p{ 0.05.
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TABLE 3.3.

Effects of glubOSe or triacylglycerol absorption on the transport rates in
mesenteric lymph and chemical composition of "HDIL~1like"” fractions and "free"
apolipoproteins isclated by 6% agarose gel chromatography
The data shown in this table are expressed as trangport rates in mg/h (concen—
tration in lymph multiplied by the flow). Lymph HDL fraction eluted between
400~480 ml, "free™ apo A-IV fraction eluted between 480~535 ml. For further

details see Fig. 3.1.A. and 3.2.A. and the text.

Mass transported Infusion in duodenum of
in lymph
associated with Constituent Glucose Triacylglycercl
Lymph HDL apo A-I 0.033+0.008 0.042+0.019
apo A-IV 0.010+0.004 0.028+0. 0052
total lipid mass 0.32 +0.19 0.47 +0.19
triacylglycerol (weight %) (n.d.) (n.4.)3
phospholipids {weight %) (20+6) (96+1)
cholesterol (weight %) (10i§) { 4+1)
"Free" apo A-IV apo A-I 0.004+0.001 G.007+0.001
apo A-IV 0.017+0. 008 0.082+0. 0392
total lipid mass 0.027+0.017 0.112+9.085
triacylglycerol (weight %) {n.d.) (n.d.)
phospholipid  (weight %) (100 )4 (100 )4
cholesterol (weight %) (n.d.) {n.&.}

1All values are given as means + S.D. of 3 experiments.

Statistically significant at pg 0.05.

W N

n.d. means not detectable..

IS

parts will be associated with albumin, which coelutes with this fraction.
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of this peak coincides with that of albumin, as determined in
calibration runs using 1251 _1abeled albumin and was shown to be
identical with the position of the "free" apo A-IV fraction
present in rat serum (results not shown, compare ref. 138). An
interesting new observation in this study is that the lymphatic
cutput of "free" apo A-IV is increased during triacylglycerol
absorption.

DISCUSSION

In the present study, the effect of lipid absorption on the
output and lipoprotein distribution of apolipoproteins A-I and A-
IV in mesenteric lymph was analyzed.

It was found that the output of apo A-IV in the mesenteric
lymph was increased fourfold during triacylglycerol infusion. In
contrast, the lymphatic output of apo A-~I was moderately in-
creased (twofeold), in agreement with earlier data of Imaizumi et
al. (13). It has been shown by others that the rate of synthesis
of apo A~IV is increased during triacylglycerol absorption (98),
while the rate of synthesis of apo A~I is only moderately (13) or
not increased (98, 100, 103}. In line with these data are studies
on the intestinal mRNA levels, showing that the apeo A-IV mRNA
levels are increased during fat absorption, while the apo A-I
mRNA levels remain unaltered (115). Taken together, these studies
indicate that relative differences in the rate of synthesis of
apolipoproteins by the enterocytes are reflected in the output of
the apolipoproteins in mesenteric lymph. It must be noted, how-
ever, that other pathways may affect the output of apolipopro-
teins in mesenteric lymph. It was shown that some mesenteric
lymph apolipoproteins are derived from plasma by ultrafiltration,
but the contribution of this pathway to the total lymph apolipo-
protein mass is small (13). Furthermore, it was shown that the
enterocyte is able to secrete apolipoproteins directly into the
circulation (100}, but again this pathway is considered of minor
importance as compared to the output of apelipoproteins in mesen=-
teric lymph. It can be concluded that changes in the output of

apolipoproteins in mesenteric lymph are to a large extent, a
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reflection of changes in the rate of secretion of the apolipopro-
teins by the enterocytes.

In subsequent studies, the distribution of apo A-I and apo
A-IV among lipoproteins in mesenteric lympﬁ was analyzed. The
lymph lipoproteins were separated by moleculaf_sieve chromatogra-
phy te avoid the use of ultracentrifugation, a procedure which
has been shown to dissoclate apelipoproteins from-lipOProteins in
serum (87, 88) and in lymph (12). As illustrated in Figs. 3.1.B.
and 3.2.B., lipid absorption is associated with a shift in apo A-
I mass distribution towards larger chylomicron particle size.
When recalculated in lymphatic ocutput rates (Table 3.2.) this is
reflected in a twentyfold increase in apo A-I in the large chylo-

micron fraction, while the mass of apo A-I associated with small -

chylomicrons is not very much different. The bulk of the increase
in triacylglycerol output during lipid infusion is also confined
to the large chylomicrons fraction.

Several studies have provided evidence that mesenteric lymph
HDL is predominantly of intestinal origin (64~67), suggesting
that lymphatic EDL may be an important precursor of serum HDL.
Indeed, Green et al. (64) have shown that approximately 85% of
apo A-I present in mesenteric lymph from glucose-infused rats can
be recovered in the 4 > 1.006 g/ml fraction, suggesting that most
of the apo A~I synthesized by the intestine is found in associa-
tion with {precursor}) HDL particles. However, in the present
study, in agreement with Imaizumi et al. (13), it was found that
only about 40% of the apo A-I in mesenteric lymph of glucose-
infused rats was recovered in the HDL fraction. The output of apo
A=I in mesenteric lymph HDL was not significantly affected by
lipid infusion, as illustrated in Table 3.3., while under the
latter conditions the apo A-I mass in chylomicrons is increased
{see above); only 25% of the total mesenteric lymph apo A-I is
recovered in the HDL fraction. In contrast, in a recent study
(67) it was demonstrated that approximately 80% of the apo A-I in
mesenteric lymph of lipid-infused rats was associated with HDL.
The large quantitative differences in the literature regarding
lymph EDL as a carrier for apo A-I cannot be explained easily,

but may be due to differences in lipoprotein separation procedu-
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res, associated with a more or less pronounced stripping of
surface material from chylomicrons, followed by recovery of this
material in the HDL fraction.

Lipid infusien has 2 much more pronounced effect on the
cutput of apo A-IV in mesenteric lymph than on apo A-I output. In
contrast to apo A-I, the increased apo A-IV output was seen in
all mesenteric lymph lipoproteins, although the increase in HDL
may partly be due to "free" apo A-IV. These data suggest +hat the
synthesis of apo A-IV by the intestine is more closely connected
with chylomicron production than the synthesis of apo A~I.

It was proposed by Fidge (133) that the "free" apo A-IV in
rat serum is derived from lymph chylomicrons. This hypothesis was
based on the observation that the apo A-IV moiety of intravenous-
ly injected chylomicrons is rapidly transferred to the "free" apo
A-IV fraction. Although it was shown in the present study that
most of the apo A2-IV in lymph ¢of glucose-infused rats was asso-
ciated with small chyleomicrons, a considerable gquantity of total
lymph apo A-IV was recovered in a fraction that eluted at the
same position as "free" apo A-IV of rat serum. As illustrated in
Figs. 3.1.A. and 3.2.A., the "free” apo A-IV of mesenteric lymph
was rather well separated from the apo A-I- and cholesterocl-
containing HDL fractien. Similar results were found previously
with rat serum (138). This indicates that "free" apo A~IV of
megsenteric lymph shares some properties with "free" apo A~IV from
rat serum, suggesting that mesenteric lymph "free" apo A-IV may
alsc be a precursor of serum "free" apo A-IV. Recently, we have
shown that the "free" apo A-IV fraction of rat serum is approxi-
mately eightfold increased in response to normal chow feeding,
when compared with 20 h food-deprived rats (138). As the intesti-
ne is the major tissue for apo A-IV synthesis (11, 116), it is
likely that the increased serum “"free" ape A~IV concentration is
related to an increase in the output in mesenteric lymph of
either "free" apo A-IV or chylomicron apo A-IV or both. "Free"
apo A~IV in mesenteric lymph is either secreted by the enterocyte
as such, or liberated from chylomicrons in the lymph compartment
by chylomicron surface film alteraticns fellowing chylomicron

secretion. Whatever its mechanism of formation, our data do
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suggest that the increase in "free" apo A-IV in serum after (fat)
feeding is partially explained by an increased influx of "free”
apo A-IV from mesenteric lymph into the serum compartment. As
"free" apo A-IV may be involved in the transport of cholesterol
from peripheral cells to the liver (144) more data on the origin

and metabolism of this fraction are needed.

The authors wish to thank Miss A.C. Hanson and Miss M.I.
Wieriks for typing the manuscript.
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CHAPTER 4

THEE DISTRIBUTION OF APOLIPOPROTEIN A-IV BETWEEN LIPOPROCTEIN

SUBCLASSES 1IN RAT SERUM

G.M. Dallinga~Thie, P.H.E. Groot and A. van Tol

Journal of Lipid Research 1985; 26, 970-976.
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ABSTRACT

The distribution of apolipoproteins (apo) A-I, A~IV and E in
sera of fed and fasted rats was studied using various methods for
the isclation of lipoproteins. Serum concentrations of ape A~I
and apo A-IV decreased significantly during fasting (16% and 31%,
respectively), while apo E concentrations remained essentially
the same. Chromatography of sera on 6% agarose columns showed
that apo A-IV is present on HDL and as socalled "free” apo A-IV.
The concentration of "free" apo A-IV decreased six-to seven-fold
during fasting, explaining the decrease in total serum apo A-IV.
Serum apo A-I and apco E are almost exclusively assocliated with
HDL-sized particles. When sera are centrifuged at a density of
1.21 g/ml, marked quantities of apo A-I (8-9%) and apo E (11—2é%)
are recovered in the “"lipoprotein deficient" infranatant, sugges-—
ting that ultracentrifugation affects the integrity of serum HDI.

The nature of the chromatographically separated carriers of
serum apo A-IV was investigated by quantitative immuncoprecipita-
tion. FProm these studies it is concluded that apo A~IV in rat
serum 1s present in at least three fractions:

1. particles with the size and composition of HDL, containing
both apo A~I and apo A-IV and possibly minor guantities of

apo E.

2. EDL-sized particles containing apo A-IV, but no apo A-I or

apco E.

3. "Free" apo A-IV, probably containing small amounts of bound
cholestercl and phospholipid.
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INTRODUCTIOR

Apolipoprotein A-IV {apo A-IV) was first described by Swaney
et al. {921) as a polypeptide with a molecular weight of 46.000
daltons present in rat HDL. The distribution of apo A-IV in human
and rat serum is distinct from that of apo A-I and apo E, as apo
A-IV is present in HDL as well as in a so called "free® form
{111, 145-147). The possible metabolic relationship between apo
A-IV present in HDL and non-lipoprotein-bound ape A-IV has been
investigated using ultracentrifugation to separate both pools of
apo A-IV (133). Because it is known that HDL apo A-I and apo E
will dissociate from HDL during ultracentrifugation (60, 86~88),
we compared the effect of the isolation procedure (gel filtration
versus ultracéntrifugation) on the distribution of apo A-IV, apo
A-~1 and apo E. We also isolated the various fractions carrying
apo A-IV in serum by agarose gel chromatography, combined with
immunoprecipitation. This report describes the existence of three
fractions in serum containing apo A~1IV, two HDL species and a
"free" apo A-IV probably containing small amounts of bound chol-

esterol and phospholipid.
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MATERIALS AND METHODS

Serum samples

Male Wistar rats, weighing 230-300 g, maintained on standard
laboratory chow and tapwater were used. Bloecd was collected at 9
AM from fed or 20 h food-deprived animals by aortic puncture
under light ether anaesthesia. The blood was kept on ice for 2 h.
The serum was obtained by low speed centrifugation at 4°C and
EDTA solution (pH 7.4) was added to a final concentration of 1
mM .

Gel filtration of serum

Ten ml of pooled serum from fasted or fed rats, containing
108 sucrose (¥/v) was applied on a 6% agarose column (2.5 cm X
120 cm, RBio~Rad, Richmond, Ca, USA), equilibrated with 0.15 M
NaCl containing 2 mM Na-phosphate buffer (pH 7.4}, 0©.Cl% NaN, and
1 mM EDTA {148), operated at 49C. The flow rate was 15-20 ml/h
and fractions of 5 ml were collected. The column was calibrated
with iodinated rat serum albumin, rat serum VLDL and HDL and with
human LDL. Recoveries of cholesterol, apo A-I, apo A~IV and apo E
were 96 +4%, 87 + 12%, 91 + 7% and 80 *+ 2%, respectively (means +
S.D.; n=4}.

Ultracentrifugal isolation of serum lipoproteins

Serum of fasted or fed rats was adjusted to density 1.21
g/ml with solid KBr. Aliquots (3 ml) of these sera were carefully
overlayered with KBr solution of density 1.21 g/ml containing 1
mM EDTA. The lipoprotein-containing (4 < 1.21 g/ml) and the
lipoprotein-deficient (d > 1.21 g/ml) fractions were isolated in
the Beckman 40.3 rotor operating at 12°C and 38.000 rpm for 48 h.
The recoveries of cholestercl, apo A-I, apo A-IV and apo E were
98 + 6%, 927 + 13%, 102 + 9% and 91 + 13%, respectively (means +
§.D.; n=8).
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Immunoassays
Ape A-I, apo A,IV and apo E concentrations were determined

by the electroimmuncassay technigue of Laurell (129}, as modified
by Dallinga-Thie et al. ({143).

Quantitative immunoprecipitation

Rabbit anti-ape A-I and anti~apo A-IV IgG, prepared as
described (143), were used for the guantitative immunopreci-
pitaton of apo A-I1- and apo A~IV-containing lipoproteins. Immunco-
precipitations were performed by adding predetermined gquantities
of the IgG's to the apo A-IV-containing fractions, obtained by 6%
agarose column chromatography of sera. Mixtures were incubated
overnight at 4°C and the immunoprecipitates were isolated by low
speed centrifugation at 49C. Apolipoprotein concentrations were
determined in both the precipitate and supernatant. Both superna-
tant and precipitate were extracted according to Bligh and Dyer
(149) in order to determine the lipid composition. The chloroform
phase was evaporated under a stream of nitrogen and used for
lipid determinatiocns. Cholesteryl esters were saponified with
alcoholic KOH. After extraction with petroleum ether, total chol-
esterol was determined as described. Appropriate cholesterol
standards were run in parallel throughout the whole procedure.
The amount of cholesterol precipitated by a contrel rabbit IgG

preparation isolated from a non-immunized rabbit was negligible.

Chemical analysis and statistics

Total cholesterol was determined with an enzymatic method
(CHOD~-PAP kit, Boehringer, Mannheim, F.R.G., cat. no. 310328).
Total phosphelipid phesphorus was determined according to Bart-
lett {141). Prior to this procedure, samples were precipitated,
in the presence of albumin as a carrier, with TCA (final concen-
tration 5%, "/v). The precipitate was collected by centrifuga-
tion.

The data collected in this study were statistically eva-

luated using Student's unpaired, two tailed t—-test.
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RESULTS

Effects of nutritional status on serum lipid and apolipoprotein
concentrations

In Table 4.1. lipid and apclipoprotein concentrations in
sera from fed and fasted rats are presented. The serum choles~
terol levels were not affected by the nutritional status, but
total serum apo A-IV concentration decreased significantly during
a 20 h fasting period. After more prolonged fasting (48 h) the
serum apc A-IV concentration was further reduced to 5 mg$% (unpu-
blished observation). Fasting also resulted in a minor, but
statistically significant, decrease in serum apo A-I concentra-

tion but the apo E level remained essentially the same.

Gel filtration of sera from fed and fasted rats

Figs. 4.1. to 4.4.show the elution patterns of apolipopro-
teins and cholestercl in rat serum fractionated on 6% agarose gel
columns. A minor cholesterol peak is eluted in the void volunme

together with the triglycerides (not shown), consisting of chylo

TABLE 4.1
Chelestercl, apo A-I, apo A-IV and apo E concentrations in sera of fed and

fasted rats

Fed1 Fasted1

mg/100 ml + SD

Cholesterol 55.0+6.0 53.0+6.0
2po A-I 39.8+5.7 33.3+3.1°
Apo A-IV _ 15.7+2.0 10.841.7°
apo E 22.0+5.0 24.5+4.6

TSix experiments
2Statistically significant at p<0.05.

3Statistically significant at p£0.001.
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Fig. 4.1. Fig. 4.2.
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Fig. 4.1. Separation on a column of 6% agarose gel of serum from chow~-fed
rats. Ten ml of serum was applied to a column of 6% agarose (2.5 x 120 c¢m),
equilibrated with 0.15 M NacCl containing 2 mM Na-phosphate pH 7.4, 1 mM EDTA
and 0.01% NaN3, at 4°C. The horizontal bar indicates the elution velume of
human LDL.

Fig. 4.2. Separation on a column of 6% agarose gel of serum from rats deprived
of food for 20 h. Ten ml of serum were applied to a column of 6% agarose (2.5
x 120 cm), eguilibrated with 0.15 M NaCl containing 2 mM Na-phosphate pH 7.4,
1 mM EDTA and 0.01% NaNB' at 49 The horizontal bar indicates the elution
volume of human LDL.
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microns and/or VLDL. The major peak in cholesterol is largely due
to HDL because the LDL level in rat serum is low. There is no
difference in total serum cholesterol concentration between sera
from fed and fasted rats but a skewed major peak in cholesterol
is present in the fed state, indicating more wvariety in particle
size (compare Figs. 4.1.A. and 4.2.A.). This phenomenon is not
due to an increase in LDL in the fed state as LDL is eluted at a
smaller elution volume (indicated by the horizontal bars, repre-
senting 20% of human LDL applied to the column in separate expe-~
riments, in Fig. 4.1.A. and 4.2.A.) as determined in separate
experiments. The peak in absorbance at 280 nm coineciding with the
shoulder of the cholesterol peak (fractions 70-80) is due to
immunoglobulin M (mol. wt. 900,000 daltons).

The distributions of ape A-I and apo E are shown in Figs.
4.1.B. and 4.2.B. and those of apo A-IV in Figs. 4.3. and 4.4. In
the fed state a2 minor fraction of apo A~-T and apo E 1s located in
the VLDL/chylomicron peak, while the majority (> 90%) is found in
the HDL peak. The eluticn profiles of apo E and apo A-I in the
HDL region were not identical as apo E clearly preceeded apo A-I.
No big differences in elution patterns of apo E or apo A~I were
observed between the fed and fasted states. Although comparison
of Figs. 4.1.B. and 4.2.B. suggests an increase in HDL apo E
after fasting, this observation appeared to be statistically
insignificant. In sera from fasted animals, apo E was present in
VLDL while noc apo A-I could be detected in this fraction (Fig.
4.2.B.). In sera from fed animals, both apo A-~I and apo E were
detectable in the chylomicron/VLDL peak, although the amount of
apo A-I in the void volume was extremely low (Fig. 4.1.B.).

With a 6% agarose column it is possible to obtain a clear
separation between two distinct fracticns containing apo AwIé
{(Figs. 4.3. and 4.4.). The first peak of apo A-IV elutes together
with apo A-I and these fractions also contain the bulk of the
serum cholesterol. The second apo A-IV peak elutes together with
the bulk of the serum proteins (and iodinated albumin; not shown)
in fractions containing little cholesterol, no apo A-I and no apo
E. In the fed state an average of 36 + 4% of the total apo A-IV

mass was found in this second peak compared to 2% in the fasted
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Fig’. 4.3, Fig. 4.4.
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Fig. 4.3. Distribution of apo A-IV (m) and cholesterol (O) between serum
lipoproteins of fed rats (Fig. 4.3.A.) and fasted rats (Fig. 4.3.B.) separated
on a column of 6% agarose gel.

Fig. 4.4. Distribution of apo A~IV (#) and apo A-I () between serum lipopro-
teins of fed rats (Fig. 4.4.A.) and fasted rats (Fig. 4.4.B.) separated on a
column of 6% agarose gel.
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state (Table 4.2.). The amount of apo A-IV recovered in the size~
range of typical HDL is not influenced, indicating that the
decrease in serum apo A-~IV level after a 20 h fasting period

(Table 4.1.) is due to a decrease in the second apo A~IV peak.

TABLE 4.2.
The digtribution of apo A-IV in serum between HEDL and "free" apo A-IV, separa-

ted by 6% agarose chromatography

HDL "Free" apo A-IV
(first apo A-IV peak) (second apc A~IV peak)
mg/100 ml
Fed' 8.741.6 4.9+0.4 (36+ 4%)2
Fasted® 8.5,7.0 0.8,0.7 ( 8-10%)*

TMean values of 4 experiments + 5.D.

2Numbers in parentheses are % recoveries of total serum apo A-IV in the second
peak.
3values of 2 separate experiments.

4Significantly lower than the value in serum obtained from fed animals p¢{

0.005.

Ultracentrifugation

Data on the cholesterol and apclipoprotein distributien
between the d < 1.21 g/ml and 4 > 1.21 g/ml fractions are presen-—
ted in Table 4.3. Essentially all cholesterocl was recovered in
the d < 1.21 g/ml fractions but significant amounts of serum apo
A-IV, apo A-I and apo E, varying between 8% and 46% for the
different apoclipoproteins, are found in the "lipoprotein-defi-
cient® (@ » 1.21 g/ml) fraction. The amount of apo A-IV in this
lipoprotein-deficient fraction is dependent upon the nutritional
status; it decreased from 7.2 mg/l00 ml in fed animals to 3,2
mg/100 ml after 20 h of fasting. These values represent 46% and
35% of total serum apo A-IV in the fed and the fasted states,

respectively. In both cases the amount of apo A~IV found in this
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lipoprotein-deficient fraction is significantly higher (p <
0.005) compared to the amount found in the "free® apo A-IV frac-
tion, using the gel filtration method {see Table 4.2.).

TABLE 4.3.
Distribution of cholesterol, apo R-I, apo A=IV and apo E after centrifugation

of serum at a density of 1.21 g/ml

Total serum d4<1.21 g/ml dyt.21 g/ml

mg/100 ml + SD (n=4)"

Fed

Cholesterol 51.5+3.2  50.5+3.3 n.d.2

Apo A-I 42.2+5.4 35.0+4.0 (83+ 93) 3.4+0.4 ( 8+1%3)
Apo A-IV 15.3+1.9 9.1+0.5 (59+ 3%)  7.0+0.6 (46+4%)
Apo E 20.0t4.4  13.4+4.0 (66+12%)  4.4+0.8 (22+4%)
Fasted

Cholesterol 51.3+6.5 50.1+6.3 n.d.?

Apo A-I 34.4+3.13  31.743.0 (91+ 93)  3.330.9 ( 9+43%)
Apo A-IV 11.2+0.8% 7.0+0.6 (63+ 58)  3.9+0.8%(35+7%)
Apo E 22.7+2.3 19.242.2 (85+13%)  2.3+1.0 (11+5%)

1Numbers in parentheses are the percentage recoveries in the geparate frac-
tions.

2Not detectable, without prior concentration.

3Significantly lower than the values in serum obtained from fed aninmals,

P ¢ 0.05.
4Significantly lower than values in serum obtained from fed animals, P&

0.005.
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Immunoprecipitation studies

In order to obtain information about the composition of the
carriers of ape A-IV in serum, we fracticnated serum by agarose
gel chromatography and precipitated the apo A-IV-containing par-
tiecles in the HDL size range, as well as in the "free" apo A-IV
peak, using anti-apo A-IV IgG. Similar studies were performed
using anti-ape A-I IgG:; immunoprecipitates as well as superna-
tants were analyzed chemically and immunochemically. The results
of these experiments are shown in Tables 4.4. and 4.5. It can be
concluded from the data in Table 4.4. that apo A-IV in serunm is
associated with at least two species with the size of HDL: 1.
particles containing apo A~I, apo A-IV and possibly minor gquanti-
ties of apo E and 2.particles containing apo A-IV, but neither
apo A-I nor apo E.

