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SUMMARY

As a further appraisal of lipoprotein interconversion and equilibration cof lipid com-
ponents a detailed examination was made of the chemical class and molecular species inter-
relationships among the major fasting plasma lipoprotein fractions within each of six male
Type III and Type IV hyperlipemic subjects subsisting on free choice diets. The lipoprotein
fractions were prepared by conventional ultracentrifugation and the lipid class and molecular
species composition of the corresponding lipoprotein fractions were determined by gas
chromatography of the intact glycerol esters and ceramides. In general, each lipoprotein
fraction possessed a well defined lipid class composition, which was characterized by a
dramatically decreasing triacylglycerol and increasing phospholipid and cholesteryl ester
content, when progressing from the very low (VLDL) to the low (LDL) and high (HDL)
density lipoproteins, as already established for normolipemic subjects. Likewise, the LDL,
and LDL, of the hyperlipemic subjects contained about two times higher proportion of total
phospholipid as sphingomyelin than VLDL and HDL. Furthermore, the sphingomyelins of
the HDL fraction contained about 30% more of the higher and 30% less of the lower
molecular weight species than the sphingomyelins of the VLDL. Smaller differences were
seen in the-molecular species composition of the phosphatidylcholines, cholesteryl esters and
triacylglycerols among the corresponding lipoproteins. In comparison to normolipemic
subjects analyzed previously, the hyperlipemic subjects showed greater individual variability.
Despite this variability the lipid class and molecular species compasition in the hyperlipemic
subjects was again incompatible with the .hypothesis which postulates direct VLDL con-
version into LDL and HDL under the influence of lipoprotein lipase and lecithin: cholesterol
acyltransferase. The main differences between normolipemic and hyperlipemic plasma were
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found to reside in the number of the VLDL and LDL, lipoprotein particles and not in their
chemical composition or physical structure, or in the apparent mechanism of their meta-

bolic interconversion.

INTRODUCTION

Several laboratories [1—4] have advanced more or less detailed models for a
metabolic conversion of very low (VLDL) into low (LDL) and high (HDL)
density lipoproteins via lipoprotein lipase and lecithin:cholesterol acyltrans-
ferase. The postulated, largely self-contained processes [5, 6] of cascading
transformations of the lipoproteins dictate definite interrelationships among
the various components of the precursor and product particles [7, 8]. We [9]
have recently completed an extensive gas chromatographic examination of the
precursor—product mass relationships among the major lipid classes and
molecular species of the polar surfaces and neutral lipid cores of the VLDL,
LDL, and HDL particles in individual samples of plasma from fasting normo-
lipemic subjects on free choice diets. While the data obtained were consistent
with the basic idea of VLDL degradation into LDIL and HDL, significant
differences were seen in their lipid composition, which suggested a much more
complex series of transformations than those previously considered [1—4].
The findings were similar to those reported for normolipemic subjects
subsisting on controlled experimental diets containing saturated or unsaturated
fat [10].

We have sought further confirmation of the latter results in the present study
of Type III and Type IV hyperlipoproteinemia subjects. In this we have been
mindful of the possibility that the serious abnormalities in the production and/
or clearance of the plasma lipids in the hyperlipemic subjects might show as
vet unrecognized alterations in the usual relationships among the lipid classes
and molecular species of different lipoprotein fractions. The results obtained
confirm the complex relationships previously seen in the normolipemic sub-
jects and suggest that the basic differences between normolipemic and hyper-
lipemic plasma lie in the number of the different lipoprotein particles and not
in their structure or in the mechanism of their metabolic interconversion.

MATERIALS AND METHODS

Blood samples were obtained in the fasting state (12—14 h) from twelve
hyperlipoproteinemic male subjects: six Type III and six Type IV (24—65 years
old) at the St. Michaels Hospital Lipid Clinic, Toronto, Canada. The subjects
Lived at home and subsisted on their usual diets. The Type III (dysbetalipo-
proteinemia) and Type IV (hyperprebetalipoproteinemia) hyperlipoprotein-
emia condition in each subject was established on the basis of clinical history
and the bicchemical criteria suggested by the Lipid Research Clinics Program
[11].

Isolation and characterization of lipoproteins
Lipoproteins were isolated essentially according to Hatch and Lees [12], as
described in detail previously [9]. In the present instance, however, an LDL;
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(d = 1.019 g/ml) fraction was also recovered and its lipid classes and molecular
species profiles determined. The identity of the different lipoprotein fractions
was independently established by double immunodiffusion against rabbit anti-
human albumin, anti-human LDL and HDL, as previously described [13]. The
protein concentration in each lipoprotein fraction was determined by the
method of Lowry et al. [14] using bovine serum albumin as standard.
Preparations of VLDL and LDL,; were extracted with diethyl ether after color
development.

