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Summary

Low density lipoprotein (LDL) subspecies of different size and lipid mass
were isolated by density gradient ultracentrifugation from the serum of male
rhesus monkeys (Macaca mulatta) fed both a low fat, low cholesterol commer-
cial primate ration, and cholesterol-supplemented high-fat diets, as well as from
the serum of human donors. The mitogenic effect of these lipoproteins was
examined using primary cultures of rhesus aortic smooth muscle cells. It was ob-
served that the smaller LDL (molecular weight 2.7 X 10°) from normolipidemic
monkeys and a small LDL (molecular weight 2.6 X 10°) occurring in some nor-
mal human subjects exhibited no mitogenic action. In turn, the larger LDL sub-
species (molecular weight >3.0 X 10°, and buoyant density <1.030 g/ml),
whether from normolipidemic or hyperlipidemic monkeys, or from some nor-
mal human subjects, had a marked proliferative action. The results indicate that
both hyperlipidemic and normal sera (both human and rhesus) contain mito-
genic LDL species although in different amounts. LDL-III, the rhesus equivalent
of human Lp(a) was not mitogenic despite its similarity in size and lipid com-
position to the stimulating particles. However, on the removal of most of its
large sialic acid moiety, a clear mitogenic action was observed. The mechanisms
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Abbreviations: LDL, low density lipoprotein; LDL-I, subfraction of rhesus LDL with mean buoyant
density of 1.027 g/m}; LDL-II, subfraction of rhesus LDL with mean buoyant density of 1.036 g/ml;
LDL-III, subfraction of rhesus LDL with mean buoyant density of 1.050 g/ml; H-LDL, LDL of d 1.019—
1.050 g/ml from hyperlipidemic rhesus monkey; LDL-A, human LDL with mean buoyant density of
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tained from donor B: BME, Eagle’s basal medium; SMC, smooth muscle cells; NANA, N-acetyl neuraminic
acid.
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responsible for the proliferative effect are unclear and may involve LDL mass,
lipid composition, and surface charge although other speculations cannot at
present be ruled out. Furthermore, since the small LDL subspecies of either
rhesus or human origin were nonmitogenic and similar in mass to the LDL
found in calf serum, the mitogenic response of the smooth muscle cells to large
LDLs may depend on their early conditioning with the LDL of calf serum.

Key words: Cell culture — Cell proliferation — LDL heterogeneity — Mitogenic LDL

Introduction

The importance of the proliferation of arterial smooth muscle cells (SMC) in
the process of atherogenesis [1—4] has prompted the development of in vitro
assays permitting the analysis of factors which may be involved in this process.
Using a method first developed and reported by Kao et al. [5], Fischer-Dzoga
et al. [6,7] have shown that primary cultures of SMC from rhesus aorta reach a
stationary growth phase after 5—6 weeks of incubation with calf serum and
enter a new proliferative phase if exposed to serum of rhesus monkeys with
diet-induced hyperlipidemia. In these animals, the greatest stimulating effect
was exhibited by the serum low density lipoprotein (H-LDL) fraction of d
1.019—1.063 g/ml. In turn, the same fraction from normolipidemic rhesus
monkeys had no proliferative action. Recently, normolipidemic rhesus LDL has
been shown to contain at least 3 major species, named LDL-I, LDL-II, and
LDL-III differing in size and lipid content [8]. One of these, namely LDL-I, has
similar physico-chemical properties as those reported for hyperlipidemic rhesus
LDL (H-LDL) [9]. Moreover, LDL-III was found to have more sialic acid than
the other two subspecies. The recognition of this structural diversity, which
also applies to the LDL class in man [10—12] prompted us to explore the rela-
tionship between the structure of rhesus and human lipoproteins and their
stimulating effect on the proliferation of arterial SMC grown in vitro. More-
over, to aid in the interpretation of the results, we have also examined some
physico-chemical parameters of LDL from calf serum which has been a con-
stant component in the cell culture medium. The detailed presentation of these
results is the subject of this communication. A preliminary report has appeared
previously [13].