TABLE 4.4.

Analysis of HDL isolated by chromatography of rat serum on 6% agarose columns

#or’ HDL precipitated HDL precipitated
with anti-apo A-I with anti-apc B-IV
Cholesterol 79.841.22 58.9+0.2 12.0%2.1
Phospholipids  142.8+5.7 113.3+2.5 15.4+1.6
Apo A-I 79.2+1.5 79.2+1.5 (77.5+6.3)% 4.3+2.7
Apo A-IV 22.3+5.2 14.5+0.9 22.3+5.2 (25.3+5.7)3
Apo E 14.6+1.5 4.7+0.8 0.9+1.0

1Fractions containing the bulk of apo A~I (and apc A~IV) were pooled.

2Results are expressed as ag/ml column fraction. Values are means + s.b.
{n=3}.

3The values in parentheses were assayed in the precipitates and agreed very
well with the amounts present in the original HDL preparation. HDL ape A-I and
HDL apo A-IV were guantitatively precipitated using anti-apo A~I or anti~-apo

A-IV, respectively.
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Thege conclusions are based on the partial precipitation of
apo A-1IV (60%) using anti-apo A-I, indicating that about 40% of
apo A-IV in HDL is not associated with apo A-~I. Furthermore
insignificant gquantities of apo E were precipitated using anti-
apo A-IV, in line with the existence of an apo A-IV containing
HDL, free of apo A~I and apo E. The chemical composition of HDL
fractions precipitated with anti-apo A-I is similar to that of
serum HDL, e.g., &2 protein content of 35-40% and a phospholipid:
chelesterol ratio of 2:)1l. HDL~sized fractions precipitated with
anti-apo A-IV seem to have a higher protein content and a phos-
pholipid: cholesterol ratio closer to 1 (Table 4.4.}. Only about
6% of HDL apo A-I can be precipitated with anti apo A-IV indica-
ting that more than 920% of HDL apo A-I is present on an HDL
subfraction deficient in apo A-IV, assuming a particle weight for
HDL of about 275,000. It can alsc be calculated that the bulk of
this HDL is deficient in apo E because the amount cof apo E preci-
pitated by anti-apo A-I is very low.

Similar analyses of the "free" apo A-IV fraction (see Table
4.5.) revealed that small amounts of chelestercol and phospholipid
are associated with apo A-IV (about 11% by weight). Neither apo E
and apo A-I {checked by immunoassay) nor apo C and apo A-II
(checked by SDS-polyacrylamide gelelectrophoresis) could be de-

tected in the immunoprecipitate.

DISCUSSION

Rat ape A-IV is mainly synthesized in the intestine (11, 98)
and its concentration in serum is affected by the dietary history
of the animal. Studies of Delamatre and Roheim (1453) have shown
that single meal feeding of rat chow, a high fat meal or a high
fat meal plus chelesterol results in 40-80% increase in serum apo
A-1IV, with no cbserved effect on serum apo A~I. Long—-term feeding
of a ctholesterol/high fat diet also results in an increase in
serum apo A-IV compared to a chow-fed control group. The data
presented in this report show that the levels of apc A~IV in sera
of fasted rats are decreased by 31% compared to postprandial

levels in chow-fed rats.
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Chylomicrons in intestinal lymph carry both apo A-I and apo
A-IV. After entering the plasma compartment,part of the apo A-I
rapidly dissociates from the chylomicrons and is transferred to
HDL {12, 13, 19, 150); the same mechanism has been proposed for
apo A-IV {12, 19). It appears from our data that the dissociation
of apo A-IV from the chylomicrons is even more complete than for
apo A-I, as apo A-IV could not be detected at all in the chylo-
micron/VLDL fraction after analysis of serum from fed rats on 6%
agarose columns (Fig. 4.3.). More recently it has been suggested
that the precursor-product relationship between chylomicron~ and
EDL-apo A-~IV is not direct, but linked by a passage through the
pool of "lipoprotein-free" apo A~-IV (133).

TABLE 4.5.
Chemical composition of the "free" apo R-IV fraction isolated by chromatogra-

phy of rat serum on 6% agarose columns, followed by immunoprecipitation

Cholesterol 0.9i9.71
Phospholipid 0.6+0.4

Apo A-I o]

Apo A-IV 10.2+2.8 (12.2#3.4)%
Apo E 0

Tohe fractions containing the bulk of the "free" apo A~1IV, obtained from
serum of fed rats by agarose gelfiltration, were first treated with anti-apo
A-I, in order to remove any contaminating apc A~I containing lipoproteins.
The resulting "free" apo a-IV fraction was subsequently precipitated with
anti-apo A-~IV. Lipids, apo A~I and apo E were measured in the precipitate.
Results are expressed as mng/ml column fraction. Values are means t+ S5.D.
(n=3).

2Apo A~IV was measured both in the "free" apo A-IV fractions directly ob-

tained from the agarose columns as well as ir the final precipitate (values

in parentheses).
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We recovered %% of serum apo A-I, the main protein of HDL,
in the 4 > 1.21 g/ml fraction after one ultracentrifugal run of
24 h, which is in agreement with reported values (13l). No apo A-
I could be detected in column fractions following the HDL peak
during fractionation of serum by gel filtration {(Table 4.2.,
Figs. 4.1., 4.2. and 4.4.). It was reported that about 50% of the
apo E was lost to the "lipoprotein-free" infranatant during a
standard isolation of HDL by sequential ultracentrifugation (60,
151, 152). In the present study only one ultracentrifugal step
was performed leading to “"stripping" of about 11-22% of serum apo
E. All fractions containing apo E or apo A-I on gel filtration of
serum also had substantial ameounts of cholesterol. Although the
existence of lipid free aggregates of apolipoproteins with the
size of HDL and a density > 1.21 g/ml cannot pe excluded, this
suggests an artificial origin of apo E and apo A«I in the ultra-
centrifugal "lipoprotein-deficient" fraction. The underlying
cause of this proposed ultracentrifugal loss of lipoprotein apo~
lipoproteins is complex and probably attributable to combined
effects of high ionic strength and high sheering forces (88).

The situation for apo A~IV 1is clearly different. Fractiona-
tion of rat serum by gel filtration results in the recovery of
part of the apo 2-IV in a fracticn that elutes after the main
cholesterol peak. The concentration of this "free" apo A-~IV is
very dependent upon the nutriticnal status of the animal. It can
be calculated from data in Table 4.2. that there is a six- to
seven—fold decrease in "free" apo A-IV during fasting. Others
have shown that cholesterol feeding (145} and aging (146) will
result in an increasing amount of apo A-IV in this fraction. In
human serum using either ultracentrifugation or crossed immuno—
electrophoresis, it was observed that even more (> 93%) of the
serum apo A-IV was present in a form not bound to VLDL, LDL or
goL (110, 11l1), Using gel filtration chromatography, about 77% of
human apo A-IV was found in fractions recovered from the column
after VLDL, LDL and HDL (147). In our experiments 46% and 35% {(in
serum from fed and fasted rats, respectively) of the total serum
apo A-IV were recovered in the 4 > 1.21 g/ml fraction after one

ultracentrifugal run at d 1.21 g/ml. Using agarose column chroma=
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tography 36% and 9% (fed versus fasted; see Table 4.2.) of serum
apo A-IV were found in the "free" apo A-IV fraction, indicating
that not only apo A-I or apo E, but also apo A-IV may be "strip-
ped” from rat HDL during ultracentrifugation.

Results of our immunoprecipitation experiments showed that
the "free" apo A-IV fraction contained small amounts of bound
cholesterol and phospholipid, which were detectable after preci-
pitation with anti-apo A—-IV. In these experiments the "free" apo
A-IV fraction was first treated with anti-apo A-I, in order to
exclude any contamination of HDL-sized particles containing apo
A-I. However, some contamination of "free" apo A~IV with apo A-
IV-containing lipoproteins with the size of HDL cannot be exclu-
ded (see below).

Further characterization of apo A~IV containing particles
with the size of HDL was performed by precipitation with specific
antisera against apo A-I and apo A-1IV. From our experiments it
can be concluded that, based on apolipoprotein composition, HDL
is heterogeneous. It is concluded that two apo A~IV containing
HDL particles are present in rat serum:

l. particles that have apo A-IV, but no apo A-I and apo E.

2. particles that contain both apoc A-I and apo A-IV and possibly
some apo E. In addition, the data suggest that the major part of
HDL. apo A-1 is present on a particle that contains neither apo A~
IV nor apo E.

More research is needed for further characterization of the
different HDL subfractions and for definition of their origin and

specific metabolic functions.
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CHAPTER 5

COMPARISON OF THE METABOLIC BEHAVIOR OF RAT APCLIPOPROTEINS A-T
AND A-IV, ISOLATED FROM BOTH LYMPH CHYLOMICRONS AND SERUM
HYGH DENSITY LIPOPROTEINS

G.M. Dallinga-Thie, F.M. van 't Hooft and 2. van Tol
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ABSTRACT

1. Rat apolipoprotein (apo) A~I and A-IV, isolated from both
lymph chylomicrons and serum high density lipoproteins (HDL) were
analyzed by isocelectric focusing. Lymph chylomicron apo A~I con-—
sisted for 81+2% of the pro form and for 19+2% of the mature
form, while apo A~I isolated from serum HDL was present for 36+4%
in the pro form and for 64+4% in the mature form. Apo A-IV also
showed two major protein bands after analysis by isclectric
focusing. The most prominent component is the more basic protein
that amounts to 80+2% in apo A-IV isolated from lymph chylomi-
crons and to 60+3% in apo A-IV isolated from serum HDL.

2. Apo A~I (or apo A-IV), isoclated from both sources {lymph
chylemicrons or serum EDL}, was iodinated and the radiocactive
apolipoproteins were incorporated inte rat serum lipopreteins.
The resulting labeled HDL were isolated from serum by molecular
sieve chromatography on 6% agarose columns and injected intrave—
nously into rats. No difference in the fractional turnover rate
or the tissue uptake of the two labkbeled HDL preparations was
observed, neither for apo A-I nor for apo A-IV.

3. It is concluded that the physiclegical significance of the
extracellular pro apo A-I conversion or the posttranslational
modification of apo A-IV is not related to the fractional turn-
over rate in serum or to their rate of catabolism in liver and

kidneys.
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INTRODUCTION

Rat apolipoproteins (apo) A-I and A-1V are synthesized in
the intestine (11, 116) and secreted in the nesenteric lymph
mainly in association with chylomicrons (13). After exposure to
plasma, apo A~I and apo A-IV are transferred from the chylomi-
crons to HDL (12, 18). Both apolipoproteins are synthesized in
the enterocytes as preproteins (105, 117), that are cleaved
cotranslationally. Apo A-I, in contrast to apo A~IV is secreted
as a pro protein (1053). After secretion the six amino acid pro-—
segment is cleaved, probably by an enzymatic process in the
plasma compartment (101, 107), yielding mature apo A~I. Although
apo A-IV is synthesized without a pro segment, rat plasma apo A-
IV exhibits several isoproteins (12, 112, 153) suggesting that
apo A-IV is modified posttranslationally. The molecular basis of
this apo A-IV polymorphism is unknown.

The metabolic functions of the pro apo 2-1 to mature apo A~I
conversion and the posttranslational medification of apo A~IV are
not clear. While these processes apparently proceed after the
newly synthesized apolipoproteins have reached the plasma con-
partment, we have compared the isoprotein distribution, the in
vivo serum decays and the in vive tissue sites of degradation of
apce A—-I1 and apo A-IV, isolated £from both lymph chylomicrons and
serum HDL.

MATERIALS AND METHODS

Treatment of rats

Male Wistar rats, welighing 350-400 g, maintained on standard
laboratory chow and tap water were used. Blood was collected from
the animals by acortic puncture under light ether anesthesia. The
bleood was kept on ice for 2 h and serum was obtained by low speed

centrifugation at 4°C.

Isolation of apclipoproteins
Serum HDL apo A-I and apo A-IV were isolated from rat serum

as described previocusly (143). Lymph apo A-I and apo A-IV were
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isolated from rat mesenteric lymph. The cannulation was performed
exactly as described by Lambert (137). Lymph collection started
5 h after the operation and the lymph was collected on ice. Clots
were removed and EDRTA (to a final concentration of 1 mM) was
added. Chylomicrons were isolated by ultracentrifugation in the
50.2 rotor at a density of 1.012 g/ml for 2 h at 48,000 rpm and
4°C. The toplayer, containing the large chylemicrons, was further
fractionated on a 6% agarose column (2.5 x 120 cm; Bio Gel A 5M,
200-400 mesh, Bio Rad, Richmend, CA., U.$5.A.), eguilibrated and
eluted with 0.15 M NaCl containing 2 mM Na-phosphate (pH 7.4},
C¢.01% NaN5, 1 mM EDTA at 4°%C with a flow rate of 15 ml/h. The
large chylomicrons, containing the bulk of apo A-I and apo A-IV,
were recovered in the wvoid volume. Lymph apo A-I and apo A-IV
were purified from these large chylomicrons using the same procew—
dure as described for the purification of apo A-I and apo A-IV
from serum HDL. The purity of all apolipoprotein preparations was
checked by SDS-PAGE electrophoresis (154), isocelectric focusing
{155) and immunoblotting (156) using specific antisera against
apo A-I and apo A-IV (143). The immunoblots were visualized with
swine anti-rabbit immunoglobulin conjugated to horse radish per-
oxidase (DAKO, Glostrup, Denmark) and diaminobenzidine (Sigma,
St. Louis, MO., U.S.A.).

Radiciodination of apolipoproteins was carried out using the
ICl method, modified as described by Van 't Hooft et al. (85).
The efficiency was 10-20% and the iodine/protein ratioc was less

than 1 gatom per gmol of protein.

Labeling and separation of lipcproteins by column chromatography

The 1251- ana 13li-labeled apolipoproteins were mixed with 2
ml of rat serum and incubated for 1 h at 4°C. After addition of
sucrose to a final concentration of 10% (w/v), the sample was
applied to a 6% agarose column (1.5 x 50 cm) and eluted as
described above. The flow rate was 3-4 ml/h and fractions of 1 ml

were collected. Absorbance at 280 nm, 1257- ang 13li_radicactivi-

ty were measured in each fraction. Approximately 80% of both apo
A-1IV preparations and 40-70% of both apo A-I preparatious were
incorporated into particles with the size of HDL. Rechromatogra-
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phy of the labeled HDL preparations did not result in any loss of

radicactivity.

Metabolic studies

HDL fractions containing either 125Inlymph chylomicron apo
A-T and 13l1-serum HDL apo A-I or 125I—lymph chylomicron apo A~IV
and 13l1-gerum HDL apo BA~-IV were pooled and dialyzed for 24 h
against 0.15 M NaCl. All preparations were used for metabolic
studies exactly as described by Van 't Hooft et al. (85). The
distribution of radiocactive apo A-I or apo A-IV among serum
lipoproteins was determined 4 h after the intravenous injection
of labeled HDL. Serum obtained from leupeptin—treated or saline-—
treated animals was analyzed by molecular sieve chromatography on
6% agarose (column size 2 x 120 cm, flow rate 10 ml/h) as deseri-
bed above. All 125I1- ang l311—radioactivity was found to be
associated with HDL.

The data collected in this study were statistically eva-
luated using Student's unpaired t-test. Where indicated, wvalues

given are means + S.D. for 3 experiments.
RESULTS AND DISCUSSION

Apo A-I and apo A-IV were purified from rat serum HDL and
mesenteric lymph chylomicrons using conventional methods. On SDS-
PAGE electrophoresis all purified apolipoproteins migrated as a
single band with estimated molecular weight of 27,000 for both
apo A~I preparations and 46,000 for both apo A-IV preparations
(results not shown). The purified apolipoproteins were subse-—
gquently analyzed by isoelectric focusing (Fig. 5.1l.). Two promi-
nent protein bands were detectable in all apo A-1 preparations: a
more basic protein with pI 5.6 (mature apo A-I) and a more acidic
protein with pI 5.5 (prc apo A-1 containing a 6-amino acid pro-
segment) (10l, 105, 107). Quantification of the isoproteins by
densitometric scanning of the stained gels at 6530 nm revealed
that serum HDL apo A-I was composed for 64+4% of the mature
protein and for 36+4% of the proprotein, while lymph chylomicron

apo A-~I was composed for 19+2% of the mature protein and for
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B1+2% of the proprotein. These data are in good agreement with
the values published by Sliwkowski et al. (1lo0l).

Fig. 5.1. Analytical isoelectric focusing in
polyacrylamide gels of apolipoproteins in a pH
gradient from 4-6.

A. serum HDL apo A-IV

8. lymph chylomicron apo A-IV

C. serum HDL apo A-I

D. lymph chylomicron apo A-I

In agreement with earlier studies ((12, 112, 153) it was
found that rat serum HDL apo A-~IV and lymph chylomicron ape A=IV
also consist of two major isoforms (Fig. 5.1.), with pIl's close
to 5.0. Lymph chylomicron apo A—-IV was composed for 80+23% of the
meore basic form and for 20+2% of the more acidic form. The dis-
tribution of the two major isoforms is different in apo A-IV
isolated from serum HDL: 60+3% was present in the basic form,
38+3% in the acidic form and about 2% is present as an additional
minor component. The question was raised whether these isoforms
really represented different isoproteins of apo A~IV. Therefore
the isoforms were analyzed, after blotting on a nitrocellulose
paper, with a specific antibody raised against apo A—-IV. It was
found that all isoforms reacted with anti-apo A-IV (results not

shown), indicating that the isoforms represent isoproteins of apo
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A-IV. From these studies it could be concluded that the apo A-I
and apo A-IV isoprotein composition in lymph chylomicrons and in
serum HDL was not identical. The physiological relevance of the
different isoprotein compositions of lymph chylomicron and serum
HDL apo A-I and apo A~IV remains uncertain. We therefore studied
the in vivo fractional turnover rate and the tissue sites of
catabolism of these preparations, using the model (leupeptin-—

treated rats) previously described by Van 't Hooft et al. (85).
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Fig. 5.2. Removal of rat HDL, labeled with 1251~ap0 A~T isolated from lymph
chylomicrons {(A) or I-apo A-I isclated from rat serum (B) from the blood
plasma of control (0O) and leupeptin-treated (Q) animals. The isolation of rat
HDL and the treatment of the rats are described in Experimental Procedures.
Results are the mean values * 8.D. from 3 experiments.

Fig. 5.2. shows the serum decay of HDL labeled with 125;_

lymph chylomicron apo A—I/l3lI—serum HDL apo A-I, measured over a
pericd of 4 h after intravenous injection of the labeled HDL. In
vivo leupeptin treatment did not have any effect on the serum
decay rate of the labkeled preparations. No difference was obser-
ved in the serum decays of the two labeled apo A-I preparations,
indicating that the rates of catabolism of the two isoproteins
are identical. It was shown before that during a 4 h experiment
only 20% (107) or less (10l) of the injected pro apo A-I is

converted to the mature protein.
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Sexrum HDL apo A-I1 is predominantly catabolized in the kid-
neys and to a lesser extent in the liver (85, 157). The question
was raised whether the two apo A-I isoproteins exhibit a diffe-
rent preference for these tissues. The tissue sites of catabo~
lism of both HDL apo A~I preparations was analyzed at various
time points after intravenous injection of the labeled HDL in
leupeptin-treated and saline-treated animals. No difference in
the accumulation of radiocactivity was observed between the two
apo A~I preparations at any time point in 11 different tissues.
Cnly the liver and the kidneys show a significant leupeptin-
dependent accumulation of radicactivity (Table 5.1.). These re-
sults indicate that the two apo A-I isoproteins are catabolized

at an identical rate by the liver and the kidneys.
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Pig. 5.3. Removal of rat HDOL, labeled with 1251—apo A-IV isolated from lymph
chylomicrons (A) and 131I—apo A~IV isolated from rat serum HDL (B) from the
blood plasma of control (O0) and leupeptin~treated (O) animals. The conditions
were identical with the experiments described in Fig. 5.2.

Similar studies were conducted with both apo A-IV prepara-—
tions, incorporated into rat serum HDL. No difference was obser-—
ved in the serum decay (Fig. 5.3.). However, Dboth apo A~IV prepa-
rations were removed from the circulation more rapidly than the
two apo A-I preparations (compare Figs. 5.2. and 5.3.). This
observation is in agreement with a recent study showing that the
fractional turnover rate (measured between 8 and 28 h) was 8.5 h
for HDL apo A-IV and 10.2 h for HDL apec A-I (Dallinga-Thie et
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al., in press). No differences were observed in the leupeptin-—
dependent accumulation of radiocactivity, measured 4 h after in-
jection of the labeled preparaticn. It is evident that apo A-IV
radicactivity preferentially accumulates in the liver, while apo
A-T radiocactivity accumulates predominantly in the kidneys {Table
5.1.).

TABLE 5.1.
Leupeptin-dependent accumulation of radiocactivity, expressed as % of the
injected dose/tissue, measured 4 h after intravenous injection of the labeled

HDL preparations*.

Liver Kidneys
Lymph chylomicron apo A-IV 6.0+2.9 3.140.8
Serum HDL apo A-=IV 7.5+3.0 2.9+0.1
Lymph chylomicron apo A-I 2.1+1.7 4.3+0.1
Serum HDL apo A~I 2.4+1.5 4.5+1.3

*
Values given are average + 5.D. of 3 experiments.

In conclusion, this study shows that lymph chylomicron and
serum HDL apo A-IV have a different isoprotein distribution, as
was previously noted for apo A-I. The fractional turnover rates
and the tissue sites of catabolism of apo A-IL and apo A-IV,
isolated from lymph chylomicrons and serum HDL, and reincorpo-
rated intoe serum HDL were identical. These results indicate that
the physiolegical significance, if any, of the pro apo A-I to
mature apo A-I conversion and of the posttranslational modifica-
tion of apc A-IV is not related to the fractional turnover rate
of serum HDL or to the catabolism of these HDL proteins in the

liver and the kidneys.
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CHAPTER 6
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ABSTRACT

The in vivo metabolism of high density lipoprotein {(HDL),

f l251—apolip0protein (apo) A~IV, was

labeled by incorporation o
studied in the rat and compared with the metabolism of HDL label-
ed with 13lI~apo A-I. The 125I—apo A-IV labeled HDL was obtained
by adding small amounts ©f radiciodinated apo A-IV to rat serum,
followed by separation of the different lipoprotein fractions by
chromatography on 6% agarose ¢olumns in order to aveid “"strip-
ping" of apolipoproteins by ultracentrifugation. Under both in

vitro and in vivo conditions the 125

I-apo A-IV remained an inte-—
gral component of HDL and was not exchanged to other lipopro-
teins, including the "free" apo A-IV fraction. The serum half-
life, measured between 8 h and 28 h after intravenous injection
of labeled HDL was 8.5 + 0.5 h for HDL apo A~IV and 10.2 + 0.7 h
for HDL apo A-I.

The tissue sites of catabolism of HDL apo A-IV and HDL apo
A-I were analyzed in the "leupeptin-model®™. Only the kidneys and
the liver showed a significant leupeptin~dependent accumulation
of radiozctivity. 4 h after injection of lzsl—apo A—IV/1311~apc
A-I labeled HDL, 3.5+1.0% and 8.412.0% of HDL apoc A-IV and
4.6+1.3% and 2.6+0.6% of the HDL apo A-I were accumulated in a
leupeptin~dependent process in kidneys and liver, respectively.