Dephospnorylation and isolation of lipids

Portions of the solutions of the various density fractions (equivalent to
0.1—0.2 ml of plasma) were hydrolyzed with phospholipase C in the presence
of an excess of calcium chloride as previously described [9, 10]. The released
diacylglycerol and ceramide moieties of the diacylglycerolphospholipids and
sphingonm:yelins were then recovered, along with the original neutral lipids of
each lipoprotein particle, by extraction with chloroform—methanol (2:1) in
the presence of 200 ug of tridecanoylglycerol as internal standard. The extracts
were centrifuged to break emulsions and the lipid extracts dried with sodium
sulfate, evaporated to dryness and trimethylsilylated as previously described
{9, 10].

Gas—liquid chromeatography

The quantitative lipid profiles of the various lipoprotein particles were deter-
mined by means of an automated gas—liquid chromatography (GLC) system as
described [15]. The gas chromatograph was equipped with an automatic liquid
sampler, unheated on-column injector, and the system was capable of pro-
grammed heating, cooling and equilibration cycles. The separations were
performed on a 50 X 0.2 cm I.D. stainless-steel column packed with 3% OV-1
(a methylsilicone polymer) on 100—120 mesh Gas-Chrom @ (Applied Science
Labs., State College, PA, U.S.A.) using nitrogen as carrier gas in the tem-
perature range 175—355°C. The retention times and peak areas were recorded
by means of an electronic integrator on a punched paper tape. The peak iden-
tification and composition of samples was performed in relation to the tri-
decanoylglycerol internal standard using a modification of a commercially
available computer program, and the results were expressed as mg% and as
characteristic molar ratios of lipid classes, as previously described [15,16].

The carbon numbers of isolated diacylglycerols [17] and ceramides [18]
were determined by GLC of the tert.-butyldimethylsilyl ethers. These GLC
analyses were performed on a Beckman GC-4 gas chromatograph (Beckman
Instruments, Fullerton, CA, U.S.A.) equipped with a 50 cm X 0.2 cm L.D.
stainless-steel column packed with 3% OV-1 on Gas-Chrom Q (100—120
mesh). Alternatively the ceramide di-tert.-butyldimethylsilyl ethers were
resolved by capillary GLC [19]. A 5-m column coated with SP2100
(Supelco, State College, PA, U.S.A.) was installed in a Hewlett-Packard 5880A
gas chromatograph equipped with a level IV Terminal. The injector port was
maintained at 280°C and the detector at 330°C. After a 1-min isothermal
period at 270°C the oven was temperature programmed at 2.5°C/min up to a
final temperature of 330°C. The column bleed was automatically subtracted
using the single-column compensation mode of the terminal.
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The fatty acid methyl esters of the various lipid ester classes were prepared
by transmethylation with 6% sulfuric acid in methanol for 2 h (acylglycerols)
and 8 h (ceramides and cholesteryl esters), respectively. The methyl esters were
isolated, identified and guantitated by GLC on 10% EGSS-X (an ethylene glycol
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succinate silicone copolymer), as previously described [20].

Calculations

The peak areas were corrected for differences in flame ionization response
and recovery of different components by means of appropriate standards. The
content of phosphatidylcholines and sphingomyelins of the lipoprotein
fractions was calculated on the basis of the areas of peaks C3;s—Css and peak
C,4, respectively, using a series of corrections, as previously described [21].
The validity of this calculation was verified by isolating and determining the
carbon number distribution of the phosphatidylcholines and sphingomyelins in
the various lipoprotein classes in a representative series of Type III and Type
IV subjects [19].

The core radii of the lipoprotein particles were calculated on the hasis of the
surface to volume ratio of a sphere as previously described [18, 22]. The total
radii of the particles were obtained by adding the thickness of the surface
monolayer, 2.0 nm [23]. The number of neutral lipid molecules in the particle
cores were calculated by dividing the appropriate proportion of the core
volume by the volume of the average cholesteryl ester and triacylglycerol
molecules, respectively. Likewise, the number of the polar molecules in the
surface shell were calculated by dividing the appropriate proportion of the total
area by the cross-sectional area of the average phosphclipid and free cholesterol
molecules, respectively.