Experimental Procedures
Donors

Adult male rhesus monkeys (Macaca mulatta), 6—8 kg weight, were main-
tained on either a regular Purina primate chow diet or a coconut oil and choles-
terol-supplemented diet as previously described [9]. The animals were fasted
16—18 h before their plasma was collected by plasmapheresis. The serum cho-
lesterol level ranged between 90 and 140 mg/dl for the normolipidemic mon-
keys and between 500 and 1000 mg/dl for the hyperlipidemic ones. Their
serum triglyceride levels were less than 100 mg/dl. Human serum was obtained
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from 2 fasting male donors (type A+) (subjects A and B) with serum choles-
terol levels of 225 and 150 mg/dl, respectively. Calf serum from a 7-week-old,
milk-fed calf was a gift from Dr. L. Fisher, Director of the Lincoln Park Zoo,
Chicago, IL.

Preparation of LDL species

The LDL species of normal rhesus plasma in addition to those of calf serum
were isolated by a combination of rate-zonal and isopycnic equilibrium density
gradient ultracentrifugation as previously described [8,13]. Briefly, total lipo-
proteins are floated by adjusting plasma or serum to d 1.21 g/ml with solid
NaBr and centrifuging 20 h in the Ti-60 rotor at 59 000 rpm. The background
density of the isolated total lipoproteins was then raised to 1.4 g/ml by adding
more NaBr and the solution was layered under a linear 7.5—30% NaBr gradient.
Sample volumes were usually less than 2 ml. Separation of all the LDL species
from HDL was achieved in 4 h by spinning the SW-40 rotor at 35 000 rpm and
20°C. The LDL species were then separated by centrifuging the total LDL frac-
tion obtained from the rate-zonal step to isopycnic equilibrium on a 0—10%
NaBr gradient in the SW-40 rotor at 39 000 rpm, 20°C, for 48 h.

Gradients were pumped out at a rate of 1 ml/min through an ISCO UA-5
monitor set at 280 nm and collected as 0.5 ml fractions. The densities of the
fractions from a control tube were determined by analysis with a Zeiss Abbe
Refractometer, Model A, thermoregulated at 20°C. All solutions contained
0.01% Na,EDTA and 0.01% NaN; and were adjusted to pH 7.0. LDL of d
1.019—1.050 g/ml from the plasma of hyperlipidemic monkeys and LDL of d
1.019—1.063 from the serum of 2 human donors (LDL-A and LDL-B) were iso-
lated by sequential ultracentrifugal flotation [14] and then subjected to equi-
librium centrifugation on a 0—10% NaBr density gradient as described above. A
“single-spin” density gradient ultracentrifugation of calf serum was carried out
according to the procedure of Foreman et al. [15]. The discontinuous gradient
was prepared by weighing into an empty SW-40 tube 0.5 g sucrose on which
was layered in sequence, 5 ml 4 M NaCl, 0.5 ml calf serum, and 0.67 M NaCl to
the top of the tube. The tube was then centrifuged at 39 000 rpm for 66 h at
15°C at which time the calf lipoproteins had reached isopycnic equilibrium.
The gradient was collected as described above.

Analytical ultracentrifugation

Flotation coefficients of human and calf LDL, at a concentration of 5 mg/ml
in d 1.063 g/ml NaCl, containing 0.01% Na,EDTA and 0.01% NaN,, pH 7.0,
were evaluated from ultracentrifugal runs carried out in a Beckman Model E
Analytical Ultracentrifuge at 44 000 rpm and 20°C using the Schlieren optical
system as previously described [16].

For molecular weight determination, high-speed flotation equilibrium experi-
ments were carried out at 20°C in a Beckman Model E Analytical Ultracen-
trifuge equipped with a photoelectric scanner. Before analysis, the samples
were dialyzed against a d 1.286 g/ml NaBr solution containing 0.01% Na,EDTA
and 0.01% NaN,, pH 7.0. The data were treated as previously described [8,9].
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Electrophoresis

Electrophoresis on precast 1% agarose films (Corning ACI) was performed
according to the manufacturer’s instructions. The films were stained with Coo-
massie Blue for protein. The method of Weber and Osborne [17] was used for
sodium dodecyl sulfate gel electrophoresis with either 3.5 or 10% acrylamide
gels.