Immunocytochemical studies revealed that the renal localiza-~
tion of apo A-IV was intracellular and confined to the epithelial
cells of the proximal tubuli. The amount of intracellularly apo
A-IV in rat kidneys was increased in leupeptin-treated animals.

The data suggest that the leupeptin-dependent degradation of
HDL apo A-IV is mere active in the liver than in the kidneys,
while the opposite is observed for HDL apo A~I. These results, as
well as the short half-1life of HDL apo A-IV, as compared to HDL
apo A-I, are compatible with the existence of an apo A-IV~-con-
taining HDL subfraction with a relatively fast turnover for which

the liver is the major catabolic site.
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INTRODUCTION

Considerable evidence in faveor of a positive correlation
between low levels of high density lipoproteir (HDL)-cholesterol
and an increased risk of corcnary heart disease and atherosclero-
$is has been obtained from epidemiological studies (158, 159).
However, little is known about the exact physiological function
of HDL. Glomset (79) postulated in 1968 that HDL may serve to
transport cholestercol from the extrahepatic tissues to the liver
{"reverse cholesterol transport"). Since then, several studies
showed that in the rat HDL can deliver cholesterol(ester) to the
liver and to organs which are invelved in the synthesis of ste-
roid hormones (80-83).

Serum apolipoprotein (apo) A~IV is found primarily in HDL
and in a “"free" apo A~1V fraction (133, 138, 145, 146). Turnover
studies in the rat showed that the half~life of iodinated HDL-
bound apo A-IV in the circulation is not different from that of
total iodinated HDL (133). This study suggested that, upon lea-
ving the lymph compartment and entering the plasma compartment,
apo A=1IV was transferred to the HDL fraction by way of the "lipo=-
protein~free® fraction. It has been shown that this transfer of
apc A-IV from the "free" fraction to HDL is due to the esterifi-~
cation of free cholesterol by lecithin:cholestercl acyl transfe—
rase {144). _

Recent studies on the catabolic sites of other HDL apopro-
teins, apo A-I and apo E, showed that the kidneys play an impor-
tant role in the degradation of apo A-I (85, 157), as well as apo
E (85, 160). In the present paper we studied the degradation
sites of HDL apo A-IV, using leupeptin~treated rats (85). Our
study shows that the kidneys contribute significantly to the
degradation of HDL apo A-IV, although the liver is the major

catabolic site.
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METHODS

Materials

Sodium [1251Jiodine {carrier-free, 350-600 mCi/ml) and so-
dium [1311]iodine (carrier-free, 40 mCi/ml) were obtained from
Amersham International, Amersham, Bucks., Great Britain. Leupep-
tin was obtained from the Peptide Institute, Csaka, Japan. 6%
Agarose was obtained from Bic Rad, Richmond, Va., U.S5.A., swine
anti-rabbit serum immunoglobulin, conjugated to horse-radish
peroxidase was purchased from Dake, Glostrup, Denmark. Rat serum
albumin and diamincbenzidine were obtained from Sigma Chemicals,
S$t. Louis, Mo., U.S.A.

Treatment of rats )
Male Wistar rats, weighing 350-400 g, maintained on standard
Jaboratory chow and tap water, were used. Where indicated the
focod was withheld for 20 h. Bloed was collected from the animals
by aortic puncture under light ether anaesthesia. The blood was
kept on ice for 2 h and serum was obtained by low speed centrifu~

gation at 4°cC.

Isolation and icodinmaticn of apo A-IV and apo A-I

Apo A-IV and apo A-1 were 1sclated from rat serum HDL as
described previously (143). After isolation, the pure apolipopro-~
tein fractions were dialysed extensively against 0.05 M Na-
phosphate pH 7-8 and stored at —80%C. The purity of apo A—iv and
apo A~I was checked by gelelectrophoresis on 12.5% polyacrylami-
de, containing 0.1% SDS, as described by Cleveland et al. (154).

Radjolodination of apeolipoproteins was carried out using the
IC1 method (161). In short, 0.03 mg of apo A-I or apo A-IV, in a
volume of 0.03 ml, was mixed with 0.02 ml 0.1 M glycine—NaOH
puffer (pH 10.0), 0.01 ml 1251 or 1311 (0.5 mci) and 0.005 ml IC1
sclution in 2 M NaCl (3.1 nmole or 3.8 nmole for the iodination
of apo A-IV and apo A-I, respectively), followed by incubation at
room temperature for 5 min. Unreacted 1251 or 1311 yas removed by
chromatography on Sephadex G-530 (medium), eguilibrated with 0.15
M NaCl, containing 2 mM Na-phosphate (pH 7.4) and 5 mg/ml of
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defatted bovine serum albumin. The efficiency of the iodination
was 10-20% and the iodine/protein ratio was less than 1 gatom

icdine per gmeol of protein.

Labeling and separation of lipoproteins by column chromatography

The 1251- and 13li-1abeled apolipoproteins were mixed with 2
ml of non—-fasted rat serum and incubated for 1 h at 4°C. After
addition of sucrose to a final concentration of 10% (w/v), the
sample was applied to a 6% agarose column (1.5 x 50 cm) and
eluted with 0.13 M NaCl, containing 2 mM Na-phoshpate (pH 7.4),
0.01% NaNg and 1 mM EDTA. The flow rate was 3-4 ml/h and frac-—
tions of 1 ml were collected. The column was operated at 4°c.

Absorbance at 280 nm, 1257_ ang 131I

~radioactivity and total
cholesterol were measured in each fraction. HDL fractions, con-
taining lzstapo A-IV and 131I-—apo A-I, were pooled and dialyzed
for 18-24 h against Krebs-Henseleit buffer (162). All prepara-

tions were immediately used for metabolic studies.

Metabolic studies

After the chow-fed, non-fasted animals were anesthesized
with diethylether, one ml of 125I—apo A=IV / l3lI—apo A-I-labeled
HDL was injected through a femoral vein. Leupeptin was adminis-
tered intravenously, as described by Van 't Hooft et al.(85), 1 h
before the injection of labeled HDL. The rats used for the 4 h
decay time point received a second leupeptin injection 2 1/2 h
after the first one. Leupeptin was injected in a concentration of
20 mg/kg body weight. All control animals were handled identical~
ly, but they received injections of saline instead of leupeptin.
At the end of the experiments, the rats were bled from the abdo—
minal aorta. The heart, liver, spleen, kidneys, testes, adrenals
and representative sections of muscle, adipose tissue, lung, skin
ahd jejunum were removed. Calculations of the radioactivity pre-
sent in the organs were made as described previously (85). The
radicactivity in serum was measured in 0.253 ml samples and the
results were expressed as percentage of the injected radiolabel,
assuming a plasma volume of 3.36-3.51% of bedy weight, dependent
on body weight (163).
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For "screening”, double-labeled HDL was injected in the
femoral vein of chow-fed animals. The blood was collected after 1
h and kept on ice for 2 h. The serum was isolated and used
directly for the in vivo experiments.

The label and mass distribution of apo A-IV and apo A-I were
measured in serum of rats injected with labeled HDL. Serum ob=
tained from control or leupeptin-treated animals was subjected to
6% agarose columnchromatography (column size 2 x 120 cm) to sepa-
rate the different apo A-IV containing lipoprotein fractions
(138}. In all samples 1251_ ana l3lI—radioactivity (recoveries
88+3% and 85+5% , respectively), apo A-IV and apo A-I1 mass (reco-
veries 99+1% and 98+4%, respectively) and total cholesterol (re-

covery 96+4%) were determined.

Immunocytochemical methods

The immunocytochemical localization of apo A-IV in rat kid=-
neys was performed as described by Van Ewijk et al. (164). After
the kidneys had been perfused in situ with 0.9% NaCl, containing
1 mM EDTA (pH 7.4) at 37°C, they were removed from leupeptin-
treated and control rats and embedded immediately in Tissue-tek
on specimen stubs frozen on sclid carbon dioxide. Frozen sections
(5 u) were cut on a cryostat (Bright Ltd., Huntingdon, Great
Britain) and were collected on microscope slides precoated with a
solution containing 0.1% gelatin and 0.01% chromium-potassium
sulphate. The tissue was gently fixed by dipping the slide for 1
sec in acetone. These sections were stored at -20°C. All subse-—
quent procedures were performed at room temperature. Before being
incubated with antisera, the sections were soaked in 0.9% NacCl
(containing 10 mM Wa-phosphate {pH 7.4), 5% bovine serum albumin
(PBS~BSA) and 0.05% Tween—-20) for 30 min in order to remove the
embedding medium. Next, the secticns were covered with 50 ul of
the antibody {1:300 dilution) and incubated for 1 h in a moist
chamber. After rinsing with PBS-B$A buffer, the sections were
incubated for 1 h with 50 aul swine anti-rabbit serum immunoglobu-
1in conjugated to horse—-radish peroxidase {1:4C dilution, contai-
ning 1% rat serum). After rinsing in PBS-BSA, the conjugate was

visualized by incubation of the sections in diaminobenzidine
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(DAB) according to Graham et al. (165). Sections were subse-

guently incubated in a solution of 0.5% chromium sulphate in 0.9%
NaCl in order to improve the staining.
fixation,

After dehydration and

the sections were coverslipped and examined with a
microscope.

Chemical analysis

Total cholesterol was measured enzymatically using the CHOD-
PAP kit (Boehringer, Mannheim, F.R.G., Cat.No. 310328). Apo A-I
and apo A-IV were determined by electroimmunocassay,
previously (143).

as described
Iodine radicactivity was counted in the LKB-

Wallac ultrogamma counter (LKB-Wallae, Turku, Finland). The data

collected in this study was statistically evaluated using Stu-—

dent's unpaired t-test. Values given are means * S$.D. for 3-6

experiments.
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Fig. 6.1. Molecular sieve chromatography of 1251-~apo p=IV—-labeled serum lipo—

%rotelns from rats fed standard laboratory chow.

I-apo A-IV was incubated with 2 ml of rat serum for 1 h at 4°. The serum
lipoproteins were immediately separated on a 8% agarose %?lumn (size 1.5 x 50
cm). The absorbance at 280 nm (®), and the distribution I-apo A~IV radiocac-—
tivity {Q) are shown. &= indicates the fractions containing 90% of total
HDL~cholestercl.
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RESULTS

Radiciodinated apo A-IV and apo A-I were incorporated into
rat serum lipoproteins and the different lipoprotein fractions
were separated on a €% agarose column. Figure 6.1. shows the in
vitro incorporation of 1251~apo A-IV into serum lipoproteins,
using a method described for the labelling of rat apo A-I and
apo E (85, 160). More than 80% of the label was on particles with
the gize of typical HDL. Fractions containing the highest level
of radicactivity and 20% of total HDL cholesterol (indicated by
the horizontal bar) were pooled and immediately used for metabo-
liec studies. In all studies double-labeled apo A-IV/apo A-I HDL

preparations were used, containing 1255 g 1311

~apo A~IV an —apo A-1L
or vice versa.

In control experiments we tested whether the labeled HDL
apolipoproteins remained associated with the HDL fraction under
various in vivo and in vitro conditions (see below). After re-
chromatography of the HDL, labeled apo A-IV and apo A-I remained
quantitatively associated with the HDL fractien {(not shown).
Figure 6.2.A. shows the elution pattern and the distribution of
radiocactivity on a 6% agarose column of pooled sera obtained from
two saline~treated rats killed 4_h after injection of HDL labeled
with 1251—ap0 A-IV and 131I—apo A-I. Figure 6.2.B shows the mass
distributions of apo A-IV and apo A-I in the same experiment. In
rat serum, apo A-IV was present in HDL as well as in a "free" apo
A-IV fraction. 1In this "free"” fraction, 33+3% of the mass of apo
A-IV was present, but 1251—apo A-IV could not be detected. The
radiocactive apolipoproteins were present on HDL particles with
the same size as the nonradicactive apolipoproteins. Apo A-IV was
present on slightly bigger particles than apo A-I in all sera
tested. Serum obtained 3 min or 1 h after injection of the
labeled HDL gave essentially the same results as those shown in
Figure 6.2. at higher levels of HDL radiocactivity. These data
suggest that 125I—apo A-TV, once assocliated with HDL, will not
exchange or transfer to other lipoprotein classes, including the
"free" apo A-IV fraction, but will remain an integral part of

HDL. In another experiment, HDL labeled with 1251-—apo,A+IV]
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Fig. 6.2. Molecular sieve chromatography on 6% agarose (column size 2 x 120
cm) of serum obtained from saline~treated control rats killed 4 h after the
injection of 12 I-apo A-IV and 3% apo A-I HDL.

In Fig. 6.2.A. the absorbance of serum proteinsg at 280 nm (@) and the distri-
bution of 1 5I-apc> A=-IV (B) and 131I-apo A=I (01) label is shown. In Fig.
6.2.B. the distribution of apc A~IV () and apo A~I (0 mass, as determined by
electroimmunoassay, is given. The second apo A-IV peak has a slightly higher
elution volume than '2 I~albumin, as was determined in separate experiments
(see also ref. 138). This Figure shows a representative experiment out of a

series of 6.
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Fig. 6.3-. In vitro incubation of 1251-apo A*Iv/1311—apo B-I HDL with serum
obtained from chow-fed rats followed by chromatograhpy on 6% agarose {(column
size 2 x 120 cm).

The distribution of 125I-r—.q:;o A~IV (@}, ?31I—apo A-I {0) and total cholesterol
(® are shown after 0 h {A) and 4 h (B} of incubation at 37°. VLDL, LDI, HDL,,
HDL, and RSA indicate the elution velumes of isolated human lipoproteins and
rat serum albumin, which were chromatographed in separate experiments. VLDL
and LDL were isolated by sequential ultracentrifugation (2) and washed once.
Human HDL, and HDL; were isclated by rate zonal density gradient ultracentri-
fugation in a swinging bucket rotor, as described by Groot et al. (56).
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13ll—apo A-I was incubated with rat serum at 37°C for various

periods of time (up to 28 h) and the distribution of radio-
activity was subsequently analyzed on 6% agarose columns. Under
all conditions leI—apo A~IV remained quantitativly associated

with the HDL fraction (e.g. Fig. 6.3.). In agreement with studies
of Delamatre et al. (144), the mass of "free" apo A-IV decreased
during in vitro incubation and apo A~IV in the HDL fraction

increased.
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Fig- 6.4. Removal of '27I-apo A-IV EDL (@) and '3 'I-apo A~I HDL (O) from the
serum of chow fed (A) and fasted rats (B).

The isolation of labeled rat HDL is described in "Metheds". The HDL prepara-—
tions were injected intravenously, blood was collected at the indicated time-
points and serum was obtained by low speed ultracentrifugation. All values
given, except those measured 1 h after injection, show a statistically signi-
ficant difference between 1253:-apo A-IV and 1311«-ap<:> A=I; P4 0.005. The
graphically determined serum half lifes, measured between B8 and 28 h after
intravenous injection of double labeled HDL, were also different (P £ 0.01)
for the two apolipoproteins. Results are means + S.D. for 4 experiments.
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Figure 6.4. shows the serum decay curves of 12°71

IV/l3lI apo A-I labeled HDL measured over a period of 28 h. In
agreement with previously published data (85, 157) the half-life

~apo A-

of labeled HDL-apo A-I, measured between 8-28 h after injection
of the labeled HDL, was 10.2 + .7 h. The serum decay of lzsI—apo
A~IV was faster than the serum decay of lBlI—apo A=I. The half~
life of 125I—apc 2-IV, measured between 8 and 28 h after injec-
tion was 8.5 + 0.5 h. In vivo "screening” of the labeled HDL had
ne effect on the serum decay curves. Most experiments were per-—
formed in chow-fed rats but, as shown in Figure 6.4.B., no chan~
ges in the gerum decay of radicactive apo A-IV or apo A-I were
induced by fasting the animals for 20 h.

The tissue sites of degradation of HDL~apo A-IV were deter-
mined in leupeptin-treated rats according to the methodology
described by Van 't Hooft et al. (85). Leupeptin is a tripeptide
which inhibits the lysosomal degradation of protein, a process
which occurs very fast in the absence of the inhibitor. Radiocac-—
tivity derived from intravenously injected radicactive proteins
therefore accumulates in the lysosomes of tissues of leupeptin-
treated animals and actively catabolizes these proteins (85).
Figure 6.5. shows that leupeptin treatment has no effect on the
serum decay of the radicactive HDL apolipoproteins measured over
a period of 4 h after injection of the labeled EDL. Furthermore
analyses of sera from leupeptin—treated and saline—treated rats
revealed that all radiocactivity remained associated with HDL {as
shown in Figure 6.2. for saline~treated rats). Also, leupeptin
treatment 4did not change the mass distribution of apo A-IV be-
tween HDL and the "free" apo A-IV fraction. The results of these
and previous studies (85) indicate that leupeptin treatment does
not influence the turnover of HDL-apo A~IV and HDL-apo A-I during
the 4 h experiments.
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Fig. 6.5. Removal of rat 1251—apo A~IV HDL (A) and rat 131I—apo A~XI HDL {B)
from the serum of contrel (O)and leupeptin—treated (O) animals.

The iseclation of radiciodinated rat HDL and the treatment of rats are descri-
bed in "Methods". The labeled HDL preparations were injected intravenously,
blood was collected at the indicated time-points and serum was obtained by low
speed centrifugation., Results are means + S.D. for 5 experiments. The values
measured 4 h after injection show a sta_tistically significant difference
between 1251—3;:0 A=IV {1) and 131I—apo A~z (B); P { 0.01.

The tissue radicactivities derived from the 125I---apo A-
IV/lBlI—apo A~I labeled HDL were analyzed in eleven tissues. At
different time points after injection of 125T-apo A-TV/13lI-apo
A-I labeled HDL, the percentage of injected radiocactivity present
in each tissue was determined. The difference between the tissue
radicactivity of saline~treated and leupeptin~treated rats is
called the "leupeptin-dependent accumulation” of radicactive apo
2-IV or apc A-I. Only the liver and the kidneys showed a signifi-
cant leupeptin-dependent accumulation of radicactivity ({see Fi-
gures ‘6.6- and 6.7.} indicating that these tissues are sites of
degradation of HDL apo A-IV and HDL apo A-I. The liver seems to
be relatively more important in the upitake and degradation of apo
A-IV than in the catabolism of apo A-I. Comparable results were
obtained when the double-labeled HDL was "screened" before the
experiments.
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Fig. 6.6. Tissue accumulations of intravenously injected 1251—&_’90 A-IV HDL in
the liver and the kidneys of control (D) and leupeptin-treated (Q) rats.

The isolation of 1251-apo A-IV HDL and the treatment of rats are described in
"Methods". At different time-intervals after intravenous injection of labeled
HDL, bloocd was collected and a number of tissues, among others the liver and
the kidneys, were excised, weighed and counted for radiciodine. The leupeptin-
dependent accumulation (@) in each tissue at each individual time point was
calculated as described in "Methods”. Values are means + S.D. £or 3 experi-
ments. The leupeptin~dependent accumulations measured 1 h and 4 h after injec~
tion showed a statistically significant difference between liver and kidneys;
P £ 0.01.
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Fig. 6.7. Tissue accumulation of intravencusly injected 131I—-—apo A-I HDL in
the liver and the kidneys of contrel {0} and leupeptin-treated (0O) rats.
The isclation of I-apo A~-I HDL and the treatment of rats are descriked in
"Methods". The experiment was performed as in Figure 6.6. The leupeptin-
dependent accumulation (@ was calculated as described in "Methods". Values
are means + S.D. for 3 experiments. The leupeptin-dependent accumulation
measured 4 h after injection shows a statistically significant difference
between liver and kidnevs; P £ 0.01.

Evidence for the intracellular renal localization of apo A~
IV was also obtained from immunocytochemical studies by using the
horse~radish techunigue. Figure 6.8.A. shows that apo A~IV is
located in the cells of the proximal tubuli of leupeptin~treated
rats. No intracellular stain can be detected in cells of the
glomeruli. Sections treated with nonimmune rabbit IgG exhibited
no staining under conditions identical to those used for visuali-
zation and photography of sections treated with anti-rat apo A-IV
(see figure 6.8.C.). Kidneys from leupeptin-treated rats have an
increased intensity of brightly staining granules in the epithe-
lial cells of proximal tubuli (probably reflecting apolipoprotein
accumulated in the lysosomes) when compared with kidneys from
saline-treated control rats (Figure 6.8.B.). The kidney sections
were also analyzed for apo A-I and apo E with the same
technigque. Essentially, the same localization was observed for
all three HDL apolipoproteins. Also, in the case of apo E and apo
a~I the intensity of stain was the highest in leupeptin~treated
animals. Minimal staining was present in the lumen of the proxi-

mal tubuli.
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DISCUSSION

The method of labeling used in the present study opens the
possibility of carrying out metabolic studies of HDL specifically
labeled in apo A-IV, without disturbing its physiological compo-
sition. Using ultracentrifugation, a significant part of the HDL
apo A-IV, apo A-I and apo E will be "stripped” and recovered in
the fraction 4 > 1.21 g/ml (87, 28, 138). These changes may
result in an altered in vivo metabolic behavior in the rat (152).
A study of Funke et al. (166}, using canine apo E HDL, isolated
either by ultracentifugation or by column chromatography did not
show any difference in metabolic behavior. _

In the present work, we intended to study the degradation
sites of HDL-apo A-IV. In rat serum, apo A-IV is present on HDL
as well as on a particle called "free" apeo A-IV, which is smaller
than HDL (133, 138, 145, 146). In agreement with our earlier
chservations (138), it was found that about 1/3 of serum apo A-IV
is present as "free" apo A-IV in serum obtained from chow=~fed
rats. It was therefore 1lmportant to be sure that no label was
present in the "free" apo A-IV fraction. Rechromatography of the
labeled lipoproteins, incubations of labeled HDL in vitre with
1257 _apo a-1v
remained associated with the HDL particle. Analysis of the dis-—

rat serum, or intravenous injection showed that

tribution of lzsI—apo A-IV in serum during our in vivo experi=-
ments revealed that no label was present in the "free" apo A-IV
fraction up to 4 h after injection of labeled HDL-apo A-IV. This
indicates that either apec A-IV in HDL is not a precursor of
"free" apo A-IV or that the degradation of "free" apo A-IV deri-
ved from HDL is very rapid compared to that of HDL-apo A~IV, so
that the label cannot be detected in the “"free" apo A-IV frac-
tion. The latter possibility seems unlikely since intravenously
injected free lzstapo A=IV showed exactly the same initial rate
of disappearance from serum as injected HDL-1231-apo a-IV.

In separate experiments (not shown) it was found that 80 #
6% (n=3) and 80 * 8% (n=5) of the injected radiocactivity of
these twe preparations respectively, was still present in serum

if measured 15 min after injection. No label was present in
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fractions c¢ontaining "free" apo A-IV after fractionation of the
sera by gel filtration. In vitro incubations of the HDL prepara-
tion labeled by in witro incorporation of 1251nap0 A-IV ang 131l1-
apo A-I again showed that the labels on HDL are very stable (see
Figure 6.3.).