RESULTS

Total lipid profiles

- Fig. 1A and B shows representative total lipid profiles of the VLDL, LDL,,
LDL, and HDL fractions of Type III and Type IV hyperlipoproteinemia sub-
jects. In these elution patterns the various lipid subclasses are represented by
their total acyl (plus 2), acyl plus sterol, or acyl plus sphingosine carbon
numbers. Peak 27 represents free cholesterol and peak 30 the intermal standard,
tridecanoylglycerol, which has been added in equal amounts to each of the
lipoprotein samples. In general the total lipid profiles for the corresponding
lipoprotein classes of Type III and Type IV subjects are similar and, except for
LDL,, not unlike those previously described for normolipemic subjects {9, 10].
There are differences, however, in the cholesteryl ester/triacylglycerol ratios,
as shown below. In addition, both Type IIT and Type IV subjects possess LDL,
as a major plasma lipoprotein of the fasting state. This lipoprotein class
possesses a total lipid profile intermediate between those of VLDL and LDL,
(Table I).

Quantitative composition
The weight percentages of protein and lipid in the VLDL, LDL,, LDL, and
HDL fractions isolated from the individual Type III and Type IV subjects are
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Fig. 1. GLC profiles of total lipids of plasma lipoproteins of representative subjects with
Type II (A) and Type IV (B) hyperlipoproteinemia. VLDL, d < 1.006 g/m}; LDL,, d<
1.019 g/ml; LDL,, d < 1.063 g/ml; HDL, d < 1.21 g/ml. Conditions of high-temperature
GLC as given in text. Peaks: 27, trimethylsilyl ether of cholesterol; 30, tridecanoylglycerol,
infernal standard; 34, trimethylsilyl ether of palmitoylsphingosine; 36—42  trimethylsilyl
ethers of diacylglycerols of a total number of 34—40 acyl carbons; 43—47, cholestery} esters
of fatty acids with 16—20 acyl carbons; 48—56, triacylglycerols with a total number of
4856 acyl carbons. Sample size: 1 ul of approximately 1% solution in silylation mixture.
Attenuation: 100 times full sensitivity.
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given in Table I. The values for total lipids were obtained by summing the GLC
estimates for the individual lipid classes, while the estimates for total protein
were based on independent determinations of nitrogen on aliquots of the lipo-
protein solution. It is seen that the percentage of protein in VLDL from both
Type III and Type IV subjects averages 7 + 2%, which is only slightly lower
than the 9 + 1% found previously in our laboratory for the VLDL of normo-
lipemic subjects on free choice diets [9] but significantly lower than 12—15%
noted for the VLDL of normolipemic subjects on high fat diets {19], although
all of these values are within the ranges tabulated by Eisenberg and Levy [24]
for VLDL of normolipemic subjects. The percentage of protein in the LDL,;
fraction from these subjects was much more variable and averaged 15 + 4% and
both Skipski [25] and Lee [26] have tabulated comparable values for this lipo-
protein class from Type III and Type IV hyperlipoproteinemia subjects. The
weight percentage of protein in the LDL, and HDL fractions averaged 23% and
53%, respectively, and corresponded to the values recorded for these lipo-
protein classes in normolipemic subject [9, 10]. Therefore, these results show
that the Type III and Type IV subjects in this study possess the normal
protein/lipid ratios for their lipoprotein particles.

Table I also gives the weight percent composition of the major lipid classes
as measured by GLC. The VLDL is seen to contain an average of 20% total
phospholipid and 5—7% free cholesterol, the rest being made up of triacyl-
glycerols and cholesteryl esters. This polar/non-polar lipid ratio is closely
similar to that of VLDL of normolipemic subjects {25]. In conftrasi fo the
normolipemic subjects (EC/TG = 0.29—0.33), however, the Type III patients
contained nearly twice as much cholesteryl ester and correspondingly less
triacylglycerol in their VLDL (EC/TG = 0.58), while the cholesteryl ester/tri-
acylglycerol ratio in the Type IV subjects was approximately normal (EC/TG
= 0.34). Two of the six Type III patients, however, exhibited nearly normal
cholesteryl ester/triacylglycerol ratios, while one of the four Type IV patients
exhibited the abnormal cholesteryl ester/triacylglycerol ratio seen in Type III
patients. Abnormally high cholesteryl ester/triacylglycerol ratios have previous-
ly been reported for some Type III patients by Stromberg et al. [27]. The
LDL; and LDL; contained closely similar relative proportions of the different
lipid classes. The total phospholipid content averaged about 30% for both Type
III and Type IV subjects, while the free cholesterol ranged from 9—190%, again
in close agreement with the composition of LDL, from normolipemic subjects.
Furthermore, both groups of subjects contained about the same ratios of
cholesteryl esters and triacylglycerols in these lipoprotein classes. However, in
both groups some subjects possessed triacylglycerol levels which were nearly
double that of normolipemic subjects for this lipoprotein class. Likewise, the
HDL fraction of both Type III and Type IV patients possessed essentially
normal polar/non-polar lipid class ratio, as well as a normal free cholesterol
content (5%). The content of triacylglycerols was elevated (14—15%), when
compared to that (5—6%) of normolipemic subjects analyzed previously [9].
There was a corresponding decrease in the content of the cholesteryl esters.
Elevated triacylglycerol content in the LDL, fraction of Type III {28] and in
the HDL fraction of Type IV [29] hyperlipoproteinemia subjects has been
previously reported, but no exhaustive comparisons of the lipid class
proportions have been made.
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Lipid class ratios

