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Summary. Lipids such as triacylglycerols, free and esterified cholesterol and phospholipids
are essentially insoluble in water ; lipoproteins, which are complex macromolecules of
pseudomicellar structure, have evolved to ensure their efficient transport in the vascular
system of vertebrates. Plasma lipoproteins are operationally classified according to their
relative lipid and protein contents and thus according to density. The protein components,
i.e. apolipoproteins, have a highly specialized structure contributing to particle stability and
metabolism. The chemistry and structure of plasma lipoproteins and apoproteins is
discussed and their biosynthesis, intravascular metabolism and cellular degradation briefly
considered. Circulating concentrations of lipoproteins are under complex control, involving
hormonal, nutritional and genetic factors ; changes occurring in lipoprotein levels in pigs
(Sus domesticusl, cattle (Bos sp.) and rainbow trout (Sa/mo gairdneriil during development
are discussed. In pigs and calves, LDL predominate at the fetal stage and VLDL are absent.
During suckling, this pattern is rapidly modified with HDL becoming the major class and
low levels of VLDL appearing. These changes in part reflect high levels of exogenous
triglyceride lipolysis consequent to the ingestion of fat-rich, maternal milk. With further
growth, HDL predominate in both adult pigs and steers, although the LDL : HDL ratio is
considerably lower in the latter (0.5-0.8 and &horbar; 0.2, respectively). Our studies in pigs
suggest that the intestinal secretion of lipoproteins commences rapidly after birth since
proteins akin to human apo-B48 and apo-B100 are detectable in plasma VLDL some 2-3 h
after parturition. Although the trout is an oviparous vertebrate, LDL is also preponderate at
the juvenile stage. With sexual maturity, LDL and VLDL levels diminish progressively,
plasma HDL attaining concentrations as high as 1,500 mg/dl in adults. Our knowledge of
the biochemical mechanisms at the origin of these developmental changes in lipid transport
in both mammals and fish remains largely incomplete.

Introduction.

Lipoproteins which circulate in the vascular system of vertebrates are
macromolecular complexes of lipids and of certain specialized proteins, the
apolipoproteins. The physical structure and organization of these complexes,
which were first isolated by Macheboeuf (19291, have been compared to that of a
pseudomicelle with the polar components, i.e. phospholipids and apolipoproteins,

situated at the surface and the more hydrophobic constituents, i.e. triglycerides,
cholesteryl esters and some free cholesterol, located in the core of the particle.
These particles transport water-soluble lipids, namely triglycerides, cholesteryl
esters, free cholesterol and phospholipids, from sites of lipid absorption (gastrointestinal tract) and biosynthesis (typically liver and gut) to sites of storage and
utilization. Lipid transport and metabolism differ markedly between the higher
(mammals) and the lower (birds, amphibians, reptiles and fishes) vertebrates
(Chapman, 1980), as might be expected from the contrasting anatomies and diets
of these two groups.
The principal structural and metabolic characteristics of the major classes of
plasma lipoproteins in mammalian species, and notably in man, are briefly
summarized below. We shall then consider modifications occurring in lipid
transport during development in two mammals of agronomic interest and
importance, i.e. the cow (Bos sp.) and the pig (Sus domesticusl. Available data
on changes in the lipid transport system in an oviparous vertebrate, the rainbow
trout (Salmo gairdneriil, will be discussed as a function of age and sexual
maturation.
Classification and chemical

composition of

serum

lipoproteins.

Lipoproteins of human serum can be divided into five major classes (table 1) :
chylomicrons (particles of lowest density and largest size), very-low-density lipoproteins (VLDL), low-density lipoproteins (LDL), high-density lipoproteins (HDL)
and very-high-density lipoproteins (VHDL). These five groups are often classified
according to density (table 1) ; as lipoprotein particle density increases, the lipid
content of the particle diminishes and the protein content increases. Thus, while
chylomicrons consist of 98 % or more of lipid and have a d < 0.94 g/ml, the
1.21 g/ml.
VHDL consist almost exclusively of protein (65-99 %) and have a d >
The result is a spectrum of particles varying widely in molecular weight, hydrated
density, net electrical charge (as judged by electrophoretic mobility) and size
(table 1).