Chemical analysis

The protein content was determined by the method of Lowry [18] using
bovine serum albumin as standard. The values were corrected for the chromo-
genicity of apo LDL as previously described [8]. Lipid phosphorus, triglycer-
ides, free and esterified cholesterol were measured as previously reported [8].

Enzymatic modification

Sialic acid was removed from rhesus LDL-II and LDL-III by treatment with
either Clostridium perfringens sialidase type VIII, chromatographically puri-
fied, or type VI-A sialidase which was attached to beaded agarose (Sigma
Chemical Co., St. Louis, MO). The lipoproteins were incubated with either
enzyme under low ionic strength conditions in 0.01 M Tris --acetate buffer, pH
6.8 [19]. With the type VIII sialidase, the lipoproteins at a concentration of
1 mg/ml LDL protein were incubated 4 h at 37°C under a nitrogen atmo-
sphere with 0.4 unit/mg LDL protein. The activity of the enzyme was mea-
sured using N-Acetyl Neuramin-lactose (Sigma Chemical Co.). The digestion of
either LDL-II of LDL-III with the insolubilized sialidase (0.4 units/mg LDL
protein) under similar conditions was much slower and we had to let the hy-
drolysis proceed 48 h at room temperature. The digestion mixture was kept in
a screw-capped tube in the dark and was slowly agitated with a small bubble of
nitrogen on a rotator. The LDL solution was sterilized by filtration into a
sterile tube before the enzyme was added. The amount of sialic acid released
from the lipoproteins was detemined by the resorcinol reaction after precipita-
tion of the LDLs with 5% trichloroacetic acid [20]. Lipoproteins were separ-
ated from sialidase type VIII using rate-zonal centrifugation after layering the
digestion mixture in d 1.4 g/ml NaBr under a 7.5 -30% NaBr gradient and cen-
trifuging for 4 h at 35 000 rpm in the SW-40 rotor.

Cells and experimental conditions

Primary explants of medial smooth muscle cells from the thoracic aorta of
normolipidemic rhesus monkeys were obtained according to the technique
described by Fischer-Dzoga et al. [6,21]. Standardized explants were placed in
30-ml Falcon plastic tissue culture flasks and incubated at 37°C with 5% CO,
and 95% air. The growth medium consisted of Eagle’s basal medium (BME)
with Hank’s balanced salt solution supplemented with 10% calf serum. The
experiments were initiated about 8 weeks after explantation, at which time the
cultures had reached the stationary growth phase and consisted of circular colo-
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nies exhibiting a characteristic pattern of mono and multilayers. Groups of 3—6
cultures of comparable size (18—21 mm diameter) were used. The calf serum in
the media was reduced to 5% and the lipoprotein to be tested was added to
yield a final concentration of 250 ug cholesterol/ml. Prior to their use, the dif-
ferent lipoproteins were extensively dialyzed against BME. Each experiment
included calf serum as well as normo- and hyperlipidemic sera from rhesus mon-
keys (5%) as controls. Cellular proliferation was evaluated 7 days later by mea-
suring the diameter of the circular cell colonies on two perpendicular axes and
was expressed as increase in surface area. Another method used was autoradiog-
raphy. For this purpose, the cultures were labeled with 1 uCi/flask [*H]thymi-
dine (New England Nuclear, Boston, MA; spec. activity 6.7 Ci/mM) and the
percentage of labeled nuclei were determined on autoradiographic preparations

[6].
Results
Properties of lipoproteins

The physico-chemical parameters of the LDL species from rhesus plasma, hu-
man sera, and calf sera are shown in Table 1. The values listed for the LDL
from both normo- and hyperlipidemic rhesus plasma were determined previously
[8,9]; however, the density profiles of the LDL fractions used in this study are
shown in Fig. 1, a and b. Human LDL of d 1.019—-1.063 g/ml was obtained
from 2 apparently healthy male subjects (A and B) by sequential flotation and
then subjected to density gradient ultracentrifugation on a 0—10% NaBr gra-
dient. Both preparations of LDL were heterogeneous although to a different
extent (Fig. 1, ¢ and d). LDL-A exhibited 2 components, a major one floating
at a density of 1.030 g/ml and a minor one with a buoyant density of 1.038
g/ml. In turn, LDL-B consisted mostly of one component banding at a density
of 1.038 g/ml. Only those fractions marked with the arrows (Fig. 1, ¢ and d)
were taken for physico-chemical analysis and tested in the tissue culture sys-
tem. LDL-A had a molecular weight of 3.0 X 10%, and a molar lipid content of
phospholipid, free cholesterol, and esterified cholesterol which was higher than
that of LDL-B, which had a molecular weight of 2.6 X 108,

