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Large lipoproteins are excluded from the arterial
wall in diabetic cholesterol-fed rabbits
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Abstract In diabetic hypercholesterolemic rabbits at plasma
triglyceride concentrations of approximately 5000 mg/di,
55% of plasma cholesterol (1400 mg/dl) was in lipoproteins
with diameters larger than 75 nm (5§.>400), 40% in smaller
very low density and intermediate density lipoproteins, 4%
in low density lipoproteins, and 1% in high density lipopro-
teins. Specific intimal clearance (nl/h - mg aortic cholesterol)
of the giant §;>400 lipoproteins was about 4% of that of the
low density lipoproteins. The data suggest that even very
low density lipoproteins with diameters smaller than 75 nm
were practically excluded from entering the arterial wall.
Specific intimal clearance of low density lipoproteins in
hypertriglyceridemic, diabetic cholesterol-fed rabbits was
similar to that in normal cholesterol-fed rabbits, but low
density lipoprotein concentrations in diabetic rabbits were
low. Thus, at plasma triglyceride concentrations of approx-
imately 5000 mg/dl, only 5% of plasma cholesterol may be
readily available for infiltration of arteries.@These results
add further support to the hypothesis that hypertriglyceri-
demic, diabetic cholesterol-fed rabbits are protected against
atherogenesis because the major part of plasma cholesterol
is carried in large lipoproteins to which the artery is not very
permeable.—Nordestgaard, B. G., and D. B. Zilversmit.
Large lipoproteins are excluded from the arterial wall in
diabetic cholesterol-fed rabbits. . Lipid Res. 1988. 29: 1491—
1500.

Supplementary key words aortic uptake of cholesterol ¢ aortic
uptake of lipoproteins « atherosclerosis * cholesterol « diabetes

Diabetic rabbits that develop severe hypertriglycer-
idemia are protected against cholesterol-induced ath-
erogenesis (1—4), whereas diabetic cholesterol-fed rab-
bits with normal plasma triglyceride develop ather-
osclerosis (2, 5). In severely hypertriglyceridemic
diabetic cholesterol-fed rabbits, most of plasma cho-
lesterol is carried in the large, less dense lipoproteins
(3, 4, 6, 7) and less than 3% is carried in the smaller
intermediate, low, and high density lipoproteins com-
bined (6). As an explanation for the retarded devel-
opment of atherosclerosis in these rabbits, it has been
hypothesized that the large lipoproteins are not able
to cross the arterial endothelium and consequently,

that only little cholesterol will enter into the arterial
wall (7). This hypothesis is supported by the observa-
tion that the permeability coefficient or intimal clear-
ance (nl/cm? - h) of total plasma cholesteryl ester in
arteries of severely hypertriglyceridemic diabetic cho-
lesterol-fed rabbits was reduced 50-90% compared to
that in normotriglyceridemic cholesterol-fed rabbits
with similar aortic cholesterol content (8). However, it
is not known whether this relatively low aortic intimal
clearance of cholesteryl ester is due to the largest lipo-
proteins being excluded from entering arterial tissue
or to reduced arterial permeability to all plasma lipo-
proteins, i.e., that both the large S>400 lipoproteins
and the smaller very low density, intermediate density,
low density, and high density lipoproteins are partly
excluded from entering arteries.

To examine this question, in the present study we
measured arterial uptakes of both large and smaller
lipoproteins in hypertriglyceridemic diabetic choles-
terol-fed rabbits and compared it to uptakes in normal
cholesterol-fed rabbits.

METHODS

Animals and alloxan infusion

Two different types of influx experiments were per-
formed. In three hypertriglyceridemic diabetic cho-
lesterol-fed rabbits, arterial influx of lipoproteins larger
or smaller than 75 nm was measured. Additionally, in

Abbreviations: VLDL, very low density lipoproteins; IDL, inter-
mediate density lipoproteins; LDL, low density lipoproteins; HDL,
high density lipoproteins; PBS, phosphate-buffered saline.
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six hypertriglyceridemic diabetic and in ten nondi-
abetic cholesterol-fed rabbits, intimal clearance of LDL
was measured. For both of these experiments, female
New Zealand White rabbits (Becken Research Animal
Farm, Sanborn, NY) weighing 2.6—4.4 kg were used.
The rabbits were fed daily 92 g of Purina Rabbit Lab-
oratory Chow (Ralston Purina Company, St. Louis,
MO) supplemented with 0.5 g cholesterol (ICN Bio-
chemicals, Cleveland, OH) and 7.5 g corn oil (Mazola)
for 5-34 weeks prior to the influx experiments. To
avoid weight loss, diabetic rabbits were fed an addi-
tional 50 g unaltered chow daily. In order to obtain
hypertriglyceridemic diabetic rabbits with atheroscler-
otic lesions when the influx study was to be performed,
four of the nine rabbits were cholesterol-fed 3—6 weeks
prior to the alloxan infusion and five of the nine rab-
bits were injected daily subcutaneously for 3-8 weeks
after alloxan infusion with 5-11 units of NPH insulin
(U-100N, Lilly, Indianapolis, IN), such that plasma
triglycerides were normalized.