It is noteworthy that particles with the highest lipid content, i.e. chylomicrons and VLDL, have the highest molecular weight and largest molecular
diameter, thereby reflecting a voluminous lipid core.
The most abundant components of VHDL are serum proteins such as
albumin ; the role of these proteins is to transport free fatty acids from the
adipose tissue to sites of utilization, such as muscles and liver, and to vehicule
metabolic products derived from other lipoproteins, such as lysolecithin, resulting
from the action of lecithin : cholesterol acyl transferase (LCAT) on HDL
phospholipid. VHDL are thus complexes either of free fatty acids and albumin or
of lysolecithin and other phospholipids and albumin. Other proteins, particularly
apolipoprotein Al, are found in VHDL.
The chemical composition of the major classes of serum lipoproteins as they
occur in man are shown on table 2.
The triglyceride-richlipoproteins are chylomicrons and VLDL. In humans,
LDL represent the major form in which cholesterol is transported, primarily as its
ester. In contrast, HDL
2 and HDL
3 contain less cholesterol and an elevated
proportion of phospholipid (20-30 % by weight). It is therefore already evident
that the lipoproteins mainly implicated in triglyceride transport are chylomicrons
and VLDL, whereas LDL and HDL are responsible for the bulk of cholesterol

transport.

Apolipoproteins.
As already mentioned, the lipoprotein particles of vertebrate plasma possess
variable amounts of specialized lipid-binding proteins, i.e. apoproteins or apolipoproteins. Indeed, the various classes of lipoproteins are differentiated as well by
their protein moities as by other commonly-used parameters such as density, net
charge, electrophoretic mobility and molecular size. Alaupovic (1980) originally
proposed to classify lipoproteins according to their apolipoprotein constituents.
The most recent procedures for lipoprotein fractionation using immunoabsorbent
affinity chromatography, which is highly resolutive and has a minimal effect on
lipoprotein structure, depend on the specific structural characteristics of
apoproteins as a means of isolating highly purified and precisely defined particles.

in chylomicrons, VLDL, LDL and HDL of human
indicated on table 3 ; their analogues, especially those of the A, B, C
and E groups, occur widely in mammals (Chapman, 1980).
Apoproteins A are primarily found in HDL, and apo-B in LDL. The B, C and E
groups form the major portion of the protein moiety of VLDL, and A, B and C
that of chylomicrons. Almost all of the low molecular weight apolipoproteins
(excluding the B proteins whose apparent M
r values are all > 100,000 daltons)
are polymorphic ; this may be due to several factors. One is the degree of
sialylation of the carbohydrate side-chain, as in apo-C III, and another may be
amino acid substitution (e.g. arginine/cysteine) at certain sites, as in apo-E and
possibly in apo-Al ; a third factor may be the presence of small amounts of
proapolipoprotein, as in the case of (pro)apo-Al. Apo-B is also polymorphic, there
being a circulating form which is synthesized in the intestine (B48 in man) and
another (B100) which is hepatic in origin.
The average circulating levels of the major lipoproteins and apoproteins
found in normolipidemic males 25 to 40 years old are given.on table 4. LDL and
The

apolipoproteins present

serum are

HDL are typically present at highest
3
proteins, apo-B (100) and apo-AI.

concentrations

as are

their

major apolipo-

This discussion of the physicochemical properties of plasma lipoproteins and
apolipoproteins is not intended to be exhaustive ; for further information on their
chemistry and structure, the reader is referred to some reviews which have
appeared in recent years (Osborne and Brewer, 1977 ; Kane, 1977 ; Smith,
Pownall and Gotto, 1978 ; Alaupovic, 1980 ; Kane, 1983).
In the preceding discussion, one or two major points relevant to lipoprotein
chemistry should be emphasized. Firstly, the composition of the lipoproteins
described is not constant but is subject to continuous dynamic charge in the
circulation. Secondly, each density class of lipoprotein is highly heterogenous,
not only in structure but also in metabolism. Thirdly, the profile of lipoprotein
particles circulating at any given moment is the result of the interplay of a host of
physiological processes, among which biosynthesis and secretion, intravascular
modification and tissue catabolism are predominant.
Formation and functions of lipoproteins and apoproteins.
We have extensive data on the biochemical mechanism involved in the
intestinal absorption of dietary lipids and the biosynthesis and secretion of

chylomicrons, VLDL and HDL in the intestine and liver ; we also have
knowledge concerning the origin and properties of remnant
The
literature has been reviewed recently by Dietschy, Gotto and
lipoproteins.
Ontko (1978). In the same volume, the transport and metabolism of fatty acids is
also extensively discussed.
Finally, for an up-to-date treatment of the multiple facets of the intravascular
metabolism and tissue degradation of lipoproteins by receptor and non-receptordependent pathways, the reader is referred to the reports of Brown, Kovanen and
Goldstein (1981), Mahley and Innerarity (1983), Havel, Goldstein and Brown
(1980), Havel (1982) and Chapman (1982).
nascent

accumulated

Developmental aspects of lipid transport.
Cattle.