The molar ratios of the various lipid classes in the major lipoprotein fractions
of each hyperlipoproteinemic individual are given in Table II. These ratios are
relatively constant and show significant differences between the Type III and
Type IV subjects, and between these hyperlipoproteinemic subjects and normal
subjects analyzed previously [9, 10]. Thus, the FC/TC ratio for VLDL averages
about 0.20 for Type III and 0.36 for Type IV patients, while the corresponding
values for normolipemic subjects average 0.44 (9, 10]. This free cholesterol
occurs in a ratio of 1 molecule of sterol per 1.35 molecules of total phospholipid
(0.73) for the Type III and of 1 molecule of cholestercl per 1.6 molecules of
phospholipid (0.62) for Type IV patients, the normolipemic subjects
approaching a ratio of 1:2 for these polar lipid components of VLDL {9, 10].
Furthermore, the Type IV subjects showed elevated SPH/PC ratios (0.22)
when compared to Type III (0.11) and normolipemic (0.12—0.13) subjects
{9, 10] for the VLDL fraction. The VLDL of Type III subjects possessed an
increased esterified cholesterol/triacylglycerol ratio when compared to the
normolipemic subjects or to the Type IV subjects, as noted above.

The lipid class ratios of LDL, are likewise relatively constant, but with some
marked differences between the two groups of patients and between normal
and hyperlipemic subjects. The FC/TC ratio in LDL, is the same (0.23) in both
patient groups and only slightly lower than that (0.27—0.29) of the LDL,
fraction of normolipemic subjects [9, 10]. The FC/PL ratio is about the same
in both Type III and Type IV patients (0.60—0.69) and very close to that of
normolipemic subjects for LDL, (0.70—0.72). An FC/PL ratio of 0.87—0.93,
however, has been recorded for total LDL of normolipemic subjects on high fat
diets [10]. The ratio of free cholesterol to sphingomyelin is the same (2.2—2.8)
in both LDL, and HDL, while that in VLDL is significantly higher (3.5—4.2).
The ratios of the other lipid classes in the different lipoproteins are similar to
those in the normolipemic subjects, although there are minor differences.

Particle size distribution

The calculated particle size distribution for the various lipoprotein fractions
for each subject is given in Table IIl. The calculated core radii for the VLDL,
LDL,, LDI, and HDL averaged 212, 104, 94 and 55 for the Type III and 185,
134, 93 and 53 for the Type IV, respectively. These values are closely similar
for both types of subjects and are only slightly higher than the corresponding
values for the VLDL, LDL and HDL particles calculated for normolipemic
subjects [9]. The particie size for LDL,; is intermediate between that of VLDL
and LDL, as would be anticipated on the basis of the cenfrifugation data. Table
1 also includes the calculated mass of the various lipoprotein particles and
demonstrates a close correspondence between the two types of patients and
between these hyperlipoproteinemia subjects and normal subjects [9].

Surface and core composition

The calculated concentrations of the lipids at the surface and in the core of
the VLDL, LDL;, LDL, and HDL particles as the number of molecules for each
of the Type III and Type IV subjects are given in Table IV. Despite
considerable individual variation the average estimates for the phosphatidyl-
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choline, sphingomyelin and free cholesterol molecules compared closely among
the corresponding lipoprotein classes in the two types of subjects. Likewise,
closely comparable are the average estimates for the sum of the cholesteryl
ester and triacylglycerol molecules in the corresponding lipoprotein classes of
the Type III and Type IV subjects, although there is much variation among the
individual subjects in the cholesteryl ester/triacylglycerol ratios. These
estimates are of the order of those obtained for the VLDL, LDL, and HDL,
particles of normolipemic subjects [9] and therefore probably represent the
same complex lipoprotein interrelationships. These include the presence of less
than one-half of the number of cholesteryl ester molecules in the LDL., com-
pared to the VLDL particles. In many instances, however, the number of
cholesteryl ester molecules in the VLDL, LDL, and LDL, particles is the
same. On the basis of the data presented in Tables III and IV it is obvious
that the corresponding lipoprotein particles in the Type III and Type IV
subjects possess closely similar structures, although the proportions of the
neutral lipid classes in the particle cores and of the polar lipid classes in the
particle surface may possess significant differences.