A single-spin density gradient profile of lipoproteins present in calf serum is
shown in Fig. 2. It is characterized by 2 large HDL peaks which dwarf the small
peak due to LDL. Because the hydrated density of the LDL fraction over-
lapped with that of the light HDL species, it was not possible to obtain either
LDL or HDL in a pure form by classical ultracentrifugal methods without one
lipoprotein class contaminating the other. A similar situation has been
described by Puppione for bovine LDL and HDL [22]. However, by introduc-
ing a rate zonal ultracentrifugation step, using the SW-40 rotor, it was possible
to obtain a clean LDL fraction, free of HDL, because this separation is based
more on the mass than the buoyant density of the lipoprotein.

Low density lipoproteins found in calf serum were heterogeneous and as a
group had relatively high buoyant densities (Fig.1, e). The main fraction
(marked with arrows in Fig. 1, e) with a density of 1.042 g/ml was denser than
either the rhesus or human LDLs, with the exception of rhesus LDL-III, and
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Fig. 1. Density gradient ultracentrifugation of various mammalian low-density lipoproteins. Sodium bro-
mide gradient, 0—10% in 0.01% Naz EDTA and NaNj3 (pH 7.0). The various lipoproteins were spun at
39 000 rpm for 66 h in the SW-40 rotor at 20°C. After separation, the gradients were pumped out with
Fluorinert (ISCO) and their absorbance profile at 280 nm was recorded with an ISCO UA-5 monitor; qa,
H-LDL, LDL fraction isolated from density interval 1.019—1.050 g/ml of a hyperlipidemic rhesus mon-
key; b, total LDL fraction of a normolipidemic rhesus monkey; ¢ and d, LDL fraction isolated from den-
sity interval 1,019—1.063 g/ml of 2 human donors, e, total LDL fraction of a 7-week-old calf. The
arrows define the fractions that were pooled for experimentation. Densities of the fractions were obtained
from refractometric measurements of a control gradient at 20°C.

Fig. 2, “‘Single-spin”’ density gradient ultracentrifugation of calf serum. A discontinuous gradient was pre-
pared by layering into a SW-40 tube in sequence: 0.5 g solid sucrose, 5 ml 4 M NaCl, 0.5 ml calf serum,
and 0.6'7 M NaCl to the top of the tube. The lipoproteins were spun at 39 000 rpm for 66 h at 15°C in the
SW-40 rotor, Gradients were collected as above. Densities of a control gradient were measured with a
Mettler-Paar, DMA 02C density meter [16].

had the lowest molecular weight of 2.4 X 10%. Chemically, it was characterized
by a very low triglyceride, and a low phospholipid and cholesteryl ester content
(Table 1). The total cholesterol content of this calf LDL was the lowest of all
the different LDLs that were studied.

SDS gel electrophoresis of the lipoproteins on either 10% or 3.5% acrylamide
indicated that all LDLs contained only apo B with no detectable smaller pep-
tides when 30—40 ug protein was applied to the gels. In addition, the mobility
of the different apo B proteins was similar with the exception of apo LDL-III
on 3.5% acrylamide gels (Fig. 3). LDL-III is the rhesus equivalent of human
Lp(a); its protein moiety has the same amino acid composition as rhesus apo
LDL-I and apo LDL-II but a higher carbohydrate content which may affect its
mobility in SDS gels [8,13].