The lipoprotein and apolipoprotein profiles in species of adult cattle
(notably Holstein, Guernsey and Jersey cows) have been thoroughly described by
Puppione and colleagues (Puppione et al., 1982a ; 1982b ; Puppione, 1983) ; data
available up to 1980 have been reviewed by Chapman (19801. These profiles vary
considerably according to physiological and nutritional state and particularly in
-

relation to gestation and lactation. Nonetheless, HDL and apo-Al are usually
the major constituents of the plasma. The structure, distribution and metabolism
of lipoproteins occurring in the low-density interval (nominally 1.006-1.063 g/ml)
in bovine plasma are particularly complex and are still not fully understood any
more than is the role of lipid-transfer proteins and lecithin : cholesterol acyl
transferase in their intravascular transformation. In this respect, it is particularly
necessary to examine the methodology employed for the fractionation of bovine
plasma lipoproteins because of their extraordinary complexity (at least as

concerns LDL) and also because of the elevated contents of saturated fatty
acids in their lipid esters (Puppione et al., 1982a).
In contrast to adult plasma, LDL are the major particles in fetal calf plasma,
although levels of both LDL and HDL are less than 50 mg/100 ml of serum (Forte,
Bell-Quint and Cheng, 1981).With the onset of suckling, however, dramatic
changes occur in the newborn profile, HDL rapidly attaining levels of up to
200 mg/100 ml, while LDL concentrations decrease slightly. Such alterations
reflect the change from nutrition via the umbilical cord to intestinal assimilation of
maternal milk lipid, with consequent increases in circulating triglyceride levels and
associated lipolysis ; VLDL are absent from fetal calf serum but present at low
levels in both newborn and adult animals (10-20 mg/100 ml of serum). Interestingly,
the protein content of calf HDL decreased progressively with growth and
development, a finding consistent with the lower density of HDL in adults (Forte,
Bell-Quint and Cheng, 1981), while LDL and VLDL were enriched in cholesteryl
esters and triglyceride, respectively, as in man. Apolipoprotein Al predominated in
HDL at all developmental stages ; in LDL, apo-B was the sole apoprotein in fetal
calves, whereas LDL from newborn and adult animals also contained apo-Al and
C proteins. Such C apolipoproteins were lacking at the fetal stage, suggesting
that feeding triggers intestinal synthesis and secretion.
Although little is known of the developmental changes occurring in the levels
and activities of lipolytic enzymes, it is to be noted that discoid forms of HDL
could not be seen by Forte, Bell-Quint and Cheng (1981) at the fetal stage ; this
suggests that some LCAT activity existed before parturition. Finally, Lascelles and
Wadsworth (1971), in an early study on the lipoproteins of the intestinal and
hepatic lymph of unsuckled, newborn calves, found evidence for a significant role
of biliary phospholipids in supplying fatty acids for the VLDL triglycerides of
intestinal lymph. These authors concluded that most of the lipid in calf lymph
VLDL was derived from bile. It is also reasonable to assume that the rate of
lipolysis is high in newborn calves since, despite elevated levels of lymph VLDL,
amounts of VLDL in the plasma remained low.

Pigs. &horbar; The developmental changes in pigs are similar to those described in
cattle. In the most comprehensive study to date, Johansson and Karlsson (1982)
have shown that the major lipoprotein in fetal pig serum, at least until day 90 of
gestation, is an LDL-like particle, as judged by its electrophoretic mobility and by
immunoassay using an antiserum to adult LDL. Thus, although these authors
quote the values as a % of those in adults [adult values : -- 120 mg/100 ml and
180 mg/100 ml of serum for LDL and HDL, respectively ; Chapman (1980)],
calculation showed LDL and HDL levels to be about 80 and 50 mg/100 ml,
respectively, in early fetal life (- 70 days). Subsequently and at the end of the
fetal period, HDL predominated slightly (- 70 and 60 mg/100 ml in HDL and
LDL, respectively) in Johansson and Karlsson’s study. These values contrast with
those obtained in preliminary studies in our laboratory, in which ultracentrifugally
isolated LDL was preponderate at parturition (table 5). This profile altered
considerably after birth, the LDL levels rapidly attaining those typical of the adult
within 5 days of parturition ; within a similar period, the HDL rose to levels twice
-