Because 125I-apo A~IV remains associated with the HDL par-—
ticle, it was possible to study the in vivo metabolism of HDL apo
A~IV and to compare it with the metabolic behavior of apo A-I,
the major apoprotein of rat HDL. As shown in Figure 6.4., the
serum decay of HDL apo A-~IV was faster than the serum decay of
HDL apo A-I. This observation seems to be at variance with data
published by Fidge et al. {133), who could not detect any diffe~
rence in serum tunorver of HDL apo A-IV and rat whole HDL, labe-—
led mainly in apo A-I. It must be stressed that in the present
study the turnover of HDIL apo A-IV and HDL apo A~]1 was compared
directly by a double labeling approach in order to minimize +the
effacts of other experimental conditions. Also, "screening" of
the lipoprotein preparations prior to the metabolic studies did
not influence the results. An explanation for the faster rate of
metabolism of HDL apo A-~IV could be related to the presence of
small amounts of triglyceride-rich lipoproteins in serum of non-
fasted rats. If there was any exchange of apoA-IV between HDL and
triglyceride-rich lipoproteins, this exchange could increase the
serum decay of EDL apc A~IV. However, 125I—apo A-IV was not found
+to be associated under any conditions with the triglyceride-rich
lipoprotein fractions. Moreover, the serum removal rate of HDL
apc A-IV was identical in 20 h fasted and non~fasted rats. These
studies therefore strongly suggest that under our experimental
conditions the removal rate of HDL apo A~IV from rat serum is
faster than that of HDL-apo A-I, a situation comparable to that
in humans (167, 168).

The tissue sites of degradation of HDL apo A-IV were deter—
mined using leupeptin-treated rats, as described previously (85}.
Treatment of rats with leupeptin delays the protein degradation
in the lysosomes, causing accumulation of intravenously injected
labeled apolipoproteins in those tissues normally involved in the

degradation of these proteins. Leupeptin treatment has no effect
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on serum levels of lipids and apolipoproteins (85) nor deoes it
influence the serum decay of HDL apeolipoproteins measured over a
period of 4 h (Figure 6.5.).

Recent studies on the degradation sites of apo A-I either
using leupeptin-treated rats (85) or the 1257 _tyramine cellobiose
label {157}, showed that the rat kidneys play an important role
in the degradation of HDL apo A~I. Alsc in dogs (169) and in
humans {170, 171) the kidneys are involved in the degradation of
plasma HDL. Results of the present study do confirm the role of
the rat kidneys in the degradation of HDL apolipoproteins, and
extend this role to apo A-~IV. The mechanism for the uptake of HDL
apolipoproteins by the kidneys 1Is not yet completely understood.
Studies on serum HDL cholesteryl ester metabolism have shown that
very little is taken up by the kidneys ia vivo (81-83), leading
to the conclusion that at least part of the HDL apo A-I may be
cleared from the circulation separately from the HDL cholesteryl
esters.

It was proposed by Glass et al. (157) that a small fraction
of "free" apo A-I is rapidly filtered by the glomeruli, f£followed
by endocytosis and degradation of the filtered apo A~I in the
epithelial cells of the proximal tubuli. The results of studies
on the renal catabolism of HDL in the isolated perfused rat
kidney (172) and in mnicroperfused rabbit proximal straight
nephron segments (173) are consistent with this hypothesis. The
immunochemical localization studies described in this paper show
that apo A-IV, as well as apo A-I and apo E (not shown}, are
present in granules within the cells of the proxiﬁal tubuli.
Almost no staining was observed in the lumen or on the brushbor-
der membrane of the tubular cells or in the glomeruli. Leupeptin
injection resulted in a specific increase of granular staining
inside the cells of the tubuli. All these findings support the
idea that the degradation of apo A-IV in the kidneys occurs in
the lysosomes of the epithelial cells of the promixal tubuli, a
conclusion reached earlier for apo A-1 (157).

Fig. 6-8. Localization of apo A~IV in kidneys of leupeptin-treated rats (A)
and saline-treated rats (B) by immunocytochemistry {immunopercxidase staining)
as described in "Methods” using rabbit anti-rat apo A~IV (A and B). A control
experiment, using non immune rabbit TgG, is shown in C. In all photographs
various tubuli can be seen surrcunding one glomerulus (x 400).
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The results of the present study also suggest an important
rele of the liver in the uptake and degradation of HDL apo A-IV.
this could indicate a role of HDL apo A-IV in "reverse choleste-
rol transport", as suggested by Delamatre et al. (145). We showed
recently (138) that part of the HDL apo A-IV is present on par-
ticles which do not contain apo A-I. These apo A-~IV particles
could have a relatively rapid turnover and be specificaly degra—
ded in the liver. If this hypothesis is true, it would also ex-
plain the relatively rapid serum removal rate of apo A-IV, com-
pared with apo A-I (see figure 6.4.). Detailed studies are needed
in order to clarify the metabolism of the different ape A-IV
containing subfractions and their relationship with cholesterol

metabolism.
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SUMMARY

High density lipoproteins (HDL), present in serum of chow-
fed rats, were fractionated according to size by chromatography
of gserum on 6% agarose columns. The distributions of apolipopro-
tein (apo) A-I, E and A-IV within the HDL size range showed the
existence of HDL subclasses with different size and chemical
composition. Sequential immunoprecipitations were performed on
these HDL fractions, cobtained by agarose column chromatography,
using specific antisera agalnst apo A~I, apo E and apoc A-IV. The
resulting precipitates and supernatants were analyzed for choles-—
teryl esters, unesterified cholesterol, phospholipids, triglyce-—
rides and specific apeclipoproteins. The following conclusions are
drawn from these experiments:

1. 63 + 3% of the apo E in total HDL is present on a big HDL
particle (mol wt 750,000). This apo E-HDL ¢entains apo E as
its sole protein constituent. 39 + 1% of the HDL cholestercl
is found in this fraction. The cholesterol:phospholipid
ratio is 1:1,1.

2. 69 + 8% of the apo A-I in total HDL is present on a
smaller HDL particle (mol wt 250,000). This apo A-I-HDL has
apo A-I as its major protein component and possibly contains
minor amounts of ape C's, but neither apoc E nor apo A-IV. It
contains 39 + 8% of the total HDL cholesterel and the chole-
sterol:phospholipid ratio is 1:1,6.

3. 21 + 8% of the apo A~IV in total HDL is present on an HDL
particle {mol wt approximately 250,000), which does not
contain any ape E or ape A-I and only 4 + 1% of the total
HDL, cheolestercl.

4. The remainder of the HDL apolipoprotein and of the total HDL

) chelesterol is mostly present on twe complex lipoproteins:

HDL containing both apo A-I and apo A-~IV and EDL containing

both apo A~1 and apo E.
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INTRODUCTION

Classification of different serum lipoprotein classes accor-
ding teo their apoclipoprotein composition has been deseribed by
Alaupovic (174). A distinction was made between socalled simple
lipoproteins, containing only one apolipoprotein (ape), and com—
plex lipoproteins, containing more than one apolipecprotein. Ac-
cording to this classification, human HDL can be divided into one
simple lipoprotein (Lp A~I), containing only apo A-I, and a com-
plex lipoprotein particle Lp (A-I with A~IX), containing both apo
A-I and apo A-II (174-178).

Rat HDL subclasses have been described by Weisgraber, Mahley
and Assmann (59). Using ultracentrifugation and Geon-Pevikon
block electrophoresis, they isolated an HDL fraction (HDL;}, with
ape E as its major apolipoprotein, from normal rat serum and a
similar HDL fraction (HDLc) from serum of cholesterol~fed rats.
These fractions, however, still contain small amounts of apoc A-I.
Rat HDL subfractions were also separated by Heparin-Sepharose
¢column chromatography (179}. Two HDPL subfractions can be obtained
using this method: HDL enriched in apo E-and HDL enriched in apo
A-I.

Evidence for the existence of different HDL subfractions
also comes from experiments using agarose column chromatography.
If rat serum lipoproteins were separated according to size it was
found that the elution profiles of apo E and apo A-I were not
identical, as apo E was eluted ahead of apo A-I in the HDL size
range (138, 151). This suggests that apo E is enriched on the
bigger HDL particles. In order to analyze the different apo A-IV
containing fractions in the HDL size range, we recently used
specific immuncprecipitations (138). This technique provided
evidence for the existence of three types of HDL particles of
rélatively small size: HDL containing apo A-IV, HDL containing
apo A-I and a more complex HDL particle, containing both apoc A-I
and apo A-IV; none of these three subclasses contained appreci-
able amounts of apo E. We now report the identification and
¢hemical composition of five distinct rat HDL subclasses, isola-

ted directly from rat serum using 6% agarcse column chromato~
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graphy and characterized by sequential immunoprecipitation with
specific antibodies against ape A~I, apo E and apo A~IV. A major
f£inding is that almost 40% of the HDL cholesterol present in
serum from chow-fed rats is carried by a big HDL, containing apo

E as 1ts sole protein constituent.
MATERIALS AND METHODS

Isolation of serum HDL

Male Wistar rats, weighing 300-350 g, were maintained on
standard laboratory chow and tap water. Blood was collected at
9 AM from fed animals by acrtic puncture under light ether anes-
thesia. The blecod was Kept on ice for 2 h. Serum was obtained by
low speed centrifugation at 4°C and EDTA solution (pH 7.4) was
added to a finel concentration of 1 mM. Ten ml of pooled serum
from 2 rats, containing 10% sucrose (w/v), was applied on a 6%
agarose column (2 x 120 em, Bio Rad, Richmend, USA), equilibrated
and eluted with (.15 M NaCl, containing 2 mM Na-phosphate buffer
(pH 7.4), ©0.01% NaN3 and 1 mM EDTA (138). The column was operated
at 4°C. Compared to a previous publication (138), we changed the
column size and the flow rate. The presently used columns have a
diameter of 2 em, compared to 2,53 cm of the previously used
columns. The flow rate applied now is 10 ml/h (previously 15
ml/h). The length of the column still is 120 cm. These changes
clearly resulted in an improved separation of high density lipo-

protein subclasses present in rat serum.

Standardization of the columns

Several markers were used in order to standardize the agaro-
se columns. Icodinated rat serum albumine, rat serum VLDL and HDL,
human LDL, HDL, and EDL3; were used for calibration as shown in
Fig. 7.2. These lipoproteins were isclated by way of ultracen-
trifugation in salt solutions of the appropriate densities. In
order to estimate the size of the different lipoprotein frac-
tions, the column was also standardized using a gel filtration
standard kit (Bio Rad) containing proteins with known molecular

weights, i.e. thyroglobulin (mol wt 670,000), K -globulin {mol wt
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158,000), ovalbumin (mol wt 44,00C), myoglobulin {mol wt 17,000)
and vitamin B-12 (mol wt 1,350}. When the logarithms of these
molecular weights were plotted against ve/vo {elution volume/void

volume), a linear relationship was found.

Inmunoassays

Apo A-I, apo A-IV and apo E concentrations were determined
by electroimmunoassay, exactly as described previcusly (129,
143). In short, proteins present in sera, immunoprecipitates,
supernatants, column fractions and standards were routinely pre—
cipitated with TCA in the presence of DOC as a carrier. The
resolving protein pellets were solubilized in 0,1 ml of ¢,5 M
NaOH and delipidated with tetramethyl urea. Twenty mM Tris-~HCL
(pH 8.3}, containing 8 M urea was added before the samples were

analyzed by immunoelectrophoresis (143).

Quantitative immunoprecipitation

Rabbit anti-apo A-I, anti-apo A-IV and anti-apo E IgG,
prepared as described (143), were used for the gquantitative immu-
noprecipitation of apo A-I, apo E and apo A-IV containing lipo-
proteins. The HDL fraction obtained from rat serum by agarocse
column chromatography was divided into two pools. Pool A, with
HDL fractions containing ape E as their major protein consti-
tuent, eluted between 205 and 235 ml and pool B, with HDL frac-
tions containing apeo A-I and ape A-IV as major apoprotein compo-—
nents, eluted between 240 and 274 ml (see Fig. 7.l1l.}. Two step
immunoprecipitation studies were carried out. In the first step
HDL was subjected to precipitation with a combination of two
different antibodies (for details see "Results"). The amount of
antibody needed for gquantitative precipitation of the apoprotein
was determined in a separate experiment. Incubations were carried
cut overnight at 4°C and the immunoprecipitates were collected by
low speed centrifugation at 4°C (30 min at 2700 rpm). The resul-
ting supernatant was treated with the third antibody (see "Re-~
sults") and a second precipitate was isolated, as described
above. Apo A-I, apo E and apo A-IV concentrations were measured

both in the two precipitates and in the final supernatant. Reco-
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veries, as compared to Pocl A or Pool B, were 99 + 10%, 99 + 9%,
100 + 9% for apo A-I, apo A~IV and apo E, respectively. The
supernatants and the precipitates were extracted according to
Bligh and Dyer (149), followed by determination of cholesterol
(esters) and phospholipids in the extract. After evaporation of
the chloroform phase under a stream of nitrogen, unesterified
cholesterol and total phospholipids (141) were determined.
Cholesterol was assayed without further treatment using an enzy-
matic method (CHCQD-PAP kit, Boehringer Mannheim, F.R.G. cat. no.
310328) Cholesteryl esters were saponified with alecoholic KOH
and, after extraction with petroleum ether, total cholesterol was
determined, using the enzymatic method. Cholesteryl esters were
expressed as the calculated difference between total cholesterol
and unesterified cholestercl. 10l + 7% of total cholesterol and
22 + 4% of the phospholipids present in Pool A or Pool B were
recovered in the two precipitates. Apo A-I, apo A-IV, apo E,
cholesterol and phospholipid were absent from the final superna-—
tant, after correction for small amounts of cholestercl and
phospholipid present in the antibody preparations. Triglycerides
measured according to Laurell (142) could not be detected in any
of the HDL fractions isolated by agarose column chromatography.
This is not surprising as it is known that the triglyceride
content of total rat HDL is only 0.5%. The assay used is not
sensitive encugh to measure these small amounts in HDL subfrac-—
tions obtained by gel filtration.

Aliquots {25 ml) of the eluted HDL subfractions were subjec-—
ted to electrophoresis on 12,5% SDS—-polyacrylamide gels according
to Cleveland et al. (154), in order to determine the presence of
low molecular weight apolipoproteins {e.g. apo C's) (Fig. 7.3.).
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Fig. 7.1. Separation on a column of 6% agarose gel of serum obtained from
chow-fed rats. Ten ml of serum were applied to a ¢olumn of 6% agarose (2 x 120
cm), equilibrated with 0.15 m NaCl, containing 2 mM Wa-phosphate pH 7.4, 1 mM
EDTA and 0.1% NaN;, at 4°Cc. The lipoproteins were eluted with the same medium
at a flow rate of 10 ml/hr.

Fig. 7.1.A. shows the absorbance of serum proteins at 280 nm (@) and the
distribution of cholesterol (O) in the eluted fractions.

Fig. 7.1.B. shows the elution profiles of apo A-I (O} and apo E (@)} mass, as

determined by electroimmuncassay.
This figure shows one representative experiment out of a series of four.
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RESULTS

Isolation of rat serum lipoproteins by agarose column chromato—
graphy

The elution pattern of serum protein and the distribution of
cheolesterol after gel filtration of rat serum on 6% agarose is
presented in Fig. 7.1.A.. The cholesterscl profile of another
experiment is shown in Fig. 7.2.. All columns were standardized
using VLDL, LDL and HDL fractions isclated by density flotation
in the ultracentrifuge. Four cholesterol peaks can be distin-
guished. The cholesterol eluted in the void volume can be ascri-
bed to chylomicrons plus VLDL. The second small cholesterol peak
(sometimes in the form of a shoulder) is eluted in the LDL size
range (see Fig. 7.2.)- This LDL fraction as well as the lipopro-
teins present in the void volume were not investigated further.
Fig. 7.1.A. shows that two additicnal major cholestercl peaks are
eluted between 200 and 280 ml. The peak in absorbance at 280 nm,
eluted between 20C and 220 ml, is caused by immunoglobulin M (mol
wt 900,000). The elution patterns of apo A~I and apo E are shown
in Fig. 7.1.B., Fig. 7.2.A. and B.

Fig. 7.2. Serum obtained from chow-fed rats was chromatographed on a 6% aga-
rose column, exactly as described in the legend to Fig. 7.1.

Fig. 7.2-.A. shows the elution profiles of cholesterol {( (@ ) and apo A-I

( @® ). I, II, III and IV indicate the elution volumes of the different
cholesterol containing fractions, which can be distinguished after chromato-
graphy (¢.f. Fig. 7.1.). The highest levels of apo A-I are present in fraction
Iv.

Fig. 7.2.B- shows the elution profiles of cholestercl ( (O ) and apc E

( ® ).VLDL, LDL, HBL, and HDL3 indicated the elution volumes of isclated
humans lipoproteins, which were chromatographed in separate experiments. VIDL
and LDL were isolated by sequential ultracentrifugation (2), and washed once.
Human HOL and HDL; were isolated by rate zonal density gradient ultracentrifu-
gation in a swinging bucket rotor, as described by Groot et al. (57). Peaks in
the elution profile of ape E are found in fraction I (VLDL + chylomicrons
present in void volume), in fraction IIT (apo E~-rich rat BDL, with particle
size between that of human LDL and HDLZ) and in HDL particles with a size
close to that of human HDL,-

Fig. 7.2.C. shows the elution profiles of cholesterocl ( QO ) and ape A-IV

{ A ). RSA indicates the elution velume of rat serum albumin which was
chromatographed is in a separate experiment.
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Some apo E and very small amounts of apo A~I are present in the
void volume (chylomicrons plus VLDL), but the bulk of both apoli-
poproteins is found in the HDL size range. The elution profiles
of apo A~T and apo E in the HDL regicon were clearly non-identi-
cal. Figs. 7.l1.B. and 7.2.B. show that a major fraction of the
apo E coelutes with the third cholesterol peak, indicating +the
presence of apo E on big HDL particles. Apo A-I coelutes with the
fourth chelesterol peak representing HDL particles with a relati-
vely small size. The elution profile of apo A-IV is different
from that of apo A-T (138, 144, 146, Fig. 7.2.C.). As reported
before (138), about 65% of the apo A-IV present in serum of
chow~fed rats coelutes with apo A~I, while 35% is present as
"free" apo A~IV, that elutes from the column clearly after HDL
cholesterol and HDL apo A-I. Fig. 7.2.C. shows that "free" apo A-
IV is eluted from the 6% agarose colunns after rat serum albumin
{rsA).

TABLE 7.1.

Apo E-HD1 iscolated by agarose column chromatograhpy and immunoprecipitation

1

Original HDL Fraction precipitated Fraction subse-—
with anti A-IV and quently precipi-
anti A-I tated with anti

7
Apo R-I 9.0+ 3.1° 5.1+3.4. 0.8+ 0.3
Apo A-IV 4.7+ 0.2 4.5+0.6 0.3+ 0.5
Apo E 19.8+ 2.3 3.3+0.4 16.2+ 0.6
Cholesterol 78.5+17.2 19.142.6 57.4+ 4.7%
Phospholipids  81.51+23.5 23.148.1 63.4+21.3

1 Fractions containing the bulk of apo E were pooled (e.g. Fig. 7.1.: 205-235

ml).

2 Apo A-I, apo A-IV and apo E were not detectable in the final supernatant.
3 Results are expressed as ng/ml column fraction. values are mean + S.D.
(n=3).

4 34,9+2,5% of the total cholesterol was present as unesterified cholesterol.
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The distributions of apo A~I and apo E, shown in Fig. 7.1.B. and
in Fig. 7.2.A. and B, already provide strong evidence in favour
of the existence of various HDL subclasses in ncrmal rat serum.

Identification and characterization of HDL subclasses by seguen-—
tial immunoprecipitation

HDL, isoclated by molecular sieve chromatography on 6% agaro-—
se, was divided into two pools based on their apolipoprotein
composition: Poel A, eluted between 205-235 ml, containing the
bulk of the apo E and pool B, eluting between 240-274 ml, contai-
ning the bulk of apo A~I and apo A-IV. Both pools were subjected
t¢ a series of immunoprecipitations, using two antibodies in the
first step and one antibedy in the second precipitation step.

In order to determine the "molecular weight" of lipoprotein
particles, the column was calibrated with a mixture of pure
protein markers with known molecular weights. A calibration curve
can be constructed by plotting elution volume/void voelume versus
the logarithm of molecular welilght. The molecular weights of the
lipoproteins carrying the bulk of the cholesterol, present in
pocl A or pool B, can be roughly estimated using this standard
curve. Apo E-HDL and apo A~I-HDL (see below) represent more than
70% of the cholesterol present in pool A and pool B, respective-
ly. However, the determination of the molecular weights of the
other HDL subfractions cannot be performed in the same way becau-
se they represent only minor fractions of the cheolesterol present
in pool B. When poocl A was treated with a combination of antibo-—
dies against apo A-I and apo A-IV (Table 7.1.), only 18% of the
apo E was coprecipitated, together with 100% of the apo A-I and
apo A~IV. The resulting supernatant was subsequently treated with
anti-apo E IgG (Table 7.l1.). This treatment results in the guan-
titative recovery of apo E in this second precipitate. This apo
E~HDL has a particle weight of about 750,000. Because of our
inability to measure rat C apelipoproteins by means of electro-
immunoassay due to a lack of proper antisera, we analyzed all
original column fractions as well as the immunoprecipitates on
8SDS polyacrylamide gel electrophoresis. However, because the

immunoprecipitates contain big amocunts of IgG in addition to the
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Fig. 7.3. Localization of C apolipoproteins in Bio-gel A-5m gel-filtered
serum. Aliquots (25 ul) of ceoclumn fractions were analyzed on 12,5% polyacryl-
amide gel electroforesis. Pool A eluted between 205 and 235 ml whereas Pool B
eluted between 240 and 274 ml as indicated in Figs. 7.1. and 7.2..

apolipoproteins, it was not possible to visualize the apolipopro-
teins present in the immunoprecipitates by this electrophoresis
technigue. The gels of the original HDL pools (pool A and pool B)
shown in Fig. 7.3., reveal that pocl A, containing the bulk of
the HDL apo E does not contaln any C apolipoproteins, while pool
B, containing the bulk of HDL apo A-I and HDL apo A-IV does
contain the low molecular welght C apolipoproteins. We therefore
conclude that apo E-HDL is free of C apolipoproteins. The C
apolipoproteins may be present on apo A-I-HDL, on apo A-IV-HDL,
as well as on any of the more c¢omplex HDL subfractions (see
below). Specific immuncassays for apo C's are needed to substan-
tiate this point. On the basis of the data shown in Table 1, it
is possible to calculate the following chemical composition for
apo'E—HDL: 12% protein, 47% phospholipids and 36% cholesterol
{(34,9% of this cholesterol is in the unesterified form}. The
protein content is calculated using the amount of apo E determi-

ned by guantitative electroimmunoassay.
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Another simple lipoprotein complex was isolated from the
column fractions containing the bulk of the apo A-I (Pool B), by
a first prec_;.ipitation with a combination of anti-apo E and anti-
apo A-IV IgG's (Table 7.2.). Only 23% of the apo A-I was copreci=
pitated in this step. This indicated that only 23% of the apc A=-I
is present on complex HDL particles containing also apo E and/or
apo A~IV. The remaining 77% of the apo A-1 was subsequently
precipitated, from the supernatant of the first precipitation
step, with anti-apo A-I IgG. Neither apo E nor apo A~IV could be
detected in this second precipitate. We propose to name this
simple lipid-protein complex ap¢o A-I-HDL because it carries apo
A-I as its only major apolipoprotein. However, it cannot be

excluded that apo C molecules are also present {see above).

TABLE 7.2.

Apo A-I-HDL isolated by agarose cclumn chromategraphy and immunoprecipitation.