Carbon number distributicn

The distribution of the carbon numbers of the cholesteryl esters, triacyl-
glycerols and phosphatidylcholines in the various lipoprotein fractions from the
individual hyperlipoproteinemic subjects is given in Table V. It is seen that the
variations among the individual subjects are of about the same order as those
among the average values of different lipoprotein fractions. Furthermore, the
carbon number distribution of the cholesteryl esters is about the same in all
four lipoprotein classes for any one subject, although the contribution of the
cholesteryl arachidonate to VLDL and LDL,, is not readily apparent because of
an overlap with the excess shorter chain triacylglycerols. The triacylglycerols of
the VLDL were present in the highest amounts and allowed the most detailed
assessment of their profiles. However, LDL, and LDL., fractions also contained
sufficient amounts of triacylglycerols for the recognition of characteristic
carbori number distributions. Clearly all of these lipoprotein fractions
contained closely similar carbon number distributions, as did the HDL: fraction,
which contained only small amounts of triacylglycerols. We have shown else-
where [30] that the similarities in the carbon number distribution of these
triacylglycerols extend also to the fatty acid composition, but the molecular
association and stereospecific distribution of the fatty acids has been deter-
mined only in the VLDL. The similarities in the carbon number distribution seen
for the cholesteryl esters and triacylglycerols appear to extend to the phospha-
tidylcholines and sphingomyelins, which are estimated from their diacyl-
glycerol and ceramide profiles. Since the ceramides and diacylglycerols partially
overlap, the resulting carbon number profiles tend to obscure any differences
among the different lipoprotein classes. Detailed analysis of the carbon
numbers of the diacylglycerols and the ceramides requires a prior resolution of
the two lipid classes by thin-layer chromatography in the form of the parent
phospholipids or as the derived neutral lipid moieties.
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Distribution of molecular species

Table VI gives the complete carbon number distribution of the diacyl-
glycerol moieties of the phosphatidylcholines from the individual lipoprotein
classes of four subjects each of the Type III and Type IV hyperlipoproteinemia.
These analyses were made on capillary cclumns containing a non-polar liquid
phase, which allowed the resolution of both carbon number and certain types
of unsaturation. It isseen that the molecular species of phosphatidylcholines are
closely similar in all clzsses of lipoproteins when isolated from the same or
from different subjects. Furthermore, there are no significant differences in the
distribution of the carbon number of the species between the Type III and
Type IV hyperlipoproteinemia. These data are consistent with the hypothesis
of an essentially complete equilibration of the molecular species of the phospha-
tidylcholines among the different plasma lipoprotein classes. The results of the
distribution of the sphingomyelins among the VLDL, LLDL, and HDL fractions
of the Type HI and Type IV subjects have already been reported [19]. The
present analyses extend these findings to the LDL, fraction and show that its
composition is clearly similar to that of the LDL. fraction in each of the sub-
jects examined in both Type II and Type IV hyperlipoproteinemia (data not
shown}). For the present purpose it is pertinent fo note that in these hyper-
lipoproteinemia subjects as in the normolipemic subjects analyzed previously
[9] the sphingomyelin species did not fully equilibrate among the different
lipoprotein classes. Specifically, both Type III and Type IV subjects possessed
about 30% more of the longer chain species (C,o—Cjy4:; acid amides) in the HDL
fraction than in the VLDL fraction, with the LLDL, and LDL, fractions con-
taining intermediate proportions of the long-chain and short-chain species.

Table VII gives the fatty acid composition of the cholesteryl esters of the
individual lipoprotein classes for these patients of each of the two hyperlipo-
proteinemia types. It is seen that the average composition of the fatty acids
and therefore the molecular species of the cholesteryl esters is closely similar
among the four lipoprotein classes of the Type III subjects, which compare
closely to the observations made for the different lipoprotein classes of normo-
lipemic subjects [9, 10}. In contrast to the normolipemic subjects, however,
there is no evidence of an increased content of the characteristic dietary acids
(oleie and »almitic) in the VLDL fraction. The cholesteryl ester composition
of the different lipoprotein classes of the Type IV subjects was markedly dif-
ferent, with the VLDL and LDL, containing significantly less oleic and more
linoieic acid than the HDL fraction. This suggests that these cholesteryl esters
originate from different pools of fatty acids and do not equilibrate. The ratio
of C,6/C;s fatty acids in the HDL fraction of the Type IV samples, however,
was significantly lower than the corresponding ratio of the intact cholesteryl
esters and raised the possibility that some of the linoleic acid could have been
lost on storage of the samples, as the fatty acids were analyzed subsequent to
the determination of the total lipid profiles. The relative content of the
arachidonic acid was about the same in the cholesteryl esters of all lipoprotein
classes, although a significant individual variation was also noted. In general,
the molecular weight distribution of the fatty acids of the cholesteryl esters
corresponded rather closely to the carbon number distribution of the
cholesteryl esters given in Table V, except for VLDL and LDL,, where the
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TABLE VII