those of mature pigs (Johansson and Karlsson, 1982). These findings are largely
consistent with ours (table 5) during the suckling period (up to - 22/23 days).
After weaning, both LDL and HDL concentrations diminished to those typical of
adults (table 5 ; Johansson and Karlsson, 1982), although the latter authors found
that HDL remained twofold higher even up to 8 weeks after birth. The reason for
the discrepancy between their data and ours is not evident at this time. VLDL
levels tended to increase with age during suckling, attaining a maximum
(-- 60 mg/100 ml) some 10 days after weaning (table 5) ; at no time were they
significantly higher than those characterizing mature pigs. In view of the high fat
intake from maternal milk, the stability of circulating VLDL levels during the
suckling period suggests that the lipolytic system for degrading exogenouslyderived triglycerides in piglets is highly efficient ; this proposal agrees with
Mersmann (1974) who reported that the capacity to produce endogenous fatty
acids for energy generation is limited in newborn piglets.
Since 1980, it has been established by Kane (1983) that a specific form of
apolipoprotein B, termed B48 and found in chylomicrons and VLDL, is a product
of intestinal biosynthesis and secretion in man. We were therefore very interested
in determining at which developmental stage this protein appeared in porcine
lipoproteins. After VLDL and LDL of piglet plasma had been fractionated by
density gradient ultracentrifugation (Chapman et al., 19811, their apoproteins were
analysed by electrophoresis in SDS-polyacrylamide gel (fig. 1). The gel patterns
revealed that a protein with an apparent molecular weight (240,000-280,000)
resembling that of human B48 (-- 260,000) (Kane, 1983) was present in plasma
VLDL as early as 2-3 h after parturition and persisted throughout suckling. In
addition, a protein akin to human B100 and of M
r 500,000-540,000 was present in
both VLDL and LDL at all developmental stages (fig. 1). Clearly then, intestinal
apolipoprotein synthesis and secretion commence in pigs at least as early as 2-3 h
after parturition when suckling has already begun.
Rainbow trout. &horbar; The serum lipoprotein profile in adult rainbow trout is
dominated by HDL which may attain levels as high as 1,500-2,000 mg/100 ml of
serum (Chapman, 1980). In contrast, LDL concentrations range from 100 to

400 mg/dl, with VLDL being even more variable ( - 10-200 mg/dl). Such
variations may be at least partly explained by differences in age, sex and
physiological and nutritional state.
Despite the paucity of information on lipid transport in relation to
development in trout, it nonetheless appears that age, sex and stage of sexual
maturity and activity are the major factors influencing circulating lipoprotein levels
(Frémont and Marion, 1982 ; Perrier et al., 1979). In juvenile, sexually immature
male trout, LDL were predominant, being present at concentrations as high as
100 mg/dl or more (Frémont and Marion, 1982) ; at this stage (1 year old), VLDL
and HDL levels were similar (approx. 330 mg/dl of serum). With sexual
maturation, the amounts of VLDL and LDL decreased progressively up to the
second sexual cycle, at which point HDL levels were some twentyfold and
twofold higher, respectively, at around 1,000 mg/dl. The precise mechanisms
underlying these alterations remain to be established, but both LCAT and lipoprotein lipase activities would be expected to participate. Indeed, Skinner and
Youssef (1982) have recently characterized lipoprotein lipase from post-heparin
trout plasma. It is most probable that the circulating lipoproteins in trout

contribute
cholesterol
formation.
processes,

gametogenesis and gonadal development since they may supply
and lipids not only for steroidogenesis but also for membrane
To more completely understand the role of lipoproteins in these
they must be studied in parallel with circulating hormone levels
throughout the sexual cycle. Finally, we should not overlook the role of
lipoproteins in providing polyunsaturated fatty acids to various developing tissues
for the maintenance of membrane lipid fluidity at low temperature, a requirement
which is presumably elevated during sexual maturation itself as well as at certain
stages of the subsequent sexual cycles.
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Résumé. Les formes de transport des lipides :quelques aspects récents chez le porc, le
bovin et la truite au cours du développement.
La chimie et la structure des lipoprotéines et apolipoprotéines plasmatiques sont présentées brièvement avant d’exposer leurs fonctions, leurs biosynthèses et leurs dégradations intravasculaire et tissulaire. A la suite, sont discutés les aspects du profil des lipoprotéines et apolipoprotéines au cours du développement chez le bovin, le porc et la truite.
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