Original =L’ Fraction precipi- Fraction subsequently
tated with anti precipitated with
A-IV and anti E anti a-1°
Apo A-I 103.1+15.83 23.8+7.2 73.3+13.1
Apo A-IV 24.3+ 1.8 23.7+3.0 0.9+ 0.8
Apo E 12.2+ 0.2 11.5+0.9 0.6+ 1.0
Cholesterol 86.9+ 5.4 37.1+4.3 56.2+ 5.3%
Phospholipids 127.7418.3 47.8+7.3 80.5/95.4

' Fractions containing the bulk of apo A~I and apo A~IV were pooled (e.g. Fig.

7.1.: 240-274 ml}.

2 Apo A~I, apo A=IV and apo E were not detectable in the final supernatant.
3 Results are expressed as mg/ml column fraction. Values are mean + S.D-
(n=3).

4 18,4+2,6% of the total cholestercl was present as unesterified cholesterol.



TABLE 7.3.

Apo A-IV-HDL was isolated by agarose column chromatography and immunoprecipi-

tation
Original 't Fraction precipi- Fraction subsegquently
tated with anti precipitated with anti
A-I and anti E A-IV?
Apo A-I 103.1+15.83 97.6+13.5 0.9+0.2
Apo A~IV 24.3+ 1.8 19,0+ 2.7 5.1+1.8
Apo E 12.2+ 0.2 10.7+ 0.6 0.6+0.6
Cholesterol 86.9+ 5.4 81.0+ 6.2 2.4+1.1%
Phosphelipid 127.7+18.3 125.3+16.0 3.2+43.8

1 Practions containing the bulk of apo A-I and apo A-IV were pooled (e.g. Fig.

7.1.: 240-274 ml).
2

3

Apo A-I, apo A-IV and apo E were not detectable in the final supernatant.
Results are expressed as ug/ml ¢olumn fraction. Values are mean * S.D.
(n=3).

4 72% of the total cholesterol was present as unesterified cholestercl.

The composition of apo A—-I-HDL resembles that of total rat EDL.
Its chemical composition is 34% protein, 26% cholesterol (of
which 18,4% is in the unesterified form) and 40% phospholipids.
Apo A-I-HDL is relatively small {particle weight approximately
250,000} .

A third simple lipid-protein complex can also be isolated
from the column fractions containing the bulk of the apc A-I
{Pocol B)}. 21% of the apo A-IV in this pooled fraction is not
precipitated by a combination of anti-apo A-I and anti-apo E
IgG's (Table 7.3.). Subseguently apo A-IV~HDL can be guantitati-
vely precipitated with anti-ape A-IV. Apo A-IV-HDL is a protein-
rich HDL particle probably with a relatively small size {approxi-
mately 250,000)}. From the data presented in Table 3 it can be
calculated that it contains 54% protein, 20% cholesterol (only
38% of which is in the form of cholesteryl esters) and 26% phos-
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pholipids. The remaining 79% of the apo A-IV in Pool B is present
on a lipoprotein particle together with apo A-I. This can be
concluded because earlier experiments (138) permitted us to
exclude that apo A-IV and apo E in Poel B are present on one and
the same HDL particle.

TABLE 7.4-
Distributicon of total cholesterol, apo A-I, apo E and apo A-IV among the

different HDL subclasses, identified by specific immunoprecipitation-

Cholesterol Apo A~I Apo E Apo A-IV
Simple lipoproteins
Apo E~HDL 39+ 1% - 63+3% -
Apo A-I-HDL 39+ 8% 69+8% - -
Apo A~IV-HDL 4+ 1% - - 21+8%
Complex lipoproteins
HDL with apo A-I
and apo E 37+3% -

13+10% 3148%

HCOI, with apo A-I - 79i8%

1 values are means + S.D. (n=3).

Table 7.4. summarizes the results of the present study. We
calculated the fraction of the total HDL cholestercol present in
+the various HDL subclasses, assuming that the 2 pooled column
fractions together comprise total rat HDL. In fact it can be
calculated that these 2 pools contain more than 20% of total HDL
cholesterol. Apo A-I-HDL and apc E-HDL each accounted for as much
as 39% of total HDL cholestercl and therefore both are major HDL
subclasses. 69% of the total HDL apo A-I and 63% of the total HDL
apo E are present on apo A-I-HDL and apo E-HDL, respectively. Apo
A-IV-HDL is a minor HADL subclass accounting for only 4% of the
total HDL cholesterol. Only a relatively small fraction (about
18%) of the total HEDL cholesterol is present on complex HDL
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particles. It can be calculated on the basis of the data shown in
Tables 7.1.~7.3. and earlier experiments (138), that these com-
plex HDL subfractions will consist mostly of 1) HDL containing
both apo A-I and apo A-IV and 2) HDL containing both apo E and
apo A-1I.

DISCUSSION

In the present study data are presented in favor of the
existence of five different HDL subclasses in rat serum. The
evidence was obtained by using a combination of gel filtration
and specific immunoprecipitation. In a previocus study (138),
preliminary evidence was cbtained suggesting the existence of HDL
subfractions, containing either only apo A~I1 or only apo A-IV.
The present experiments were designed to supplement and extend
these findings.

An important opservation in the present report is that the
separation on 6% agarose columns of rat serum lipoproteins in the
LDL/HDL size range is improved, compared tc our earlier data
(138). Two major HDL subfractions can be easily distinguished
now, Jjust by measuring cholesterol in the eluted fractions. This
is due to the use of a different column size and a lower flow
rate. The four peaks in the cholesterol profiles were obtained
using five different sera and two different colﬁmns, indicating
that the ¢olumn chromatography technigue is reprcducible.

Apolipoproteins were determined by electroimmunoassay, both
in the precipitates and in the final supernatants resulting after
immuncprecipitation. The precipitates already contained antibody
and therefore the theoretical possibility existed for underesti-
mation of the apolipoprotein concentrations in the immunopreci-
pitates. The recoveries of apoe A~IV, apo E and apo A~]1 were,
however, 99 + 9%, 100 + 2% and 99 + 10% respectively (Tables
7.1.-7.3.). This indicates that the antibodies present in the
precipitates did not interfere with the apolipoprotein assays. It
can be expected that the high concentrations of urea (8M) used
for the sample preparation cause a dissociation of the apolipo-
protein~IgG complexes. .
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The existence of HDL subclasses in rat serum is already
known for some time. Weisgraber, Mahley and Assmann (59) isolated
an apo E~rich HDL (HDLl) from serum of normal rats and another
apo E~rich HDL (HDLC} from serum of cholesterol-fed rats. These
ape E-rich lipoproteins also c¢ontained small amounts of apo A-~IT.
Heparin-Sepharose column chromatography (179) has also been used
successfully for the isclation of apeo E-poer and apo E-rich HPL
fractions from rat serum. It should be noted, however, that all
these procedures require prior ultracentrifugal isolation of EDL
(59, 179). Because ultracentrifugation results in "stripping" of
apo A-I and especially apec E from serum HDL (60, 86-88, 138,
151), it is important to avoid the ultracentrifuge during the
isolation of specific HDL subfractions. The data presented in
this paper shows that a combination of gel filtration and immuno-
precipitation may be very useful.

A major conclusion from the present experiments is that,
even in serum from rats fed normal chow (which is free of choles~-
terol), 63% of the total HDL apo E is present on an HDL particle
which has apo E as its sole apolipoprotein constituent (apo E-
HDL). It should be noted that more than 80% of rat serum total
cholesterol is present in the HDL fraction. Keeping this in mind,
it is evident that the guantitative importance of apo E-HDL is
endorsed by the fact that as much as 39% of the total HDL-
cholesterol is present in this HDL subclass. HDL particles con-—
taining apo B as there sole apolipoprotein (apo E—HDLC) have also
been isolated by Mahley et al. (181l) from serum obtained from
cholesterol—-fed dogs. However, a comparison of the composition of
both particles reveals several differences. Canine apo E-HDL,
{isolated from the density range 1.006-1.02 g/ml) is a particle
with a weight of 3,6 x 106 dalton, which is even larger than both
human and canine LDL (182). On 6% agarose columns, therefore,
these particles elute before the LDL peak (see Fig. 7.2.B.}. Rat
apo E-HDL, on the other hand, clearly elutes after the LDL frae-
tion and is therefore smaller in size (mol. wt. approximately
750,000). It is calculated that canine apo E~HDL, contains six-—
teen apo E molecules per particle (180). In contrast, it can be

calculated from our data, assuming a molecular weight of 34,000
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for apo E and taking into account the fact that 12% of rat apo E-~
HDL is apo E protein as measured by electroimmuncassay (Table
7.1.}, that only three apo E meolecules are present oh an average
rat apo E-HDL.

Very low levels of LDL are present in rat serum. Conse-
quently HDL is the major cholesterol-carrying lipoprotein in this
species. We suggest that apo E-HDL, isolated from normal rat
serum, plays an important role in the transport of plasma choles—
tercl toc the liver. Several arguments in favor of this hypothesis
can be given. Firstly, in viveo studies using HDL specifically
labeled in apo E (85, 160} have also shown that the liver is the
major degradation site for HDL apo E, while the kidneys are most
active in HDL apo A-1 degradation (85, 157, 160). These in vivo
turnover studies support the netion that apo A-I and ape E are
not always together on the same EDL particle and that the metabo~
lic pathways of HDL ape E and HDL apo A-I are not identical.
Secondly, we observed that apo E-HDL does not contain C peptides.
Studies of Van Berkel et al. (184) and Windler, Chao and Havel
{185) have shown that C peptides inhibit the hepatic uptake of
apo E containing lipoproteins. The absence of C peptides on apo
E~HDL is therefore in favor of a role for apo E-HDL in reverse
cholesterol transport. Thirdly, studies with HDL., isolated from
plasma of cheolesterol-fed dogs, which has apo E as its sole
apolipoprotein component, binds with a very high affinity to
hepatic lipoprotein receptors {186, 187). The high affinity in-
teraction between HDL, and the B/E receptor was shown to be
caused by multiple interactions between four sites on the recep-
tor protein and four apo E molecules present on the EDL, particle
{180). A second hepatic receptor probably exists for the binding
and uptake of chylomicron remnants. This receptor also interacts
with canine HDLc (188). These observations strongly suggest that
HDL. is capable of delivering serum cholesterol to the liver from
where it can be excreted in the kile or degraded to bile acids. A
similar mechanism can be expected to operate for the apo E-HDL
present in serum of normal rats, as described in the present

study.
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The second major HDL subclass described in the present
paper, Goes not have any apo E or apo A~I1IV, but contains mostly
apo A-I (apo A-I-HDL). 69% of the total HDL apo A-I and 29% of
the total HDL cholesterol are present in this subelass. Ape A-I-
EDL has a particle weight of about 250,000 ; the chemical compo~
sition resembles that of typical rat HDL. Approximately three apo
A~I molecules can be accomodated on one apo A-I-HDL particle.

Apoc A-IV is the third major apolipoprotein present in rat
EDL (91, 138, 142). In a previous publication (138), we already
suggested that a small part of the apo A-IV present in rat HDL
was probably located on a protein-rich subclass, containing nei-
ther apo E nor apo BA-I. The data of the present study provide
direct evidence in favor of the existence of this HDL subclass,
that was called apo A~IV-EDL. However, the major part of the
total HDL apo A~IV (79%) is present on an HDL particle containing
apo A-I as well as apo A-IV, but no apo E. Calculations (assuming
a particle weight of 250,000} suggest that two molecules of apo
A-IV and 1 molecule of apo A-~I1 can be accommodated on this com-
plex lipoprotein. Metabolic studies with EDIL, specifically la-
beled in apo A~IV or in apo A-I, have shown that the serum half-
life of HDL apo A-IV is much shorter than that of HDL apo A-I:
the liver is the major catabolic site of HDL apo A~IV and only a
minor fraction of total HDL apo A~IV is degraded in the kidneys
{(Dallinga-Thie, Van 't Hooft and Van Tol, Arteriosclerosis, in
press). Qur hypothesis is that apo A~IV-~HDL will have a relative-
lv rapid turnover, conpared to the apo A-IV present on the more
complex UDL subeclass, containing both apo A~-IV and apo A-I, due
to a specific degradation of apo A-~IV~HDL in the liver. This
would indicate a role of apo A-~IV-HDL in reverse cholesterol
transport. Earlier studies of Delamatre et al. (144) have already
implicated a role of apo A~IV in reverse cholestercl transport,
based on the observation that active lecithin-chelesterol acyl-
transferase causes a redistribution of apo A-IV between "free”
apo A-IV and HDL apo A-IV. QOur cobservation that the cholesterol
present on apo A-IV-HDL is mainly (72%) unesterified cholesterol,
supports the idea of a specific role of this HDL subfraction in

cholesterol transport. The low fraction of esterified cholesterol

119



is consistent with a location of apo A-IV-HDL at the start of
overall reverse cholesterol transport as well as with a relative-
ly rapid turnover of this HDL subfraction.

Finally, we suggest the existence of a second complex HDL
subclass, containing both apo E and apo A-I. Thirtyseven % of the
apo E present in total rat HDL, isoclated from chow~-fed rats, was
found to be present in combination with apo A~I. At the moment it
is impossible to determine the exact chemical composition of this
complex HDL subclass.-

in conclusion, the data presented in the present paper draw
a new picture of rat HDL. Five subclasses can be distinguished,
including three relatively simple lipid protein complexes contai-
ning only one major HDL apolipoprotein each (apo A-I~HDL, apo A-
IV-HDL and apo E~HDL), and two complex lipoproteins, containing
either both apo B-I and apo A-IV or apo E as well as apo A-I. Apo
C's are not present on apo E~HDL, but may be present on one or
meore of the other HDL subclasses.
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the Dutch Heart Foundaticon and a grant from the Foundation "Re-—
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CHAPTER 8

GENERAL DISCUSSION POINTS
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ISOLATYION PROCEDURES FOR HDL

Lipoproteins can be separated by ultracentrifugal flotation
using a variety of preparative (2, 3} or analytical (189} techni-
gues. This fractionation procedure, however, was shown to cause
structural changes and may result in the loss of apolipoproteins
from the particle surface. Since these proteins govern many of
the functional properties of the lipoproteins, it is not incon-
ceivable that their metaboliec behaviour is affected by this
isolation procedure (152}.

After ultracentrifugal isolation of lipoproteins freom both
human and rat serum, apolipoproteins A-~I and E were recovered in
the lipoprotein-deficient (4 » 1.21 g/ml) fraction. It was shown
that up to 40% of the apo E, derived either from VLDL or the HDL
fraction, was "stripped” from the lipoprotein particles during a
standard isolation of HDL lipoproteins by sequential ultracentri-
fugation (60, 151, 152, 193). Mahley et al. (60) showed that
losses of apo E were smaller using the 40 rotor instead of the
50.Ti rotor stressing, the complexity of this problem. We showed
that 11-22% of serum apo E was recovered in the 4 > 1.21 g/ml
infranatant after only one ultracentrifugal step using the 40.3
rotor (Chapter 4).

Apo A-I, the major apolipoprotein of both human and rat HBDL,
was also found in the lipoprotein-deficient (d > 1.21 g/ml)
fraction after ultracentrifugation. Values up to 50% of the total
human serum apo A-I concentration were reported to be recovered
in this fraction (120). Elegant studies by Xunitake et al. (88),
designed to examine the effects of temperature, rotor configura-
tion and tube size on the losses of apo A-~I from HDL caused by
ultracentrifugation, have shown that repeated ultracentrifugation
leads to the loss of up to 35% of the HDL apo A-I. The underlying
cause is complex and probably attributable to combined effects of
high ionic strength and high shear forces. In our studies 9% of
rat serum apo A-I was recovered in the d > 1.21 g/ml fraction
after one ultracentrifugal spin {(Chapter 4). Similar results were
obtained by Fainaru et al. (151).

Other ultracentrifugal isolation methods, including separa-
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tioen of lipoproteins in a salt gradient or iscolation by means of
rate zonal ultracentrifugation, have alsc been used (52, 54, 356,
189, 191). Both methods, however, also result in severe losses of
apo A-I (10-15%, (54, 56)) and especially apo E (40%, {(191)). It
can therefore be concluded that ultracentrifugal procedures for
isolation of lipoproteins must be used with caution.

Molecular sieve chromatography, using agarose beads, provi-
des a method for separating lipoproteins on a preparative scale
without exposure to ultracentrifugal forces or high salt concen-
trations. Using 6% agarose columns, a separation according to
size can be obtained between triglyceride-rich lipoproteins, LDL,
EDL and possible "free" apolipoproteins if present. Fig. 8.1.
represents the elution pattern of cholesterol, apo A-I, apc E and
apo A~IV in rat serum, fractionated on a 6% agarose column. A
minor cholesterol peak elutes in the void volume and represents
chylomicrons and/or VLDL. The major cholesterol peak is largely
found in particles eluting in the size range corresponding to
DL, since LDL cholesterol in the rat is very low (192). Two
distinct cholesterol peaks are observed in the HDL fraction. Both
contain apo A-I and apo E, but these apoclipoproteins are not
evenly distributed across the HDL-chelesterol spectrum. Apc E is
associated with bigger HDL particles than apo A-I (Chapter 4 and
7, Fig. 8.1.). The same observations were reported for human
serum HDL (193-1%5). Free apo A~I and apo E were not generated by
this gel filtration method, supporting the view that the free apo
E or apo A-1, appearing in the bottom fraction of density » 1.21
g/ml after ultracentrifugation, are an artefact due to ultracen—
trifugation

Apo A-IV was first receognized as a compenent of rat HDL (91,
108). It was later alsc isoclated and characterized in human serum

in a "free" fraction, unassociated with the major lipoproteins
(110, 111, 147, 153), and as a constituent of human lymph ¢hylo—~
microns (147, 153, 196). In rat serum a substantial portion of
apo A-IV (up to 30%) can be found in the 4 > 1.21 g/ml bottom
fraction (133, 145, 146, 197, 198, Chapter 4), while the remain-
der circulates on HDL. It is important to realize that the preci-

se distribution of apo A-IV among the lipoprotein classes is
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and 0.01% NaN,, at 4°c.
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difficult to assess owing to the ease with which apo A~IV is
removed from lipoproteins during ultracentrifugation. Almost all
apo A-IV present in the d ¢ 1.006 g/ml fraction from non-fasted
human plasma can be removed by repeated ultracentrifugation (111,
153}.

Molecular sieve chromatography of human plasma leads to the
recovery of about 25% of total plasma apo A-IV in the HDL region,
indicating that, alsc in human plasma, this protein is a compo-
nent of BEDL (147, 1929}. The remaining 75% is present in a "free"
form. Also in the rat part of the apo A-IV appears in a fraction
that elutes from 6% agarose gels after the main (i.e. HDL) chol-
estercl peak (Fig. 8.1., 145). Immunoprecipitation studies (Chap—
ter 4) have shown that only small amounts of cholesterol and
phospholipid coelute with it. Therefore this fraction was named
"free” apo A—-IV. In fasted rat serum only 2% of the total apo A~
IV concentration is present as “"free" apo A-IV. In contrast,
after one ultracentrifugal isolation step at d = 1.21 g/ml, 33%
of the total serum apo A-IV is found in the d > 1.21 g/ml bottom
fraction. This indicates that not only apo A-I and apo E but also
apo A-IV is stripped from HDL during ultracentrifugation. For
these reasons gel filtration is the isolation method of choice,

especially if the HDL will be used for metabolic studies in wvivo.
THE ROLE OF THE IRTESTINE IN APOLIPOPROTEIN A-IV METABOLISH

The small intestine plays an important role in the synthesis
of apolipoproteins and the assenbly of intact lipoproteins. Du-
ring active lipid absorption, triglycerides are packaged into
chylomicron particles, which serve as vehicles for triglyceride
transport through the intestinal lymph intoe the plasma compart—
ment. Our knowledge of the intestinal contributicon to the synthe-—
sis of the individual apolipoproteins is incomplete. However it
is eclear, from a variety of studies involving trace radioclabe-
ling, immunocytochemistry or mRNA guantitation, that both apo A-I
and apo A-IV are derived from this source (11, 13, 96-103, 114-
116). Although apo A-I and apo A-IV share a remarkable degree of
sequence homclogy, they are different gene products and are
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subject to independent regulation. As mentioned in the introduc-
tion, ape A-I is synthesized as a propeptide which is cotransla-
tionally cleaved into mature apo A-I. Apo A-IV, however, lacks
the prosegment and is directly secreted in its mature form. A
second difference between apo A-I and apoe A«IV concerns the
effect of dietary influences on the regulaticon of thelr intesti-
nal synthesis. Several reports have shown that active triglyceri-
de absorption has either no influence at all or affects only
modestly the rate of intestinal apo A-I synthesis (13, 95, 96,
200, 201). In distinction, apc A-IV synthesis increases substan-
tially in this circumstance. Studies by Krause et al. (98), using
ethinylestradiol treated rats as a model, revealed that an in-
crease of apo A-IV transport rates in mesenteric lymph during
triglyceride absorptiocn is a reflection of increased synthesis.
More direct evidence for increased apo A-IV synthesis was given
by Gordon et al. (115) and Pessah et al. (202). They reported a
4-fold increase in intestinal mRNA levels. The results from our
study (Chapter 3) are in agreement with the abovementioned cbser-
vations and suggest that apo A-IV synthesis is likely to be
regulated by triglyceride absorption. Therefore, apo A-IV may
have an important function in the assembly of large triglyceride-
rich chylomicron particles.

Characterization of lymph lipoprotein particles, isolated
from mesenteric lymph of rats infused with either glucose or a
triglyceride emulsion, have been described in Chapter 3. Lymph
was fractionated by molecular sieve chromatography on agarose
columns. Again differences in the behaviour of ape A-IV and apo
A-1 were cbserved. Apo A-I in mesenteric lymph is found only in
association with chylomicrons and HDL. No "free" apo A-I can be
detected. Apo A-IV, on the other hand, occurs in a lipoprotein-
bound and in a "free" form. During the triglyceride absocrption an
increase in apo A-IV output was observed in all lymph lipoprotein
fractions, including "free" apo A-IV, while for zapo A«I an in-
crease in output was only seen in the large chylomicrons frac—
tion. Apo A-I output into lymph HDL was not changed by lipid
infusion.