FATTY ACID COMPOSITION OF CHOLESTERYL ESTERS OF VLDL, LDL,, LDL, AND
HDL PARTICLES OF FASTING PLASMA OF HYPERLIPEMIC SUBJECTS

Fatty Mole %

acids
Type II Type IV
1125 0793 10135 Average 0745 0718 0720 Average

VLDL

14:0 1.68 217 1.48 1.77 1.15 1.73 1.27 1.3
16:0 16.4 199 14.4 16.9 16.8 15.9 16.9 16.5
16:1 3.9 34 3.6 6.7 4.3 5.4 4.5 4.7
18:0 1.8 1.5 19 1.7 2.1 1.8 1.8 19
18:1 25.4 26.2 19.8 23.8 22.2 27.9 26.3 27.1
18:2 46.2 33.8 5.8 439 449 411 455 438
18:3 0.5 1.1 0.9 0.8 0.5 2.3 0.8 1.2
20:3 0.4 0.3 0.7 0.5 0.7 1.3 0.3 0.7
20:4 34 2.6 4.3 3.4 2.3 2.4 2.4 2.3
LDL,

14:0 0.5 3.1 2.5 2.0 1.2 39 1.1 2.0
16:0 13.8 16.5 15.0 15.1 17.5 15.7 14.8 16.3
16:1 2.7 9.5 2.0 4.7 35 4.0 2.2 3.2
18:0 1.7 1.8 24 i9 25 2.9 2.1 2.5
18:1 23.8 24.5 20.1 22.8 28.5 22.5 22.0 24.3
18:2 51.1 38.3 52.6 47.3 43.6 45.7 50.4 46.5
18:3 0.4 0.8 1.2 0.8 0.7 0.7 1.4 0.9
20:4 6.0 5.5 4.2 5.2 2.5 4.6 6.0 43
LDL,

14:0 1.2 2.5 1.8 18 1.8 25 2.5 2.2
16:0 16.0 22.8 149 17.8 20.0 16.0 20.4 18.8
16:1 3.8 126 4.3 6.9 5.0 6.1 4.5 52
18:0 1.5 2.0 1.4 16 2.1 1.6 1.5 1.7
18:1 22.6 29.3 16.2 227 26.1 23.9 22.4 241
18:2 49.2 29.9 54.4 441 423 44 0 44.7 43.6
18:3 0.6 04 0.9 06 0.4 2.3 0.8 1.2
20:3 0.5 0.3 1.0 0.6 0.6 0.8 0.4 0.6
20:4 4.3 0.9 4.9 3.4 1.5 2.6 2.5 2.2
HDL

14:0 1.6 1.8 1.8 1.7 1.7 4.7 3.6 3.3
16:0 20.0 195 14.6 18.0 24.9 28.8 27.1 26.9
16:1 5.0 126 5.0 22.6 9.3 7.5 8.4 8.4
18:0 1.7 16 1.1 1.4 2.6 3.7 2.9 3.0
18:1 26.8 26.4 16.8 23.3 35.4 345 30.7 33.5
18:2 43.4 328 53.3 43.1 24.1 146 25.7 21.4
18:3 0.6 1.0 1.2 0.9 0.8 la 0.7 0.3

20:4 2.2 29 4.8 3.3 : 0.5 3.7 0.5 16
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cholesteryl arachidonate contribution was masked by the excess triacylglycerol.

The carbon number distribution of the molecular species of the triacyl-
glycerols of the various lipoprotein classes for each subject with Type III and
Type IV hyperlipoproteinemia is given in Table V. Despite considerable
individual variation, there is rather close correspondence among the average
values. The best estimates are obtained for the VLDL and LDL,; fractions,
which account for a high proportion of the total lipoprotein in both Type III
and Type IV hyperlipoproteinemia and which are also richest in the triacyl-
glycerols. It is not known whether or not the similarities in the carbon number
distribution extend to the composition and positional distribution of the fatty
acids. We have performed [30] detailed stereospecific analyses of the triacyl-
glycerols of VLDL on a small number of normolipemic and Type IIl and Type
IV hyperlipemic subjects and have found certain similarities in the triacyl-
glycerol structure. However, no comparisons have yet been made among the
triacylglycerol structures of different Ilipoprotein classes from any
normolipemic or hyperlipemic subjects.