LDL and cell growth

The smooth muscle cells which grew from the aortic medial explants reached
a stationary phase after an incubation of 8 weeks in BME supplemented with
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Fig. 3. Polyacrylamide gel electrophoresis (3.5% acrylamide) of various LDL fractions in 0.1% SDS.
Lane 1, H-LDL; Lane 2, LDL-I; Lane 3, LDL-II; Lane 4, LDL-II treated with sialidase; Lane 5, LDL-III;
Lane 6, LDL-III treated with sialidase; Lane 7, LDL-A; Lane 8, LDL-B; Lane 9, calf LDL. The minor,
faster moving band in lanes 5 and 6 is probably due to apo B from small amounts of rhesus LDL-II that
floats isopycnically in the same region on the density gradient as rhesus LDL-III. The minor fast moving
band in Lane 1 is unidentified.

10% calf serum [6]. When at this stage, half of the calf serum was replaced by
an equivalent volume of serum from a diet-induced hyperlipidemic rhesus mon-
key or its LDL fraction (H-LDL), cellular proliferation consistently ensued.
This was demonstrated by the significant increase in the area of the colonies
and in the percentage of their [*H]thymidine-labeled nuclei as compared to
control cultures exposed to calf serum (Table 2). In contrast, this proliferative
response was not observed with serum obtained from normolipidemic rhesus
monkeys, nor for the subspecies LDL-II and LDL-III isolated from their plas-
ma. However, LDL-I proved to be mitogenic with a proliferative response of
the same order as that produced by H-LDL (Table 2). Of the two human LDL
preparations, the proliferative response was only observed with LDL-A; the
smaller LDL-B was not mitogenic. To eliminate experimental variation that
could arise due to the use of cultures from different donor animals, all lipopro-
tein fractions discussed above were tested in one experiment using cultures
from a single donor. In order to establish that the positive mitogenic response
with LDL-A was not peculiar to donor A, we obtained 3 LDL fractions from a
third donor who had a clearly heterogeneous density gradient LDL profile. We
tested these LDL subspecies in our tissue culture system and found that this
donor had both mitogenic and nonmitogenic LDL particles. The two lighter
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TABLE 2

EFFECT OF VARIOUS LDL FRACTIONS FROM RHESUS MONKEYS AND HUMAN SUBJECTS ON
THE PROLIFERATION OF RHESUS ARTERIAL SMOOTH MUSCLE CELLS

Addition to culture media Number of Increase in % of [3H]thymidine-
cultures culture size labeled nuclei
(mm?)

Calf serum 5 4.9 +109 1.7 + 0.8
Normal rhesus serum 4 109 + 7.4 1.2+15
Hyperlipidemic rhesus serum 4 90.3 + 2704 96 +232
H-LDL 5 83.5 +325P 10.1 + 3.02
LDL-I 5 65.1 +44.0°¢ 95+132
LDL-II 5 8.2 +18.3 1.0 + 0.5
LDL-III 5 223+ 49 1.4+04
Desialated LDL-II 5 12.2 + 16.8 1.9+0.3
Desialated LDL-III 5 61.4 +40.1° 54 +1.22
LDL-A (human) 4 119.7 + 59.5 b 104 +3.22
LDL-B (human) 4 17.1 +12.9 1.3 +1.3

Compared to the results obtained with calf serum, the data obtained with the other sera on lipoproteins
were significant at: 2 P < 0.001, bp< 0.01,¢ P <0.02.

LDL fractions with mean buoyant densities of 1.026 and 1.030 g/ml were
clearly mitogenic (7.8 + 2.1 and 6.5 + 1.6% [’H]}thymidine-labeled nuclei)
whereas the heavier LDL fraction, with buoyant density of 1.037 g/ml, was not
able to stimulate cellular proliferation (1.1 + 0.3% [*H]thymidine-labeled nu-
clei).

In Table 3 are summarized the results of several experiments in which we
measured the increase in culture size due to stimulation by the various rhesus
lipoproteins. In this case, cultures from different donors were used for each
separate experiment and the results were averaged for all cultures receiving the

TABLE 3

EFFECT OF VARIOUS LDL FRACTIONS FROM BOTH NORMAL AND HYPERLIPIDEMIC RHESUS
PLASMA ON THE PROLIFERATION OF SMOOTH MUSCLE CELLS — SUMMARY OF SEVERAL
EXPERIMENTS

Addition to culture medium Increase in Number of Total number
culture size experiments b of cultures
(mm?2) -