Evidence for intestinal EDL production in the rat came first



from studies using the isolated perfused intestine (9, 203). The
amount of HDL produced in this system was very small. In several
other studies it was found that, in lymph from either glucose
infused (96) or lipid infused (67) rats, about 85% of the apo A-I
was present in 4 < 1.006 g/ml infranatant, representing lymph
HDL. Furthermore it was found that mesenteric lymph contains
discoidal HDL with a chemical composition strongly different from
that of serum HDL. In agreement with studies of Imaizumi et al.
{(12) we could detect only very small amounts of lymph HDL, using
molecular sieve chromatography as the isolation procedure (Chap-
ter 3). Certainly the apolipoprotein composition was different
from that of total serum HDL, in keeping with the intestinal
origin of this particle. No apo E could be detected. On the basis
of our data it is evident that lymph HDL is a guantitatively
unimportant precursor of serum HDL. Intestinally synthesized apo
a2~-1 and apo A-IV are largely transported into the plasma compart-

ment, while packaged on chylomicron particles.
"FREE" APOLIPCPROTEIN A-IV

The synthesis and secretion of apo A-IV by the enterocytes
of the small intestine are significantly increased during lipid
abscrption. The nascent protein combines with lipid in the Golgi
apparatus of these cells (204) and is subsequently secreted into
the mesenteric lymph. Apo A-IV is associated mostly with trigly-—
ceride-rich lipoprotein particles and in addition is present as
"free" apo A~IV (Chapter 3). Entrance of the chylomicron trigly-
cerides intc the serum compartment, followed by hydrolysis of the
triglycerides by lipoprotein lipase (LPL), was associated with a
rapid transfer of apo A~IV and apo A-I to the HDL fraction (17,
19, 133, 150). Characterization of serum chylomicron particles
shows that this transfer occurs wvery rapidly because circulating
chylomicron particles do not c¢ontain any ape A-I or apo A-IV.
Elegant studies by Weinberg et al. (203} have shown that, at

least in man, apo A-IV was released from triglyceride-rich lipo-
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proteins during incubation with either human HDL, or pure apo C-
III. Using modified HDL, particles, which do not contain C apoli-
poproteins, the dissocation of apc A~IV was less affected. This
suggests that the primary mechanism of apo A~IV dissociation from
lymph chylomicrons upon entering the plasma compartment depends
on the transfer of C apolipoproteins from HDL to the chylomicron
particles. It is not clear if all apo A-IV, dissociated from
chylomicrons, is transferred directly to HDL. Studies by Fidge
(133) support the view that the pool of "free® apo A-IV acts as
an intermediate. Upon dissociation from the chylomicrons, some of
the apo A-IV may be rapidly released into the "free" apo A-IV
fraction {4 > 1.21 g/ml} and subseguently transferred to HDL.
This could explain the origin of "free" apo A-IV in rat serum.
However, in this study (133}, the apo A-IV containing fractions
were separated by ultracentrifugation, making the results Jdiffi-
cult to interpret. Direct injection of free radiclabeled apo A-IV
intravenously into rats revealed that within 5 minutes almost all
radicactivity was in HDL, as demonstrated using gel filtration
for lipoprotein fractiomation. Consequently, there may be direct
transfer to HDL without the intermediacy of "free" apo A-IV.

. As discussed above, part of the apo A-IV in mesenteric lymph
was present as "free" apo A~IV during glucose infusion. This
amount of “free" apo A-IV significantly increaseé during trigly-
ceride absorption. Because most of the mesenteric lymph, produced
during our observation period, is recovered extracorporally, as
measured by the recovery of triglycerides in the lymph, it is
suggested that this increased "free" apo A-IV flux is of intesti-
nal origin. This concept is supported by the observation that,
compared to fasting, administration of standard chow to rats
produces an eight-fold increase in the serum "free" apo A-IV
concentration {(Chapter 4). Qur data therefore suggest that the
increase in "free" apo A-IV in serum after feeding may be parti-
ally explained by an increased influx of "free" apo A-IV from the
lymph into the plasma compartment.

In addition to stimulatory effects of diet (138, 145),
plasma “free” apo A-IV levels also increase during aging, but in
this situation total plasma apo A-IV is unaffected (146). Redis~
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tribution of the protein between its “"free" and lipoprotein-bound
pools is also affected by LCAT activity; when LCAT activity is
inhibited by DTNB, the proportion of "free" apo A-IV in plasma
rises dramatically (144). No changes occur in the concentrations
of "free" apo A-I or apo E. Evidence for a role of apo A-IV in
LCAT activation has come from studies by Steinmetz et al. {206)
and Chen et al. (207) in which human apo A-IV was incubated with
different phospholipid substrates. Under these conditions apo A-
IV has a stimulating effect on LCAT, however, the measured factor
of stimulation is about 25% of that found for apc A-I. The stimu-
lation of LCAT by apo A~I is believed to be a function of its
multiple 22 amino acid amphiphatic segments (94, 208, 209). A
comparison of the amino acid sequences of apo A-I and apo A-IV
revealed that apo A~IV also contains 13 tandem repetitions of a
22 amino acid segment (1092). It has been proposed that apo A-I
and apo A-IV have evolved from a divergence of a common ancestral
gene {94). Because of the close similarity of the structure of
both apelipeproteins, it has been suggested that apo A-IV could

compensate for functional abnormalities in apo A-I..
CATABOLISM OF HDL APOLIPOPROTEIN A-IV

Apo A-I in rat serum is mainly associated with particles of
the size of HDL. The metabolic properties of HDL apo A-I were
extensively studied using different methods: i.e. 0-(4~diazo-3-
[1251]iodobenzoyl)sucrose (1251-p1BS) lavel (160), 125I*tyramine—
cellobiose {157} or the leupeptin model (85). The main purpose of
all these methods is to delay the release of apolipoprotein
degradation products from lysosomes in order to locate those
tissues involved in apolipoprotein catabolism. 125I—DEBS and
l251—tyramine cellobiose remain trapped intralysosomally follow-
ing uptake and degradation of the protein meiety and provide a
semi~guantitative index of the extent te which each tissue is
involved in the catabolic process. Leupeptin, on the other hand,
is a competitive inhibitor of lyscosomal cathepsin activities
(210). When injected in vive, this agent is known to suppress

lysosomal cathepsin activity, thereby diminishing the ability of
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the cell to degrade internalized (radiolabeled) proteins in the
lysosomal compartment (85). It must be stressed, however, that
only a partial blockade of catabolism of serum proteins can be
obtained.

Several studies have been published now, employing these
different technigues in order to locate catabolic sites of HDI
apolipoproteins A-I and E. The most striking outcome of these
investigations was that not only the liver, but also the kidneys
seem to play a role in the degradation of both apolipoproteins
(85, 157, 149, 160). However, there is a difference in the rela~-
tive contributions of the liver and the kidneys in the catabolism
of HDL apo A-I and apo E. The amount of apo A-I degraded in renal
tissue is higher than in the liver, whereas for apo E the opposi~
te was observed (160). At this point it was of interest to know
whether HDL apo A-IV behaves identical to¢ apo A-I.

The catabolic sites of apo A-IV were therefore’determined in
non—-fasted rats, using the leupeptin model. Purified apo A~1IV,
isoclated either from chylomiecreons (Chapter 5) or from HDL {Chap-
ter 6), was labeled with 1251 ana reincorporated into HDL by
incubation with serum. The labeled HDL was then isclated by
molecular sieve chromatography on 6% agarogse. Because the catabo-
lic sites of apo A-I had been extensively studied, this protein
labeled with 1311 was used as control material in all studies.
This way it was possible to make a direct comparison of the
metabolic behaviocur of apo A-I and apo A-IV in the same animal.
Because apo A-IV in rat serum is present both in HDL as well as
in a "free" form, control experiments are required in order to
check whether the label remains associated with HDL throughout
the whole experimental period. It was clear from a variety of
studies that both 1251 apo A~1IV and 131y apo A-I remained associ-
ated with HDL (Fig. 6.2. and 6.3.) following its reintroduction
into serum, both in vivo and in vitro. Comparing the mass and the
radiolabel distribution after separation of the serum lipopro-
teins on 6% agarose, it can be seen that the HDL elution patterns
are similar. Therefore it seems reasonable to conclude that HDL
preparations, labeled as described above, maintain their normal

physiclogical behaviour. Results from the in vivo studies showed
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that up to 4 h after injection of the labeled HDL preparation all
radicactivity remained associated with HDL. No 125I—apo A-IV
could be detected in the "free™ apo A-IV fraction. This indicates
that either HDL apo A-IV is not a precursor of "free" apo A-IV or
that "free" apo A-IV has a very rapid turnover rate in comparison
to HDL apo A-IV. However, 1257 apo A-IV, injected directly into
the circulation of rats has an initial rate of disappearance
similar to that cof HDL apo A-IV and in fact becomes rapidly
incorporated into this fraction within 15 minutes. There is no
evidence for rapid serum removal of the "free"” protein in this
situation. In summary, radioclabeled apo A-~IV, once incorporated
into HDL, remains associated with the particle under various in
vivo and in vitro conditions, as was also reported by Ghiselli et
al. (211) and Sherrill et al. {(212). The approach described above
therefore seems useful for the examination of the catabolic sites
of HDL apo A-IV.

Studies on the metabolic fate of HDL apo A-IV were first
described by Fidge (133). In these experiments they found no
differepce between the turnover rates of_labeled apo A-IV, incor-—
porated into HDL, and of the labeled intact EDL which mainly
traced the fate of its apo A~I moiety. In contrast, we observed a
significantly faster turnover rate for HDL apo A-IV (8.5 h) than
for HDL specifically labeled with apo A-YX (10.2 h). Because all
these studies were performed in neon-fasted rats, it is arguable
that an exchange of apo B-IV between HDL and triglyceride—rich
particles could account for the observed differences. However,
the turnover rates of HDL apo A~IV in 20 h food-deprived rats or
in non~-fasted rats were identical so that under all our experi-
mental conditicns the serum decays of l25I—apo A-IV are faster
than of l311—apo A-J. The same observation was made in man (167,
211}.

We also observed marked differences in metabolic behaviour
between apo A-~IV and apo A-I, which related to the degradation of
both proteins (Table 8.1.}. Clearly the majority of HDL apo A-I
is degraded in the kidneys. In contrast, the most important organ
involved in HDL apo A-IV degradation is the liver. Further infor-—

mation about the cellular localization of the degradation sites
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of both apo A-IV and apc A-I has been obtained using cytochemical
technigues. In the kidneys specific apolipoprotein containing

granules were observed within the cells of the proximal tubules,

TABLE 8.1.
Tissue accumulation of iodinated HDL apolipoproteins due to inhibition of
lysosomal proteases by leupeptin. Leupeptin-dependent accumulation as % of

injected dose measured 4 h after injection1

Liver Kidneys
1251-apo a-1v 8.4+2.0 3.5+1.0
1311-apo a-1 2.6+0.6 4.6+1.3

1 values cobtained from ref. 37.

while the cells of the glomeruli did not show any staining (Fig.
6.8). Leupeptin injection markedly increased specific granular
staining inside the tubular cells, supporting the idea that
degradation of both apo A-I and apo A-IV ocecurs in the lysosomal
compartment of the epithelijial cells of the proximal tubules.
Little is known about the mechanism involved in the uptake of HDL
apolipoproteins in the kidneys. Several suggestions have been
proposed. Pittman et al. (213) implied that it resulted from
tubular reabsorption and degradation of filtered free plasma apo
A-T, unassociated with intact HDL. In line with such a mechanism
is the cbservation that HDL cholesteryl esters are preferentially
degraded in the liver {81-84). So, at least part of the apo A-I
is cleared from the circulation independently of HDL c¢holesteryl
esters. Studies using isolated perfused kidneys suggest that HDL
can be reabsorbed as a unit by the proximal nephron via a mecha-
nism involving endocytosis at the luminal membrane, followed by
proteolysis in lysoscomes (172, 173). Alternatively HDL may be
bound to an HDL receptor present on kidney membranes (214),
followed by the preferential uptake of HDL apolipoproteins. All

these proposals require a more detailed investigation in order to
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clarify the mechanism by which the kidneys are able to take up
and degrade HDL apolipopreoteins.

Immunocytochemical localization studies in our laboratory,
showed that the hepatic parenchymal cells are involved in the
degradation of HDPL apo A-IV as indicated by a leupeptin-dependent
increase in granular staining in this celltype. Earlier studies
of Rachmilewitz et al. (215) already demonstrated the presence of
intravencusly injected 1251-HDL in these cells using autoradio-
graphic techniques. Alsc evidence for a specific HDL receptor in
rat liver parenchymal cells has been obtained from binding stu-
dies (216-218). In all these studies, however, total labeled HDL
preparations were used, which mainly follow the fate of apo A-I.
As stated below not all apo A-IV present in rat HDL is located on
subfractions together with apo A-I. Further experiments are re-
quired to determine the binding properties to membrane receptors
of these various subfractions.

In summary it is clear that HDL apo A«IV and apc A-I have
different metabolic fates. In order to find an explanation for
the observed differences, the various carriers of apo A-IV in
serum were determined using specific immunoprecipitation techni-
ques {Chapters 4 and 7). From these studies it is concluded that
apo A-IV is present on two different populations of particles
within the HDL size range : firstly, HDL particles containing apo
A-IV but no apo A-I or apo E {apoc A~IV-EDL) and secondly parti-
¢les containing both apo A~IV and apo A-T but no apo E (apo A-I +
A-IV)~-HDL. About 70% of the total apo A~IV present in HDL, is
associated with the latter group of particles. It can be specula-
ted that the apo A-IV HDL particles have a relatively rapid
turnover and are specifically degraded in the liver. If this
hypothesis is true this could also explain the more rapid turn-
over of apo A-IV, compared to apo A-I. It is conceivable that
these apo A—IV~HDL particles play a role in the process of "re-
verse cholesterol transport”, a possibility which is further sub-
stantiated by the finding that in peripheral lymph of choles-
terol-fed dogs an increased amount of apo A-IV containing parti-
cles has been reported (219, 220).

In addition to the abovementionend experiments, a short
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study was designed in order to determine whether the isoprotein
compositions of apo A-I and apo A-IV isolated either from chylo-
microns or from HDL, has any effect upon in vivo metabolic beha-
vior {Chapter 5). Following incorporation of chylomicron apo A-IV
and HDL apo A-IV or chylomicron apo A-I and HDL apo A-I into
serum HDL, no differences in their turnover rates or tissue
uptakes could be observed. From these studies it may be reasona-
ble to conclude that the in vivo conversion of pro apo A-1I to
mature  apo A-I or the posttranslational modification of apo A-IV

does not influenée their metabolic behavior to any great extent.
CHARACTERIZATION OF HDL SUBCLASSES IN RAT SERUM

Lipoprotein subclasses can be defined on the terms of their
specific apolipoprotein composition. Alaupovic (174) introduced
the term "simple lipoproteins”, by which he meant those lipopro—
tein particles which only contain one apclipoprotein species
{i.e. LDL). On the other hand "complex lipoproteins" contain more
than one apolipoprotein species per particle. Using specific
antibodies raised against the apolipoproteins, it is possible to
separate these simple and complex lipoproteins. The following
subclasses have been isolated from human plasma: Lp A-I Lp(A-I +
A-II) (175-178) and Lp E (183). Chapter 7 describes an analysis
of rat HDL using specific immunoprecipitations. We were able to
distinguish 3 relatively simple lipoproteins i.e. ape E-HDL, apo
A-I-HDL. and apo A-IV-HDL and two more complex lipoprotein par-—
ticles: HDL containing both apo E and apo A-I and HDL containing
both apo A~IV and apo A-I.

A disadvantage of the immunoprecipitation method is that
only the "simple"” lipoprotein complexes can be isclated and
completely analyzed. The composition of complex lipoproteins can
be indirectly predicted from the results of the immunoprecipita-—
tion studies presented in Chapter 4 and 7. Based upon the fact
that no apo E precipitates with anti apo A=-IV in a single immuno-
precipitation {Chapter 4), the conclusion is warranted that apo
A-IV and apo E are not present on the same particle. Table 8.2.

summarizes the size, ¢chemical composition and calculated apolipo—
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TABLE 8.2.

Characteristics and percentage chemical composition of the simple HDL
1

complexes
Apo E HDL apo A=-I HDL apo A-IV HDL

Molecular weight 750,000 250,000 250,000
Chemical composition

total cholesterol 36% 26% 20%

(% free) {35%) (18%) (72%)

phospholipids 47% 40% 26%

triglycerides i —— -—

protein 12% 34% 54%
Number of apolipoproteins

per molecule 3 apo E 3 apo A-I 3 apo A~IV

(apo C) (ape ©)

1 Values obtained from experiments described in chapter 7.

proteins per particle for the three relatively simple lipoprotein
complexes. A few comments are necessary in this context. First
the protein content is taken as that amocunt of specific apolipo-
protein measured by electroimmunocassay. Secondly, these wvalues
are used to calculate the number of apolipoprotein present on one
particle on the basis of the following mclecular weights: apo E
34,000; apo A-I 27,00C and apo A-IV 46,000. The "molecular
weights" of the particles were determined by standardizing the
agarose column with proteins of known molecular weights. Thirdly,
because no antibody against C apolipoproteins was available, the
presence of these small molecular weight apolipoproteins was
predicted by analyzing the original column fractions on SDS-
polyvacrylamide gelelectrophoresis (Fig. 7.3.). No C apolipopro-
teins were present on apo E-HDL whereas the presence of apo C's
on the other two relatively simple lipoproteins, as well as on

the complex lipoproteins, cannot be excluded.
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From Chapter 7, Table 7.4., it can be concluded that apo A-
I-HDL and apo E-HDL account for 80% of the total HDL cholesterol.
This has an important impact for our understanding of HDL meta-
bolism. It is known that apo E particles can be rapidly removed
by the liver, either through the apo B,E receptor or the apo E
receptor {21, 22). Because the rat maintains very low levels of
LDL it is conceivable that apo E-HDL compensates for the absence
of LDL by functioning in the transport of cholesterol to the
liver. Apo A~IV-HDL could have a similar function. The role of
apo A-I-HDL remains unclear, but it is possible that this HDL
particle is taken up preferentially by the kidneys. However, more
studies are regquired in order to elucidate the mechanism and

physiological impact of this process.



10.

ii.

REFERENCES

Gofman, J.W., F.T. Lindgren and H. ELliot (1949). Ultracen-
trifugal studies of lipoproteins of human serum. J. Biol.
Chem. 179, ©73-

Bavel, R.J., H.A. Eder and J.H%. Bragdon (1953). The dis-
tribution and chemical compoesition of ultracentrifugally
separated lipoproteins in human serum. J. Clin. Invest. 34,
1345-1353.

Lindgren, P.T.C., L.C. Jensepn and F.T. Hatch (1972). The
isolation and quantitative analysis of serum lipoproteins.
In: Blood lipids and lipoproteins, quantification, composi-
tion and metabolism. Eds. G.J. Nelson, New York, Wiley, pp-
181-274.

Lees, R.S. and F.T. Hatch (19263). Sharper separation of
lipoprotein species by paper electrophoresis in albumin
containing buffers. J. Lab. Clin. Med. 61, 518-528.
Laurell, C.B. (1953). Composition of chylomiereons isolated
from rat's lymph. Acta Physiol. Scand. 30, 28%9-294.
Zilversmit, D.B. (1965). The composition and structure of
lymph chylemicrons in dog, rat and man. J. Clin. Invest. 44,
1610-1622,

Roheim, P.S., L.I. Gidez and H.A. Eder (1966). Extrahepatic
synthesis of lipoproteins of plasma and c¢hyle: Role of the
intestine. J. Clin. Invest. 45, 297-300.

Windmueller, H.G., F.T. Lindgren, W.J. Lossow and R.I. Levy
(1270). On the nature of circulating lipoproteins of intes-—
tinal origin in the rat. Biochim. Biophys. Acta, 202, 507-
516.

Green, P.H.R. and R.M. Glickman (1981). Intestinal lipopro~
tein metabolism. J. Lipid Res. 22, 1153-1173.

Kane, J.P. (1983}. Apolipoprotein B: structural and metabo-

" lic heterogeneity. Ann. Rev. Physiol. 45, 637-650.

Wu, A-L. and H.G. Windmueller (19792). Relative contributions
by liver and intestine to individual plasma apolipoproteins
in the rat. J. Biol. Chem. 2534, 7316-7322,

137



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

138

Imaizumi, K., M. Fainaru and R.J. Havel (1978). Composition
of proteins of mesenteric 1lymph chylomicrons in the rat and
alterations produced upon exposure of chylomicrons to bleood
serum and serum. proteins. J. Lipid Res. 19, 712-722.
Imaizumi, K., R.J. Havel, M. Fainaru and J~L. Vigne (1978).
Crigin and transport of the A-I and arginine-rich apolipo-
proteins in mesenteric lymph of rats. J. Lipid Res. 19,
1038-1046.

Lossow, W.J., F.T. Lindgren and L.C. Jensen (1276). Net
uptake of rat serum by protein by sg 400 lymph chylomicrons
in wvitro. Biochim. Biophys. Acta 144, 670-€77.

Fielding, C.J. and R.J. Havel (1977). Lipoprotein lipase:
properties of the enzyme in solution. Arch. Pathol. Lab.
Med. 101, 225-229.

Havel, R.J., J.P. Kane and M.L. Kashyap (19273). Interchange
of apoliopoproteins between chylomicrons and high density
lipoproteins during alimentary lipemia in man. J. Clin.
Invest. 52, 32-38.

Mj8s, 0.D., O. Faergeman, R.L. Hamiltom and R.J. Havel
(1973). Characterization of remnants produced during the
metabolism of triglyceride-rich lipoproteins of blood plasma
and intestinal lymph in the rat. J. Clin. Invest. 56, 603~
615.

Robinson, S.F. and S.H. Quarfordt (19278). Chylomicron apo-
protein alteration after plasma exposure. Biochim. Biophys.
Acta 541, 492-303.

Tall, A.R., P.H.R. Green, R.M. Glickman and J.W. Riley
(1979). Metabolic fate of c¢hylomicren phospholipids and
apoproteins in the rat. J. Clin. Invest. 64, 977-9289.
Redgrave, T.G. and D.M. Small (19279). Quantitation of the
transfer of surface phospholipids of chylomicrons to the
high density lipoprotein fraction during catabeolism of chy-
lomicrons in the rat. J. Clin. Invest. 64, 162-171.

Hui, D.Y., T.L. Innerarity and R.W. Mahley (198l). Lipopro-
tein binding to canine hepatic membranes. Metabolically
distinct apo-E and ape-B,E receptors. J. Biol. Chem. 256,
5646=-5655.



22.

23.

24.

25.

26.

27.

28.

29.

Mahley, R-W., D.Y. Hui, T.L. Iprnerarity and K.H. Weisgraber
(1981). Two independent lipoprotein receptors on hepatic
membranes of the dog, swine and man. Apo~B,E. and apo-E
receptors. J. Clin. Invest. 68, 1127~1206.

Havel, R.J. (1985). The formation of LDL: mechanisms and
regulation. J. Lipid Res. 25, 15370-1576.

Janus, E.D., A. Nicell, R. Woottor, P.R. Turnover, P.J.
Magill, B. and Lewis (1980). Quantitative studies of very
low density lipoprotein: conversion to low density lipopro-
tein in normal c¢ontrols and primary hyperlipidaemic states
and the role of direct secretion of low density lipoprotein
in heterozygcous familial hypercholesterolemia. Eur. J. Clin.
Invest. 10, 149-159.

Packard, ¢C.J., A- Munro, A.R. Lorimer, A.M. Gotto and J-
Shepherd {1984). Metabolism of apolipoprotein B in large
triglyceride-rich very low density lipoproteins of normal
a‘nd hypertriglyceridemic subjects. J. Clin. Invest. 74,
2178-2192.

Beltz, W.F., Y.A. Kes3niemi, B.V. Howard and S.M. Grundy
(1285). Development of an integrated model for analysis of
the kinetics of apolipoprotein B in plasma very low density
lipoproteins, intermediate density lipoproteins, and low
density lipoproteins. J. Clin. Invest. 76, 575-585.
Kesfiniemi, Y.A., W.F. Beltz and $.M. Grundy (1985). Compari-
son of metabolism of apolipoprotein B in normal subjects,
obese patients, and patients with coronary heart disease. J.
Clin. Invest. 76, 586-595.

Packard, C.J., D.E. Boag, R. Clegyg, D. Bedford and J. Shep—
herd (1985). Effect of 1,2-cyclohexadione modification on
the metabolism of very low density lipoprotein apolipopro-
tein B: potential role of receptors in intermediate density
lipoprotein catabolism. J. Lipid Res. 26, 1058-1067.