DISCUSSION

On the basis of the detailed analysis of the lipid class and molecular species
composition it is obvious that the various plasma lipoprotein fractions examined
in the present study possess essentially normal composition. The accumulation
of the LDL,; fraction in both Type IIl and Type IV subjects appears to
represent an excess of VLDL remnants (LDL,), which possess a reasonable
similarity to LDL,; according to a variety of criteria, including the increased
content of sphingomyelin. The similarities in the chemical composition of the
VLDL, LDL;, LDL; and HDL particles between the normolipemic and hyper-
lipemic subjects include the calculated particle diameters. The above findings
are in accordance with certain previous studies. Stromberg et al. [27] have
claimed that in Type III hyperlipoproteinemia all VLDL subfractions contain
increased concentrations of total cholesterol and triacylglycerols and are
relatively enriched in total cholesterol, when compared to VLDL from normoe-
lipemic subjects. The ratios of total cholesterol to triacylglycerols in the LDL
subfractions of Type III hyperlipoproteinemia, however, were not significantly
different from those in the LDL subfractions of the normolipemic subjects and
the protein composition was also similar. Packard et al. [28] have shown that
the enrichment in total cholesierol of the VLDL subfractions in Type III
patients is due largely to cholesteryl esters, which are accumulated at the
expense of some of the triacylglycerol. In the Type IV group, all VLDL sub-
fractions were normal in composition. The lipid composition of the LDL
subfractions of Type III and Type IV groups showed no significant deviation
from that of normolipemic subjects. There were no significant differences in
particle size among the Type IIT and Type IV patients and normal subjects of
the corresponding higher density VLDL and LDL subfractions, although the
lower density VLDL subfractions of the hyperlipemic subjects showed
somewhat greater particle size than those of the corresponding normolipemic
subjects.

On the basis of chemical analyses and computation of number of particles
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Redgrave and Carlson [31] have concluded that the hyperlipidemia of
Type IV subjects is accounted for by an increase in total number of VLDL and
a shift towards higher particle size. Although our data cannot exclude possible
changes in particle size of a minor subclass of any one lipoprotein class, the
possibility of a significant deviation of the average particle size from that of
normal particles is unlikely unless there has been a significant structural change
in these particles, for which no evidence has yet been advanced. As a result, the
well defined hyperlipoproteinemias of the Type HI and Type IV, therefore,
must be atiributed largely to the accumulation of abnormal numbers of
essentially normal lipoprotein particles, especially those of the VLDL, LDL,
and LDL, density range.

Havel [32] and Hazzard and Bierman [33] have suggested that in Type III
hyperlipoproteinemia there is defective conversion of VLDL into LDL with
accumulation of LDL,;, while Stromberg et al. [27] have claimed that the
defect may lie not only at the stage of conversion of VLDL into LDL, but also
earlier in the metabolic cascade. The reason for the proposed defect in
catabolism of VLDL remains uncertain. Stromberg et al. [27] have suggested
that it may be related to the relative proportions of the various *etramethylurea
soluble apolipoproteins, while Packard et al. [28] have considered the
possibility of decreased fluidity resulting from a higher concentration of
cholesteryl esters in the smaller VLDL particles as a contributing factor. In
fact, the validity of the direct lipoprotein interconversion hypothesis itself
must be questioned, but a satisfactory explanation has not been forthcoming.

We have recently examined the precursor—product relationship of the lipid
components required for a direct conversion of VLDL into LDL and HDL
postulated by Eisenberg et al. [1] and have shown that such a simple relation-
ship does not exist in normolipemic subjects and that much more complex
series of events must be involved. A similar examination of the precursor—’
product relationship in the present study appears to support these conclusions.
The present study shows that the LDL,; and LDL. fractions are closely related
in their qualitative and quantitative lipid class and molecular species composi-
tion. The major differences between VLDIL and LDL,, and LDL, and LDL, are
confined to the relative proportions of the triacylglycerols and cholesteryl
esters. A gradual increase in the cholesteryl ester content would be anticipated
if the particles were the products of VLDL degradation by lipoprotein lipase,
which hydrolyses triacylglycerols but not cholesteryl esters. A simple conver-
sion of a VLDL particle into a LDL, or LDL, particle, however, would appear
to be excluded as the resulting particles contain only about one half the
number of cholesteryl ester molecules present in the original VLDL. Clearly,
the VLDL particle must have lost a considerable amount of cholesteryl ester
along with the bulk of the triacylglycerol. Alternatively, the residual VLDL
particle could have been cleaved into the LLDL, and LDL. particles. Neither of
these possibilities have been considered by the lipoprotein interconversion
hypothesis. Neither a simple- cleavage of the VLDL particle nor an
indiscriminate loss of cholesteryl ester can account for the differences in the
fatty acid composition of the VLDL and the LDL fractions. Since neither
LDL; nor LDL; are known to support cholesteryl ester synthesis via lecithin:
cholesterol acyltransferase, the differential composition of the cholesteryl



250

esters must have resulted from some other mechanism, such as cholesteryl ester
exchange [34] or pariicle fusion [35]}, both processes having been
demonstrated to occur among the plasma lipoproteins, but not included as
prominent transformations in the lipoprotein interconversion hypothesis of
Eisenberg et al. [1].