Calf serum 8.3 +12.0 4 21

Normal rhesus serum 12,1 +100 4 18

Hyperlipidemic rhesus serum 64.3 +39.6 2 4 28

H-LDL 58.2 +39.92 4 20

LDL-I 823 +1022 4 18

LDL-II 9.6 +13.3 4 16

LDL-III 19.4 + 23.0 4 18

Desialated LDL-II 12,2 +16.8 1 5

Desialated LDL-IIX 610 +38.22 2 10

2 Significant increase in culture size when compared to cells grown in calf serum at P < 0.001.
b The explants used in each experiment were obtained from a different donor animal.
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same lipoprotein fraction, or serum. A clear stimulation of growth was seen
with hyperlipidemic rhesus serum, H-LDL, and LDL-I. On the other hand, the
addition of LDL-II or LDL-III to the culture medium did not induce the
growth of the arterial smooth muscle cells.

Because LDL-III, when compared to the other lipoproteins, has a relatively
high net negative charge owing to its unusually high content of protein and
sialic acid [8], we decided to assess the effect caused by the removal of sialic
acid from LDL-IIT on the mitogenic response. After 4 h of digestion at 37°C
with soluble C. perfringens sialidase, 95% of bound sialic acid was removed
from LDL-III (59 ug NANA/mg LDL-III protein). This modified particle
induced a definite proliferation of the cells which resulted in an increased cul-
ture size of 60.7 * 34.6 mm?.

To rule out that the observed stimulation of cellular proliferation was due to
small residual amounts of sialidase still attached to the modified particle after
its purification by rate zonal centrifugation, we digested rhesus LDL-III and
LDL-II, the latter used as a control, with C. perfringens sialidase immobilized
to agarose for 48 h at room temperature (23°C). Although the digestion pro-
ceeded considerably slower than with the soluble enzyme, it resulted in the
total loss of sialic acid from LDL-II (22 ug NANA/mg LDL-II protein) and 70%
from LDL-IIT (42 ug NANA/mg LDL-III protein). Both modified particles were
optically clear and exhibited a reduced electrophoretic mobility (Fig. 4). Elec-
trophoresis of the particles and their controls in 3.5% acrylamide-—SDS gels
indicated that no breakdown of their apoprotein moieties had occurred during
this long incubation period (Fig. 3). When these modified particles were tested
in our tissue culture system, the desialated LDL-III stimulated the proliferation
of the cells whereas desialated LDL-II did not (Table 2). The average of the two
experiments with the modified LDL-III is listed in Table 3.

Fig. 4. Electrophoretic patterns of LDL-I1 and LDL-III on 1% agarose before and after treatment with
sialidase. Lane 1, LDL-II; Lane 2, LDL-II treated with sialidase; Lane 3, LDL-III; Lane 4, LDL-III treated
with sialidase. ’
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Discussion

The experiments described above demonstrate that the plasma of normolip-
idemic rhesus monkeys and the serum of certain normal human donors contain
LDL species that can act as mitogens to aortic smooth muscle cells grown in
culture. This is in contrast to earlier observations that suggested that only LDL
from hyperlipidemic rhesus monkeys as opposed to LDL from normolipidemic
animals was able to stimulate the proliferation of arterial SMC grown in vitro
[6,7]. In this work, we have shown that the mitogenic particles, whether of
rhesus or human origin, have a molecular weight greater than 3.0 X 10%, a buo-

yant density less than 1.030 g/ml and a high molar lipid content, particularly
in terms of free and esterified cholesterol (Table 1). On the other hand, the
lipoproteins that exhibited no mitogenic activity, namely rhesus LDL-II and
human LDL-B have a smaller mass, higher density and lower molar content of
phospholipid and free esterified cholesterol (Table 1). Thus normal serum con-
tains both non-mitogenic and mitogenic LDL; the latter, however, represent
usually a small fraction of the total LDL (see Fig. 1, b). This explains why
whole normolipidemic serum usually exhibits no appreciable mitogenic effect
for stationary cultures. However, the LDL from hyperlipidemic animals are
essentially all mitogenic (see Fig. 1, a) and are comparable in size and density
with the mitogenic LDL-I of normal rhesus serum.