Jones, A.L., G.T. Hradek, <C.A. Hormick, G. Renaund, E.E.T.
Windler and R.J. Havel (1984)}. Uptake and processing of
chylomicrons and very low density lipoproteins by rat liver.
J. Lipid Res. 25, 1151-~1158.

139



30.

31.

32.

33.

34.

35.

36.

37.

38.

140

Windler, E. and R.J. Havel (1985). Inhibitory effects of C-
apolipoproteins from rats and humans on the uptake of tri-
glyceride-rich lipoproteins and their remnants by the perfu-
sed rat liver. J. Lipid Res. 26, 556-565.

Illingworth, D-R. (1975). Metabolism of lipoproteins in non-—
human primates. Studies on the origin of low density lipo-
protein apoprotein in the plasma of the squirrel monkey.
Biochim. Biophys. Acta 288, 38-5I1.

Nakaya, N., B.H- Chung, J.R. Patsch and 0.D. Taunton (1977).
Synthesis and release of low density lipoprocteins by the
isolated perfused pig liver. J. Biol. Chem. 252, 7330-7533.
Noel, S.P., L. Wong, P.J. Dolphin, L. Dory and D. Rubinstein
(19792). sSecretion of cholesterol-rich lipoproteins by the
perfused livers of hypercheolesterc¢lemic rats. J. €Clin. In-
vest. 64, 674-683.

Johnson, F.L., R.W. St Claizr and L.L. Rudel (1983). Studies
on the production of low density lipoproteins by perfused
livers from non~human primates. Effect of dietary choles-
terol. J. Clin. Invest. 72, 221-+236.

Soutar, A.K., N.B. Myant and G.R. Thompson {1977). Simulta-
neous measurement of apolipoprotein B turnover in familial
hypercholesterolemia. Atherosclerosis 28, 247-256.
Kissebah, A.H., S. Alfarsi and D.J. Evans (1984). Low densi-
ty lipoprotein metabolism of apolipoprotein B in familial
combined hyperlipidemia. Arteriosclerosis 4, 614-624.
Dallinga—Thie, G.M-. and A. van Tol (1984). Metabolism of rat
serum high-density lipoprotein apolipoprotein A-IV. Agents
and Actions 16, 87-93.

Guo, L.S., R.L. Hamilton, R. 0stwald and R.J. Havel {(1982).
Secretion of nascent lipoproteins and apolipoproteins by
livers of normal and cholestercl~fed guinea pigs. J. Lipid
Res. 23, 543-555.



39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49,

Borpick, C.A., T. Kita, R.L. Hamilton, J.P. Kane and R.J.
Havel (1983). Secretion of lipoproteins from the liver of
normal and watanabe heritable hyperlipidemic rabbits. Proc.
Natl. Acad. Sci. U.S.A. 80, 6096-6100.

Fischer, W.R., A. Zechl, P. Bardalay, G. Warmke and M.
Berman (1980). The metabolism of apolipoprotein B in sub=-
jects with hypertriglyceridemia and polydisperse LDL. J.
Lipid Res. 21, 744-~760.

Brown, M.S. and J.L. Goldstein (1984). How LDL receptors
influence cholestercl and atherosclerosis. Sci. Amer. 251,
52-60.

Goldstein, J.L. and M.S. Brown (1977). The low-density lipo-—
protein pathway and its relation to atherosclerosis. Ann.
Rev. Biochem. 46, 897-930.

Brown, M.S., P.T. Kovanen and J.L. Goldstein (1981). Regula~-
tion of plasma chelestercol by lipoprotein receptors. Science
212, 628-635.

Mahley, R.W. and T.L. Innerarity (1983). Lipoprotein recep-
tors and cholesterol homeostasis. Biochim. Biophys. Acta
737, 197222,

Shepherd, J., 5. Bicker, A.R. Lorimer and C.J. Packard
(1979). Receptor-mediated low density lipoprotein catabolism
in man. J. Lipid Res. 20, 992-1006.

Attie, A.D., R.C. Pittman and D. Steinberg (1982). Hepatic
catabolism of low-density lipoprotein: mechanism and metabo-
lic consequences. Hepatology 2, 269-281.

Brown, M.S5., S.K. Basu, J.R. Falck, Y.K. Ho and J.L. Gold-
stein (1980). The scavenger cell pathway for lipoprotein
degradation: Specificity of the binding site that mediates
the uptake of negatively charged LDL by macrophages. J.
Supra. Struct. 13, 67-81.

Shepherd, J. and C.J. Packard (1984).. Pathophysiology of
human lipoprotein receptors: clinical conseguences of a
cellular defect. J. Clin. Pathol. 37, 87-94.

De Lalla, O.F. and J.W. Gofman (1954). Ultracentrifugal

analysis of serum lipoproteins. Methods Biochem. Anal. 1,
459-478.

147



50.

51.

52.

53.

54.

55.

56.

57.

58.

142

Patsch, J.R., S. Sailer, G. Kostner, F. Sandhofer, A. Hola-—
sek and H. Braunstainer (1974). Separation of the main
lipoprotein density classes from human plasma by ratezonal
ulﬁracentrifugation. J. Lipid Res. 15, 356-366.

Anderscn, D.W., A.V. Nichols, T.M. Forte and F.T. Lindgren
(1977). Particle distribution of human serum high density
lipoprotein. Biochim. Biophys. Acta 493, 55-68.

Patsch, W.G., G. Schonfeld, A.M. Gottoc amd J.R. Patsch
(1980). Characterization of human high density lipoproteins
by zonal ultracentrifugation. J. Biol. Chem. 255, 3178-3185.
Shepherd, J., C.J. Packard, J.M. Stewart, B.D. Vallence,
T.D.V. Lawrie apd H.G. Morgan (1980)}. The relationship be=-
tween cholesterol content and subfraction distribution of
plasma high-density lipoproteins. Clin. Chim. Acta 101, 57-
62.

Chapman, H.J., S. Goldstein, G. Lagrange and P.M. Laplaud
(1981). & density gradient ultracentrifugal procedure for
the isolation of the major lipoprotein classes from human
serum. J. Lipid Res. 22, 339-358.

Gidez, L.I., G.J. Miller, M. Burnstein, S. Slagle and H.A.
Eder (1982). Separation and guantitation of subclasses of
human plasma high density lipoproteins by a simple precipi-
tation procedure. J. Lipid Res. 23, 1206-1223.

Groot, P.H.E., L.M. Scheek, L. Havekes, W.L. van Noordt and
F.M. van 't Hooft (1982). A one step separation procedure of
human serum high density lipoproteins 2 and 3 by rate-zonal
density gradient ultracentrifugation in a swinging bucket
rotor. J. Lipid Res. 23, 1342-1353.

Mahley, R.W. (1978). Alterations in plasma lipoproteins in-—
duced by cholesterol feeding in animals including man. In:
Dietschy, J.M., A.M. Gotto and J.A. Ontko, eds. Disturbances
in lipid and lipoproteir metabolism. Bethesda, American Phy-
siological Society, pp. 181-197.

Scanu, A.M., R.E. Byrne and M. Milhovilowvie (1983). Func-
tional roles of plasma high density lipoproteins. CRC Rev.
13, 109-140C.



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Weisgraber, K.H., R.W. Mahley arnd G. Assmann {(1977). The rat
arginine-rich apoprotein and its redistribution following
injecticen of radiciodinated lipoproteins inte normal and
hypercholesterolemic rats. Atherosclerosis 28, 121-140C.
Mahley, R.®W. and K.S. Holcombe (1277) Alterations of the
plasma lipoproteins and apoproteins following cholesterol
feeding in the rat. J. Lipid Res. 18, 314-324.

Lusk, L.T., L.F. Walker, L.H. Dubien and G.S. Getz (1979).
Isolation and partial characterization of high-density lipo-
protein (EDL;) from rat plasma by gradient ultracentrifuga-
tion. Biochem. J. 183, 83-90.

Marsh, J. {1976). Apoproteins of the lipoproteins in a
nonre¢irculating perfusate of rat liver. J. Lipid Res. 17,
85-920.

Marsh, J. (1974). Lipoproteins in a nonrecirculating perfu-
sate of the liver. J. Lipid Res. 15, 544-=-350.

Green, P.H.R., Tall, A.R. and R.M. Glickman {1978). Rat
intestine secretes discoid high density lipoprotein. J.
Clin. Invest. 61, 528-534.

Forester, G.P., A.R. Tall, C.L. Bisgaier and R.M. Glickman
(1983). Rat intestine secretes spherical high density lipo-
protein. J. Biol. Chem. 258, 5938-5943.

Sloop, C.H., L. Dory, R. Hamilton, B.R. Krause and P.S.
Roheim (1983). Characterization of dog peripheral lymph
lipoproteins: the presence of a disc-shaped "nascent” high
dengity lipoprotein. J. Lipid Res. 24, 1429-1440.

Alpers, D.H., D.R. Lock, N. Lancaster, K. Poksay and G.
Schonfeld (1985). Distribution of apolipoprotein A-I and B
among intestinal lipoproteins. J. Lipid Res. 26, 1-10.
Hamilton, R.L., M.C. Williams, C.J. Fielding and R.J. Havel
(1976). Discoidal bilayer structure of nascent high density
lipoproteins from perfused rat liver. J. Clin. Invest. 58,
667-680.

Noel, S—P. and D. Rubinstein (1974). Secretion of apolipo-
proteins in very low density and high density lipoproteins
by perfused rat liver. J. Lipid Res. 15, 3C1-308.

143



70.

7l.

72.

73.

74.

75.

76.

77.

78.

79.

80.

144

Felker, T., M. Fainaru, R.L. Hamilton and R.J. Havel (1977).
Secretion of arginine-rich and A-I apolipoproteins by the
isolated perfused rat liver. J. Lipid Res. 18, 465-473.
Tall, A.R. and D.M. Small {(1980). Body cholesterol removal:
role of plasma high density lipoproteins. Adv. Lipid Res.
17, 1~51.

Castelli, W.P., J.T. Doyle, T. Gordon, C.G. Hames, M.C.
Hjortland, S.B. Hulley, A. Kagan and W.J. Zukal (1977). High
density lipoprotein cheolesterol and other lipids in coronary
heart disease. Circulation 55, 767-772.

Heiss, G., N.J. Johnson, S. Reiland, C.E. Davis and H.A.
Tyroler (1980). The epidemioclogy of plasma high densify
lipoprotein levels. Circulation 62, suppl. IV, 116-136.
Levy, R.I. (1981). Cholestercl, lipoproteins, apoproteins,
and heart disease: present status. Clin. Chem. 27, 653-662.
Barter, P.J. and J.I. Lally (1978). The activity of an
esterified cholestercl transferring factor in human and rat
serum. Biochim. Biophys. Acta 531, 233-236.

Oschry, Y. and S. Eisenberg {(1982). Rat plasma lipoproteins:
re—evalution of a lipoprotein system in an animal devoid of
cholesteryl ester transfer activity. J. Lipid Res. 23, 1099-
1106.

Miller, G.E- and N.E. Miller (1975). Plasma~high~density-
lipoprotein concentration and development of ischaemic heart
disease. Lancet 1, 16-19.

Reichl, D., D.N. Rudra, N.B. Myant and J.J. Pflug (1982).
Further evidence for the role of high density lipoprotein in
the removal of tissue c¢holesterol in vivo. Atherosclerosis
44, 73-84.

Glomset, J-A. (1968). The plasma lecithin-cholesterol acyl
transferase reaction. J. Lipid Res. 2, 155-167.

Gwynne, J.T. and B. Hesse (1980). The role of high density
lipoproteins in rat adrenal cholestercl metabolism and ste-
roidogenesis. J. Biol. Chem. 255, 10875-10883.



81.

82.

83.

84.

85.

86.

g7.

88.

89.

90.

Van 't Heooft, F.M., T. van Gent and A. van Tol (1981).
Turnover and uptake by organs of radicactive serum high
density lipoprotein cheolesteryl esters and phospholipids in
the rat in vive. Biochem. J. 196, 877-885.

Glass, C., R.C. Pittman, D.B. Weinstein and D. Steinberg
(1983). Dissociation of tissue uptake of cholesterol ester
from that of apoprotein A-I of rat plasma high density
lipoproteins: selective delivery of cholesterol esters to
liver, adrenal and gonad. Proc. Natl. Acad. Sci. USA 80,
5435-5439.

Stein, Y., Y. Dabach, G. Hollander, G. Halperin and Q. Stein
(1283). Metabolism of HDL-c¢holesteryl ester in the rat,
studied with a nonhydrolyzable analeg, cholesteryl linoleyl
ether. Biochim. Biophys. Acta 752, 98-105.

Quarfordt, S., J. Hapks, R.S. Jenes anpd F. Shelburne (1980).
The uptake of high density lipoprotein cholesteryl ester in
the perfused rat liver. J. Biol. Chem. 255, 2934-2937.

Van "t Hooft, F.M., G.M. Dballinga-~Thie and A. van Tol
(1985). Leupeptin as a tool for the detection of the sites
of catabolism of rat high~density lipoprotein apolipopro-
teing A-I and E. Biochim. Biophys. Acta 834, 75-84.
Faipmaru, M., R.J. Havel and K. Imaizumi (1977). Radioimmu~
noassay of arginine~rich apolipeoprotein of rat serum. Bio-
chim. Biophys. Acta 490, 144-155.

Fainaru, M., R.J. Havel and T.E. Felker (1976). Radicimmu-—
noassay of apolipoprotein A~I of rat serum. Biochim. Bio-—
phys. Acta 446, 56-58.

Kunitake, S.T. and J.P. Kane {1982). Factors affecting the
integrity of high-density lipoproteins in the ultracentri-
fuge. J. Lipid Res. 23, 936-9240.

Bersot, T.P., W.¥. Brown, R.I. Levy, H.G. Windmueller, D.S.
Frederickson and V.S. LeQuire (1970). Further characteriza-—
tion of the apolipoproteins of rat plasma. Biochemistry 9,
3427-3433.

Koga, 8., L. Bolis and A.M. Scanu (1%71). Isolation and
characterization of subunit polypeptides from apoproteins of
rat serum lipoproteins. Biochim. Biophys. Acta 236, 416-430.

145



o1.

92.

23.

95.

96.

7.

98.

29.

100.

146

Swaney, J.B., F. Braithwaite and H.A. Bder (1977). Charac-
terization of the apolipoproteins of rat plasma lipopro-
teins. Biochemistry 16, 271-278.

Gidez, L.J., J.B. Swaney and S. Murnane (1977). Analysis of
rat serum apoproteins by isoelectric focusing. I Studies on
the middle molecular weight subunits. J. Lipid Res. 18, 59-
68.

Poncin, J.E., J.A. Martial and J.E. Gielen (1984). Cloning
and structure analysis of the rat apolipoprotein A-TcDNA.
Eur. J. Biochem. 140, 493-498.

Boguski, M.S., N. Elshourbagy, J.-M. Taylor and J.I. Gordon
(1985). Comparative analysis of repeated sequences in rat
apolipoproteins A-I, A-IV and E. Proc. Natl. Acad. Sci. USA
82, 992-99%c.

Brewer, H.B., T. Fairwell, A. LaRue, R. Ronan, A. Houser and
T.J. Bronzert {1978). The amino acid seguence of human apo
A-I, =an apolipoprotein isolated from high density lipopro-
tein. Biochem. Biophys. Res. Commun. 8C, 623-630.

Glickman, R-M. and P.H.R. Green {(1977). The intestine as a
source of apolipoprotein A-I. Proc. Natl. Acad. Sci. Usa 74,
2569-2573.

Schonfeld, G., E- Bell and D.H. Alpers (1978). Intestinal
apoproteins during fat absorption. J. Clin. Invest. 60,
1539-1550.

Krause, B.R.-., C.H. Slocop, C.K. Castle and P.S. Roheim
{1981). Mesentric lymph apolipoproteins in control and ethi-
nylestradiol~treated rats: a model for studying apolipopro-
teins of intestinal origin. J. Lipid Res. 22, 610~619.
Lin-Su, M-H., Y-C. Lin—-Lee, W.A. Bradley and L. Chan (1281).
Characterization, cell-free synthesis, and processing of
apolipoprotein A-I of rat high-density lipoproteins. Bio-
chemistry 20, 2470-2475.

Windmueller, H.G. and A-L. Wu (1981). Biosynthesis of plasma
apclipoproteinsg by rat small intestine without dietary or
biliary fat. J. Biol. Chem. 256, 3012-3016.



iol.

102.

103.

104.

105.

106.

107.

108.

lo9.

Sliwkowski, M.B. and H.G. Windmueller {1984). Rat liver and
small intestine produce proapeolipoprotein A-I which is slow=
ly processed to apolipoprotein A-I in the circulation. J.
Bicl. Chem. 259, 6459-6465.

Stoffel, W., C. Bode and K. Knijrim (1983). Serum apolipo~
protein A-I synthesis in rat hepatocytes and its secretion
as proform. Hoppe—-Seyler's 2. Physiol. Chem. 364, 439-445.
Davidson, N.O. and R.M. Glickman (1985). Apolipoprotein A-1I
synthesis in rat small intestine: regulation by dietary
triglyceride and biliary lipid. J. Lipid Res. 26, 368-379.
Ghiselli, G., H.B. Brewer Jr. and H.G. Windmueller (1982).
Apolipoprotein A-I isoprotein synthesis by the perfused rat
liver. Biopchem. Biophys. Res. Commun. 107, 144-149,

Gordon, J.XI., D.P. Smith, R. Andy, D.H. Alpers, G. Schonfeld
and A.W. Strauss (1982}). The primary translation product of
rat intestinal apolipoprotein A-~I mRNA is an unusual prepro-
protein. J. Bicl. Chem. 237, 971~978.

Ghiselli, G., A.M. Gotto Jr., S. Tannenbaum and B.C. Sher-—
rill (1985). Proapolipoprotein A-I conversion kinetics in
vivo in human and in rat. Proc. Natl. Acad. Sci. USA 82,
874-878.

Ghisell:i, G., W.A. Bradley, A.M. Gotto Jr. and B.C. Sherrill
(1983). Identification of proapo A-I in rat lymph and plas-
ma: metabolic conversion to "mature" apo A-1. Biochem. Bioc-
phys. Res. Commun. 108, 704-71ll.

Swaney, J.B., H. Reese and H.A. Eder (1274). Polypeptide
composition of rat high density lipoprotein: characteriza-
ticn by SDS electrophoresis. Biochem. Biophys. Res. Commun.
59, 513-519. '

Boguski, M.S., ¥N. Elshourbagy, N., J.M. Taylor and J.I.
Gordon (1984). Rat apolipoprotein A~IV contains 13 tandem
repetitions of a 22-amino acid segment with amphiphatic

helical potential. Proc. Watl.. Acad. Sci. USa 81, 5021~5025.

147



110.

11i1.

112.

113.

114.

115.

lie.

117.

118.

119.

148

Weisgraber, K.H., T.P. Bersot and R.W. Mahley (1278). Isola-
tion and characterization of an apoprotein from the 4 <
1.006 lipoproteins of human and canine lymph homologous with
the rat A-IV apoprotein. Biochem. Biophys. Res. Commun. 85,
287-292.

Beisiegel, U. and G. Utermann (1979). An apolipoprotein
homolog of rat apolipoprotein A-IV in human plasma. Eur. J.
Biochem. 93, ©601-608.

Rifici, V.A., H.A. Eder and J.B. Swaney (1984). Isolation
and lipid=~binding properties of rat apolipoprotein A-IV.
Biochim. Biophys. Acta B34, 205-214.

Dvorin, E., W.W. Mantukin, M.F. Rohde, A.M. Gotto Jr., H.J.
Pownal and B.C. Sherrill {(1985). Conformational properties
of human and rat apolipoprotein A~IV. J. Lipid Res. 26, 38-
46.

Wu, A-L. and H.G. Windmueller (1278). Identification of
circulating apolipoproteins synthesized by rat small intes-—
tine in vivo. J. Biol. Chem. 253, 2525-2528.

Gordon, J.I., D.P. Smith, D.H. Alpers and A.W. Strauss
{1982). Cloning of a complementary deoxyribonucleotic acid
encoding a portion of rat intestinal preapolipoprotein A-IV
messenger ribonucleic acid. Biochemistry 21, 5424-5431.
Elshourbagy, N., M.A. Gholson, K.H. Weisgraber, R.W. Mahley
and J.M. Taylior (1983). Cloning of rat apolipoprotein A-IV
complementary DNA and examination of mRNA levels. Fed. Proc.
42, 358A.

Gordon, J.I., D.P. Smith, D.H. Alpers and A.W. Strauss
(1982). Proteolytic processing of the primary translation
product of rat intestinal apolipoprotein A-IV mRNA. J. Biol.
Chem. 257, 8418-8423.

Gordon, J.I., C.L. Bisgaier, H.F. Sims, 0.P. Sachdev, R.M.
Glickman and A.W. Strauss (1974). Biosynthesis of human pre
apolipoprotein A-IV. J. Biol. Chem. 259, 468-474.

Shore, V.G. and B. Shore (1973). Heterogeneity of human
plasma very low density lipoproteins. Separation of species

differing in protein components. Biochemistry 12, 502-507.



120,

121.

122.

123.

124.

125.

126.

127.

128.

129.

136.

McLean, J.W., C. Fukazawa and J.M. Tayler (1983). Rat apoli-
poprotein E mRNA. Cloning and seguence of double-stranded
¢DNA. J. Biol. Chem. 258, 8993~9000.

Reardon, C.A., R.V. Hay, J.I. Gordon and G.5. Getz (1984).
Processing of rat liver E primary translation product. J.
Lipid Res. 25, 348-360.

Lin—-Lee, Y-C., ¥. Tanakz, C-7T. Lin and L. Chan {(1981).
Effects of an atherogenic diet on apolipopreotein E biosyn-
thesis in the rat. Biochemistry 20, 6474~6480.

DPriscoll, D.M. and G.5- Getz (1984). Extrahepatic synthesis
of apoliprotein E. J. Lipid Res. 25, 1368-~1379.
Elshourbagy, N., W.S. Liao, R.W. Mahley and J-M. Taylor
(1985}). Apolipoprotein E mRNA is abundant in the brain and
adrenals, as well as in other peripheral tissues of rats and
marmosets. Proc. Natl. Acad. Sci. USA 82, 203-~207.

Scapnu, A.M. and €. Edelstein (1971). Solubility in agueocus
solutions of ethanol of the small molecular weight peptides
of the serum very low density and high density lipoproteins:
relevance to the recovery problem during delipidation of
serum lipoproteins. Anal. Biochem. 44, 576-3588.

Shelburne, F.A. and S.H- Quarfordt (1977). The interaction
of heparin with an apoprotein of human very low density
lipoprotein. J. Clin. Invest. 60, 944-950.

Kane, J.P. (1973). A rapid electrophoretic technique for
identification of subunit species of apoproteins in serum
lipoproteins. Anal. Biochem. 53, 350-364.

Weber, XK. and M. Osborne (196%2). The reliability of molecu-
lar weight determinations by dodecyl-sulphate polyacrylamide
gel electrophoresis. J. Biocl. Chem. 244, 4406-4412.

Laurell, ¢.B. (1986). Quantitative estimation of proteins by
electrophoresis in agarose gel centalning antibedies. Anal.
Biochem. 15, 45-52.