Just like the LDL,; and LDL., of the normolipemic subjects, those of the
hyperlipemic subjects also showed a marked relative increase in the
sphingomyelin/phosphatidylcholine ratio, although the molecular species of
neither phospholipid had undergone significant change. This change in the
phospholipid class ratio indicates that the degradatior. of the VLDL involves in
addition to the hydrolysis of the triacylglycerols also a preferential loss of
phosphatidylcholine and retention of sphingomyelin in the residual particle.
Since the sphingompyelin/cholesteryl ester ratio remains about the same as in
VLDL, the loss of any cholesteryl ester must be accompanied by a loss of
sphingomyelin, which would favour a cleavage of the VLDL particle at some
stage of the degradation. It must therefore be concluded that a direct
precursor—product relationship is not realized for the VLDL and LDL; or
LDL. particles in the hyperlipoproteinemic patients. This also was the case in
the normolipemic subjects {9, 10}. The hope that the accumulation of the
presumed products would help to demonstrate the postulated precursor—
product relationship was not realized, although the possibility was not entirely
excluded in some modified form.

According to the lipoprotein interconversion hypothesis [1, 36, 37], plasma
HDL arises largely or exclusively from the excess surface material of VLDL,
which is released as an LPX-like interphase following the triacylglycerol hydrol-
ysis. It would be anticipated that in such an instance the HDL would posses
the relative proportions and composition of the sphingomyelins and phospha-
tidylcholines which are identical io those of VLDL. Even if allowance is made
for some distortion of the molecular species of the phosphatidylcholines due to
lecithin:cholesterol acyltransferase activity on HDL, which is known to favour
the more unsaturated species [4], the molecular species of the sphingomyelins
should have retained the composition of the precursor VLDL. The present
work with the hyperlipemic plasma lipoproteins shows that the expected
relationship again is not realized. Although the total sphingomyelin/phospha-
tidylcholine ratio in the HDL is rather close to that in the VLDL, and both
lipoprotein classes possess about the same species of phosphatidylcholine, there
is a marked and irreconcilable difference in the composition of the molecular
species of the sphingomyelins between the VLDL and HDL fractions. As noted
for normolipemic subjects the HDL contains as much as 30% more of the
longer chain species of sphingomyelin than does the VLDL, even when isolated
from the same subject. Other transformations than simple salvage of excess
phospholipids must therefore be involved even in the VLDL—HDL conversion.
We have suggested that perhaps the accumulation of the long-chain
sphingomyelins in the HDL could be explained on the basis of a lateral phase
separation taking place at the time of the LPX formation. Alternatively,
preferential interaction of apo A, or apo A, with the long-chain sphingomyelins
must be considered.

Finally, the HDL from both Type III and Type IV subjects possesses a
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relatively high proportion of triacylglycerols. The lipoprotein interconversion
hypothesis does not allow for the presence of triacylglycerols in the HDL
fraction. Possibly significant amounts of the cholesteryl esters of HDL in the
hyperlipemic subjects have been exchanged for triacylglycerols in the LDL,,
LDL, or VLDL, with which HDL is believed to undergo catalytic exchange via
special carrier proteins [38]. Alternatively, the HDL could have been con-
taminated with some VLDL or LDL, remnants of high density, which are rich
in triacylglycerols and are cleared very slowly [39]. We have discussed the
above possibilities in the context of the results obtained with the lipoproteins
of normolipemic subjects [9], and have proposed that particle fusion and
cleavage in plasma in the native form or during ultracentrifugal isolation in the
presence of the chelating agents must be advanced as a plausible mechanism for
the rationalization of the differential distribution of the various lipid classes
among the different lipoprotein fractions.

In view of the absence of any obvious characteristic abnormahtles in the
major lipid composition and structure, the accumulation of the VLDL and
LDL, particles in Type III and Type IV hyperlipoproteinemia subjects must be
sought elsewhere, e.g., in the apoprotein composition [40, 41] of these lipo-
proteins or in the composition and structure of their membrane receptors,
which may recognize the minor differences noted.
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