The fact that there appears to be a direct relationship between mass and chol-
esterol content of an LDL particle and its capacity to stimulate proliferation
led us to examine the chemical and physical properties of calf LDL since calf
serum was used to maintain the growth of our smooth muscle cells. The main
LDL species of calf LDL, which as a whole was very dense, had a smaller mole-
cular weight and less total cholesterol than any of the other LDL. Thus, we
may speculate that these lipoproteins condition the cells in terms of their cho-
lesterol uptake assuming that the whole LDL particle is taken up by a receptor-
mediated mechanism. Therefore, when part of the calf serum is replaced with
small lipoproteins such as LDL-II or LDL-B, the cholesterol supply to the cells
probably remains relatively unchanged. In contrast, when the calf serum is
replaced with the larger, cholesterol-rich LDL-I, H-LDL or human LDL-A, the
cholesterol influx is increased and may be responsible for the increased proli-
feration by an as yet undetermined mechanism. It is conceivable that a tempo-
rary increase in cellular-free cholesterol may perturbate the cell membranes in a
way as to initiate cell division.

Our studies also show that the surface properties of LDL may play a role in
the process. LDL-III, which is one of several rhesus LDL species, was unable to
stimulate cell proliferation in spite of having a size and molar lipid content
expected to produce mitogenic activity. Besides its size, this particle differs
from LDL-I and LDL-II in that it has larger protein mass, twice the galactose
and 3 times the sialic acid content [8]. In addition, the conformation of the
protein in LDL-III differs in having less a-helix and -structure than that of
LDL-I and LDL-II, although the amino acid composition of all these lipopro-
teins is the same. However, the removal of most of the sialic acid from LDL-III
did render these particles mitogenic which may indicate that their initial net
charge may have played an important role in lipoprotein—cell interaction. Pre-
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vious observations have indicated that the interactions between human LDL
and its membrane receptors in peripheral cells are hindered if the net negative
charge of the lipoprotein particle is increased [23—25]. Another explanation
could be that the reduction in negative charge caused by the removal of sialic
acid from LDL-III restored the conformation of the recognition sites on this
particle to a state more like those of LDL-I or LDL-II thus promoting its cel-
lular uptake.

The actual physical dimensions of the particles are probably not related to
the fact that only the larger LDLs stimulate cellular proliferation because their
effective diameter calculated from the mass and buoyant density of the parti-
cles differs by only 13%. Another possible explanation may be that the larger
mitogenic LDLs are carrying a nondialyzable factor dissolved in their larger
cholestery! ester-rich core that cannot be accommodated in the smaller parti-
cles which is capable of affecting the growth of arterial smooth muscle cells.
With regard to the core, we have previously shown that one important differ-
ence between normal rhesus LDL and H-LDL is the fact that the latter has an
ordered neutral lipid core at body temperature whereas normal rhesus LDL
does not [26]. Subsequently, we found that the subspecies of normolipidemic
rhesus LDL (LDL-I, LDL-II, and LDL-IIT) have a liquid like neutral lipid core
at 37°C [8]. Similarly, the LDL from the two human subjects displayed differ-
ent mitogenic activity and from their chemical composition we can predict
that both particles have comparable thermal transitions below body tempera-
ture [27,28]. Thus, the physical state of the neutral lipid making up the core,
does not appear to account for the mitogenic effect of the larger LDL particles.

Conceivably there may be other mechanisms which could account for the
proliferative response. One explanation may be that the biological effects are
mediated by trace lipoprotein subsets. Another possibility which we took into
consideration was the platelet-derived growth factor which is one of the prin-
ciple mitogens of serum [29]. However, our results indicated that the prolifera-
tive effect seen in our system is not caused by this factor [30].

Overall, the results appear to support the conclusion that the mass of the
LDL particle and particularly the total cholesterol mass may play a role in the
mitogenic activity of a given LDL particle provided that surface requirements
for LDL —cell interaction are respected. Although the mechanism responsible
for the proliferation is not known, the observations that ‘“‘pathological’’ LDL
are present in normolipidemic sera emphasize the fact that heterogeneity of
LDL is important not only from a structural, but also from a functional view-
point.
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