Bensadoun, A- and D. Weinstein (1976). Assay of protein in
the presence of interfering material. Anal. Biochem. 70,
241-250.

749



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141,

142.

150

Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall
(1951). Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 193, 265-275.

Ishikawa, T. and N. Fidge (197%2). Changes in the concentra-
tions of plasma lipoproteins and apoproteins following the
administration of Triton WR 13392 to rats. J. Lipid Res. 20,
254264,

Fidge, N.H. (1980}. The redistribution and metabolism of
iodinated apolipoprotein A-IV in rats. Biochim. Biophys.
Acta 619, 129-141.

Borgstrdm, B. and C.B. Laurell (1953). Studies on lymph and
lymph-proteins during absorption of rat and saline by rats.
Acta Physiol. Scand. 29, 264-280.

Ockner, R.K. and K.R. Isselbacher (1274). Recent concepts of
intestinal fat absorption. Rev. Physiol. Biocchem. Pharmacol.
71, 107-146,

Ockner, R.X., F.B. Hughes and K.J. Isselbacher {1969). Very
low density lipoproteins in intestinal lymph. J. Clin. In-
vest. 48, 2097-2088.

Lambert, R. (1965). Surgery of the digestive system in the
rat. pp. 184-204. C.C. Thomas Publisher, Springfield, Illi-
nois, USA.

Dallinga~Thie, G.M., P.H.E. Groot and A. van Tol (1985). The
distribution of apolipoprotein A-IV among lipoprotein sub-
classes in rat serum. J. Lipid Res. 26, 97C-976.

Zzak, B., R.C. Dickenman, E.G. White, H. Barnett and P.J.
Chermney (1954). Rapid estimation of free and total choles-
terol. Am. J. Clin. Pathol. 24, 1307-1315.

Abell, L., B.B. Levy, B.B. Brodie and F.E. Kendall (1952). A
simplified methed for the estimation of total cholesterol in
serum and demonstration of its specificity. J. Biol. Chem.
125, 357-366.

Bartlett, C.R. (1959). Phosphorus assay in column chromato-
grahpy. J. Biol. Chem. 234, 466-468.

Laurell, 8. (1966). A method for routine determination of
plasma triglycerides. Scand. J. Clin. Lab. Invest. 18, 668~
672.



143.

144.

145.

l46.

147.

148.

142.

150.

151.

152.

Dallinga—~Thie, G.M., P.H.E. Groot and A. van Tol (1985).
Electreimmunoassay of rat apolipoproteins A-I, A~IV and E. A
procedure for sample treatment to increase the sensitivity
in diluted fractions. J. Lipid Res. 26, B889-8%2.

Delamatre, J.G., C.A. Hoffmeier, A.G. Lacko and P.S. Roheim
(1983). Distribution of apolipoprotein A-IV between the
lipoprotein and the lipoprotein-free fractions of rat plas-
ma: possible role of lecithin-cholesterol acyltransferase.
J. Lipid Res. 24, 1578-1585.

Delamatre, J.G. and P.S. Roheim (1983). The response of
apolipoprotein A-IV to c¢holesterol feeding in rats. Biochim.
Biophys. Acta 751, 210-217.

Van Lenten, B.J. and P.S. Roheim (1982). Changes in the
concentrations and distributions of apolipoproteins of the
aging rat. J. Lipid Res. 23, 1187-~1195.

Green, P.H.R., R.M. Glickman, J.W. Riley and E. Quinet
(1280). Human apolipoprotein A-IV. Intestinal origin and
distribution in plasma. J. Clin. Invest. 65, 911-919.

Sata, T., D.L- Estrich, P.D.5. Wood and L.W. Kinsell (1970).
Evaluation of gel chromatography for plasma lipoprotein
fractionation. J. Lipid Res. 11, 331-340.

Bligh, E.G. and W.J. Dyer (1959}. A rapid method of total
lipid extraction and purification. Can. J. Biochem. Physiol.
37, 9l1-917.

Groot, P.H-E., L-M. Scheek, G.M. Dallinga-Thie, A. van Tcl
and Th.J.C. van Berkel (1980}. Chylomicron metabolism. Adv.
Physiol. Seci. 12, 505-514.

Fainaru, M., R.J. Havel and K. Imaizumi (1977). Apoprotein
content of plasma lipoproteins of the rat separated by gel
chromatography or ultracentrifugation. Biochem. Med. 17,
347-355.

Van 't Heoft, F.M. and R.J. Havel (1982)}. Metabolism of
apolipoprotein E in plasma high density lipoproteins from
normal and cholesterol-fed rats. J. Biel. Chem. 257, 10996-
11001.



153.

154.

155.

156.

157.

158.

159.

160.

iel.

162.

163.

152

Utermann, G. and U. Beisiegel (1979). Apolipoprotein A-IV: a
protein occurring in human mesenteric lymph chylomicrons and
free in plasma. BEur. J. Biochem. 99, 333-342.

Cleveland, D.W., S.C. Pischer, M.¥W. Kirschner and U.K. Laem—
1i (1977). Peptide mapping by limited proteolysis in sodium
dodecyl sulfate and analysis by gel electrophoresis. J.
Biecl. Chem. 252, 1102-1106.

Wwarnick, G.R., C. Mayfield, J.J. Albers and W.R. Bazzard
(1879). Gel isocelectric focusing method for specific diagno-
sis of familial hyperlipdproteinemia Type 3. Clin. Chem. 25,
279=-284.

Towbin, H.,T. Staehelin and J. Gorden (1979). Electrophore-
tic transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: procedure and some applications. Proc.
Natl. Acad. Sci. USA 76, 4350-4354.

Glass, C.K., R.C. Pittmann, G.A.Keller and D. Steinberg
(1983). Tissue sites of degradation of apoprotein A-I in the
rat. J. Biol. Chem. 258, 71&61~7167.

Miller, G.J. {1980). High density lipoproteins and athero-
sclerosis. Ann. Rev. Med. 31, 97-108.

Gorden, T., W.P. Castelli, M.C. Hjortland, W.B. Kannel and
T.R. Dawber (1977). High density lipoprotein as a protective
factor against coronary heart disease: the Framingham study.
Am. J. Med. 62, 707-714.

Van 't Hooft, F.M. and A. van Tol (1985). The sites of
degradation of rat high density lipoprotein apolipoprotein E
specifically labelled with D-{4-diazo-3-(123I)icde benzoyl}~
sucrose. Biochem. J. 226, 714-72].

McFarlane, A.S. (1958). Efficient trace-labelling of protein
with iodine. Nature 182, 53.

Krebs, H.A. and L. Henseleit (1232). Untersuchungen Uber die
Harnstoffbildung in Tierk&rper. Hoppe Seyler's 7. Physiol.
Chem. 210, 33-66.

Wang, C.F. and D.M. Hegsted (1949). Normal blood volume,
plasma volume and thiocyanate space in rats and their rela-

tion to body weight. Am. J. Physiol. 156, 218-226.



164.

165.

166.

167.

le8.

1s62.

170.

171.

172.

Van Ewijk, W., P.Z. van Soest and G.J. van dem Engh (1981).
Fluorescence analysis and anatomic distribution of mouse T
lymphocyte subsets defined by monoclonal antibodies to the
antigens THY-1l, LYT-1, LVT~2 and T-200. J. Immuncl. 127,
2594-2604.

Graham, T.V. and M.J. Karnovsky (1966). The early stages of
absorption of injected horse radish peroxidase in the proxi-
mal tubules of mouse kidneys ultrastructural cytochemistry
by a new technigque. J. Histochem. Cytochem. 14, 291.

Funke, H., J. Boyles, K.H. Weisgraber, E.H. Ludwig, D.Y. Bui
and R.W. Mahley (1984). Uptake of apolipoprotein E-contain-
ing high density lipoproteins by hepatic parenchymal cells.
Arteriosclerosis 4, 452-461.

Schaeffer, E.J., L.L. Kay, L.A. Zech and H.B. Brewer (1982).
Tangier disease; high density lipoprotein deficiency due to
defective metabolism of an abnormal apolipoprotein A-I (apo
A-I Tangier). J. Clin. Invest. 70, 934-945.

Fidge, N. and P. Nestel (1981). Studies on the in vivo
metabolisme of A-IV apoprotein in human subjects. Circula-
tion 64, 159A.

Nakai, T. and T.F. Wayrpe (1976). Catabolism cof canine apoli-
poprotein A~I: Purification, catabolic rate, organs of cata—
bolism and the liver subcellular site. J. Lab. Clin. Med.
88, 63-80.

Shore, V.G., T. Forte, H. Light and S.B. Lewis (1982}. Serun
and urinary lipoproteins in human nephrotic syndrome: Evi-
dence for renal catabolism of lipoproteins. Metabolism 31,
258-267.

Segal, P., L.I. Gidea, G.L. Vega, D. Edelstein, H.A. Eder
and P.S. Roheim (1979). Apoproteins of high density lipopro-
teins in the urine of normal subjects. J. Lipid Res. 20,
784-788.

Petersen, D.R., J.T. Hjelle, F.A. Carone and P.A. Mocre
(1984). Renal handling of plasma high density lipoprotein.
Kidney Intern. 26, 41l1-421.

153



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

154

Saku, K., E.S. Reddy, B.A. Hynd and M.L. Kashyap (1984).
Renal handling of high~density lipoproteins by isclated
perfused rat kidneys. Metabolism 33, 432-438.

Alaupovic, P. (1980). The operational concepts and classifi-
cations of lipoproteins. In: Handbook of electrophoresis,
vol. 1. L.A. Lewis and J.J. Opplt, editors. CRC Press Inc.,
Boca Raton, USA pp. 27-42.

Atmeh, R.P., J. Shepherd and C.J. Packard (1983). Subpopula=-
tions of apolipoprotein A-I in human high density lipopro=-
teins. Their metabolic properties and response to drug the-—
rapy. Biochim. Biophys. Acta 751, 175~188.

McVicar, J.P., S.T. Kunitake, R.L. Hamilton and J.P. Kane
(1984). Characteristics of human lipoproteins isolated by
selected~affinity immunosorption of apolipoprotein A-I.
Proc. Natl. Acad. Sci. USA 81, 1356~1360.

Cheung, M.C. apnd J.J. Albers (1984). Characterization of
lipoprotein particles isolated by immunocaffinity chromato—~
graphy. J. Biol. Chem. 259, 12201-122009.

Curtis, L.K. and F.S. Edgington (1985). Immunochemical hete-—
regeneity of human plasma high density lipoprotein. J. Biol.
Chem. 260, 2982-2993.

Quarfordt, S.H., R.S. Jain, L. Jakoi, S. Robinson and F.
Shelburne (1978). The heterogeneity of rat high density
lipoproteins. Biochem. Biophys. Res. Commun. 83, 786~793.
Pitas, R.E., T.L. Innerarity and R.W. Mahley {1980). Cell
surface binding of phospholipid protein complexes containing
different ratios of receptor—-active and inactive E apopro-
tein. J. Biol. Chem. 255, 5454-5460.

Mahley, R.W., K.H. Weisgraber and T.L. Inmerarity (1974).
Canine lipoproteins and atherosclerosis. II Characterization
of the plasma lipoproteins associated with atherogenic and
non—-atherogenic hyperlipidemia. Cire. Res. 35, 722-733.
Innerarity, T.L. and R.W. Mahley (1978). Enhanced binding by
cultured human fibroblasts or apo E-containing lipoproteins
as compared with low density lipoproteins. Biochemistry 17,
1440-1447.



183.

184.

185.

186.

187.

188.

189.

120.

121.

192.

Gibson, J.C., A. Rubinstein, N. Ngai, H.N. Ginsberg, N-A.
Le, R.E. Gordon, J.J. Goldberg and W.V. Brown (1985). Immu-
noaffinity isolation of apolipoprotein E-containing lipopro-
teins. Biochim. Biophys. Acta 835, 113-123.

Van Berkel, Th.J.C., J.K. Kruijt, L.M. Scheek and P.H.E.
Groot (1983). Effect of apolipoproteins E and C-III on the
interaction of chylomicrons with parenchymal and non-paren-
chymal cells from rat liver. Biochem. J. 216, 71.-80.
Windler, E., Y-S. Chao and R.J. Havel {1280). Regulation of
the hepatic uptake of triglyceride-rich lipoproteins in the
rat. J. Biol. Chem. 225, 8303-8307.

Mahley, R.W., D.Y. Hui, T.L. Innerarity and K.H. Weisgraber
(1981). Two independent lipoprotein receptors on hepatic
membranes of the dog, swiné and man: the apo E and apo B,E
receptors. J. Clin. Invest. 68, 1197-1206.

Hui, D.Y., T.L. Innerarity and R.W. Mahley (1981). Lipopro-
tein binding to canine hepatic membranes: Metabolically
distinct apo E and apo B,E receptors. J. Biol. Chem. 256,
5646~5655.

Sherrill, B.C., T.L. Imnerarity and R.W. Mahley (1981).
Rapid hepatic clearance of the canine lipoproteins contain-
ing only the E apoprotein by a high affinity receptor:
Identity with the chylomicron remnant transprot process. J.
Biel. Chem. 255, 1804-1807.

Redgrave, T.G., D.C. Roberts and C.E. West (1975). Separa-
tion of plasma lipoproteins by density gradient ultracentri-
fugation. Anal. Biochem. 65, 42-49.

Fainaru, M., M.C. Glangeaud and S. Eisenberg (1275). Radio-
immunoassay of human high density lipoprotein apolipoprotein
A-I. Biochim. Biophys. Acta 386, 432-443.

Mackie, A., M.J. Caslake, C.J. Packard and J. Shepherd
{1981). Concentrations an distribution of human plasma apo-
lipoprotein. Clin. Chim. Acta 116, 35-45.

Van Tol, A. (1984). Organ specific metabolism of low density
lipoprotein an high density lipoprotein. Agents and Actions
suppl. 16, 69-85.



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

156

Bium, C.B., L. Aron and R. Sciacca (1980). Radioimmuncassay
studies of human plasma apolipoprotein E. J. Clin. Invest.
67, 1240-1250.

Gibscon, J.C., A. Rubinstein, P.R. Bukberg and W.V. Brown
(1983). Apolipoprotein E-enriched lipoprotein subclasses in
normolipidemic subjects. J. Lipid Res. 24, 886-828.

Castro, G.R. and C.J. Fielding (1984). Evidence for the
distribution of apolipoprotein E between lipoprotein classes
in human normocholesterclemic plasma and the origin of unas-—
sociated apolipoprotein E {(Lp-E). J. Lipid Res. 25, 58-567.
Green, P.H.R. and R.M. Glickman (1979). Human intestinal
lipoproteins. Studies in chyluric subjects. J. Clin. Invest.
64, 233-242.

Roheim, P.S., D. Edelstein and G.G. Pinter (1976}. Apolipo~
proteins in rat serum and renal lymph. Proc. Natl. Acad.
Sci. USA 73, 1737~1760.

Bar—On, H-, P.S. Roheir and H.A. Eder (1976). Serum lipopro-
teins and apolipoproteins in rats with streptozotocin~indu-
ced diabetes. J. Clin. Invest. 57, 714-721.

Bisgaier, C.L., 0.P. Sachdev, L. Megna and R.M. Glickman
(1985). Distribution of apoclipoprotein A-IV in human plasma.
J. Lipid Res. 26, 11-25.

Bearnot, #H.R., R.M. Glickman, L.M. Weinberg, P.H-R. Green
and A.R. Tall (1982). Effect of biliary diversion of rat
mesenteric lymph apolipoprotein A-I and high density lipo-
protein. J. Clin. Invest. 69, 210-217.

Alpers, D.H., N. Lancaster and G. Schonfeld (19272). The
effects of fat feeding on apolipoprotein A-I secretion from
rat small intestinal epithelium. Metabolism 31, 784~790.
Pessah, M., C. Salvat, N. Amit and R. Infante (1985). Isola-
tion and characterization of rat intestinal polyribosomes
and RNA during absorption of fat. Increased translation in
vitro of apo A~IV. Biochem. Biophys. Res. Commun. 126, 373~
381.

Windmueller, H-G. and A.E. Spaeth (1972). Fat transport and
lymph and plasma lipoprotein biosynthesis by isoclated intes-
tine. J. Lipid Res. 13, 92-105.



204.

205.

206.

207.

208.

208%.

210.

211.

212.

213.

Swift, L.L., P.D. Soule, M.B. Gray and V.S. LeQuire (1984).
Intestinal lipoprotein synthesis. Comparison of nascent
Golgi lipoproteins from chow-fed and hypercholesterolemic
rats. J. Lipid Res. 23, 1-~13.

Weinberg, R.B. and M.S5. Spector (1985). Human apolipoprotein
A-IV: displacement from the surface of triglyceride-rich
particles by HDLs~associated C-apoproteins. J. Lipid Res.
26, 26-37.

Steipmetz, A. and G. Utermann {(1985). Activation of leci-
thin-cholesterol acyltransferase by human apolipoprotein A-
IV. J. Bicl. Chem. 260, 2258-2264.

Chen, C.H. and J.J. Albers (1985). Activition of lecithin:
cholesterol acyltransferase by apolipoproteins E-2, E-3 and
A=-1IV isolated from human plasma. Biochim. Biophys. Acta 836,
279-285.

Pownail, H.J., A. Hu, A.M. Gotte Jr., J.J. Albers and J.T.
Sparrow (1980). Activation of lecithin: cholesterol acyl~-
transferase by a synthetic model lipid-associating peptide.
Proc. Natl. Acad. Sci. U.8.A. 77, 3154-3158.

Yokoyama, S., D- Fukushima, J.P. Kuopferberg, F.J. Kézdy and
E.T. Kaiser (1980). The mechanism of activation of lecithin:
cholestercl acyltransferase by apolipoprotein A-I and an
amphiphilic peptide. J. Biol. Chem. 255, 7333-733%.

Barrett, A.J. (1980).

Fed. Proc. 392, 9-14.

Ghiselli, G., B.C. Sherrill, S. Tannenbaum and A.M. Gotto
Jr. (1984). Plasma catabolism of apolipoprotein A-IV in
humans. Arteriosclerosis 4, 564a.

Sherrill, B.C., A.M. Gotto Jr. and G. Ghiselli (1984). Rat
apolipoprotein A-IV catabolism in plasma. A column chromato-—
graphy study. Arteriosclerosis 4, 522a.

Pittman, R.C. and D. Steinberg (1984). Sites and mechanisms
ef uptake and degradation of high density and low density
lipoproteins. J. Lipid Res. 25, 1577-1585.

157



214.

215.

216.

217.

218.

219.

220.

158

Van Tol, A., G.M. Dallinga—Thie, T. vap Gent and F.M. van 't
Hooft (1986). Specific saturable binding of rat high density
lipoprotins to rat kidney membranes. Biochim. Biophys. Acta,
in press.

Rachmilewitz, D.,0. Stein and P.S. Roheim (1971). Metabolism
of iodinated high density lipoproteins in the rat. II Auto—
radiographic localization in the liver. Biochim. Biophys.
Acta 270, 414-425.

Chacko, G.K. (1982). Human high density lipoprotein (HDL3)
binding to rat liver plasma membranes. Biochim. Bicphys.
Acta 712, 129-141.

Chacko, G.K. (1984). Characterization of high-density lipo-
protein binding sites in rat liver and testis membranes.
Biochim. Biophys. Acta 795, 417-426.

Bachorik, P.S., F-A. Franklin Jr., D.G. Virgil amnd P.O.
Kwiterovich Jr. (1983). Reversible high affinity uptake of
apo E-free high density lipoproteins in cultured pig hepato-
cytes. Arteriosclerosis 5, 142-152.

Dory, L., L.M. Bogqueit, R.L.. Hamilton, C.H. Sloop and P.S.
Roheim (1985).Heterogeneity of dog interstitial fluid {peri-
pheral lymph) high density lipoproteins: implications for a
role in reverse cholesterol transport. J. Lipid Res. 26,
519-527.

Lefevre, M. and P.S. Roheim (1984). Metabolism of apolipo-
protein A-IV. J. Lipid Res. 25, 1603~1610.



CURRICULUM VITAE

Gees Margaretha Dallingz~Thie werd op 15 juli 1953 geboren
te Hoogezand-Sappemeer. Het H.B.S.-B diploma werd behaald in 1971
aan de Koninklijke Hogere Burgerschool te Apeldoorn. In hetzelfde
jaar werd haar studie aan de Landbouw Hogeschool te Wageningen
aangevangen. Tijdens haar praktijktijd deed zij onderzoek op de
afdeling “"Human Nutrition” aan de "University of Michigan", Ann
Arbor, U.S.A.. In september 1977 slaagde zij voor het doctoraal
examen met als hoofdvakken Humane Voeding en Toxicologie. Per 1
januari 1979 trad zij in tijdelijke dienst bij de afdeling Humane
Voeding te Wageningen. Vanaf 1 juli 19792 was zij werkzaam op de
afdeling Biochemie I van de Erasmus Universiteit te Rotterdam, in
dienst van respectievelijk de E.U.R. en de Nederlandse Hartstich-

ting (projectnummers 30.002 en 83.079).

159






	Rat apolipoprotein A-IV metabolism  = Rat apolipoproteine A-IV metabolisme
	CONTENTS
	VOORWOORD
	ABBREVIATIONS
	SAMENVATTING
	SUMMARY
	CHAPTER I - INTRODUCTION
	CHAPTER 2 - Electroimmunoassay of rat apolipoproteins A-I, A-IV, and E. A procedure for sample treatment to increase the sensitivity in diluted fractions.

Dallinga-Thie GM, Groot PH, van Tol A.

J Lipid Res. 1985 Jul;26(7):889-92.

PMID:3928792[PubMed - indexed for MEDLINE] Free Article
	CHAPTER 3 - Distribution of apolipoproteins A-I and A-IV among lipoprotein classes in rat mesenteric lymph, fractionated by molecular sieve chromatography.

Dallinga-Thie GM, van Tol A, van't Hooft FM, Groot PH.

Biochim Biophys Acta. 1986 Mar 21;876(1):108-15.

PMID:3081040[PubMed - indexed for MEDLINE] 
	CHAPTER 4 - Distribution of apolipoprotein A-IV among lipoprotein subclasses in rat serum.

Dallinga-Thie GM, Groot PH, van Tol A.

J Lipid Res. 1985 Aug;26(8):970-6.

PMID:3930644[PubMed - indexed for MEDLINE] Free Article
	CHAPTER 5 - Comparison of the metabolic behavior of rat apolipoproteins A-I and A-IV, isolated from both lymph chylomicrons and serum high density lipoproteins.

Dallinga-Thie GM, van't Hooft FM, van Tol A.

Int J Biochem. 1986;18(4):383-8.

PMID:3086149[PubMed - indexed for MEDLINE] 
	CHAPTER 6 - Tissue sites of degradation of high density lipoprotein apolipoprotein A-IV in rats.

Dallinga-Thie GM, Van 't Hooft FM, Van Tol A.

Arteriosclerosis. 1986 May-Jun;6(3):277-84.

PMID:3085645[PubMed - indexed for MEDLINE] Free Article
	CHAPTER 7 - Identification and characterization of rat serum lipoprotein subclasses. Isolation by chromatography on agarose columns and sequential immunoprecipitation.

Dallinga-Thie GM, Schneijderberg VL, van Tol A.

J Lipid Res. 1986 Oct;27(10):1035-43.

PMID:3794547[PubMed - indexed for MEDLINE] Free Article
	CHAPTER 8 - GENERAL DISCUSSION POINTS
	REFERENCES
	CURRICULUM VITAE