To generate the 9 hypertriglyceridemic diabetic
rabbits, 21 rabbits were infused with freshly prepared
5% alloxan monohydrate (Sigma, St. Louis, MO) in
physiological saline over a period of 15 min, through
a catheter inserted via the marginal ear vein. Initial
doses of 150 mg/kg body weight were administered
when the rabbits weighed less than 3 kg and 200 mg/
kg when they weighed more. To counteract hypogly-
cemia, caused by insulin released from necrotic beta
cells in the pancreas, the rabbits were provided with
5% sucrose instead of water for the first 24 hr. The
rabbits were considered diabetic when the post-
absorptive blood glucose, as determined with Dex-
trostix (Ames Division, Miles Laboratories, Inc., Elk-
hart, IN) was 250 mg/dl or more, 48 hr after alloxan
infusion. Eight of the 21 rabbits did not initially develop
diabetes and were reinfused with increasing doses of
alloxan at weekly intervals until they became diabetic.
As soon as the rabbits became diabetic, they were
injected daily subcutaneously with 1-3 units of NPH
insulin, which reduced the mortality within the first 3
weeks to less than 30%. Only rabbits that survived until
they developed severe hypertriglyceridemia (>1000
mg/dl) and that had been cholesterol-fed long enough
to develop lesions in the arteries, were used for influx
experiments. Seven of the diabetic rabbits were not
treated with insulin for at least the last 1-3 weeks,
such that their plasma triglycerides reached higher
levels prior to the influx study. One rabbit was treated
daily with 3 units and one rabbit with 7 units until the
experiment, but both were hypertriglyceridemic in
spite of this. Unless noted otherwise, blood samples
were drawn at least 15 hr after the last meal, adjusted
to 0.15% Na,EDTA and 0.4% NaNj;, and were kept
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on ice until plasma was separated. All experimental
protocols were in accordance with University guide-
lines.

Validation of conditions for influx experiments

Our aim, in the present study, was to measure trans-
fer of plasma lipoproteins into the intima of large
arteries. Thus, arteries were only exposed to circulat-
ing labeled lipoproteins for 4-6 hr, such that transter
of labeled lipoproteins out of arterial intimas during
the whole exposure period was small compared to
arterial influx. To validate this, in two normal choles-
terol-fed rabbits, arteries were exposed to circulating
'**]-labeled LDL for 4-6 hr and to '*'I-labeled LDL
tor approximately half the time, or vice versa.

In order to estimate the contribution of adhering
plasma to radioactivity in the intima-media layer of
arteries, '**I-labeled LDL was injected into two hyper-
triglyceridemic diabetic and one nondiabetic choles-
terol-fed rabbits 8 min before removal of aorta, as
described below.

Aortic uptake of lipoproteins with diameters larger
or smaller than 75nm

Labeling. Labeled cholesteryl ester was incorpo-
rated into lipoproteins from phosphatidylcholine—
cholesteryl ester liposomes (9). This method was cho-
sen because it is possible to label autologous lipopro-
teins and because label can be introduced only as cho-
lesteryl ester without labeling of the free cholesterol
fraction. [4-"*C]Cholesteryl oleate and [1, 2, 6, 7-
*H(N)]cholesteryl oleate were purchased from DuPont
NEN Research Products (Boston, MA). The purity was
determined by thin-layer chromatography on plates
precoated with silica gel (EM Science, Cherry Hill, NJ)
with a hexane—diethyl ether—acetic acid 80:20:1 (v/v/
v) solvent system. Labeled cholesteryl oleate with a
radiopurity less than 98% was purified by thin-layer
chromatography with a hexane—diethyl ether 80:20
(v/v) solvent system and eluted from the silica gel with
chloroform—methanol 9:1 (v/v).

In two screw-cap tubes, either 50 uCi [*C]cholesteryl
oleate or 160 uCi [*H]cholesteryl oleate were mixed
with 4 mg egg L-a phosphatidylcholine (Sigma) in
chloroform—methanol 9:1 (v/v) and subsequently dried
down in a rotary evaporator (Brinkman Instruments,
Westbury, NY). After addition of 2 ml of phosphate-
buffered saline (1.14% Na,HPQO, - TH,O, 0.10%
NaH,PO, - H,0, 0.53% NaCl, pH 7.4) containing 0.01%
Na, EDTA and 0.02% NaN, (PBS), the tubes were
flushed with N,, vortexed for 10 min, and sonicated
for 20 min at above 51°C in a bath-type sonicator
(Laboratory Supplies Company, Inc., Hickville, NY).
Only suspensions that cleared were used.
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Each of the two liposome preparations was mixed
with 3 ml of hypertriglyceridemic diabetic plasma and
subsequently incubated for 17—18 hr at 37°C. There-
after, the two donor lipoprotein preparations were
separated into lipoproteins with diameters larger and
less than 75 nm (5:>400 and S$,<400) (10) as follows.
The labeled plasma preparations were each diluted to
2 x4 mlin two 14 X 89 mm ultra-clear centrifuge tubes
{Beckman Instruments, Inc., Palo Alto, CA) with salt
solutions to a final density of 1.063 g/ml and each was
overlayered with 2 ml d=1.041,2ml d=1.019, and 4
mi d=1.006 g/ml salt solutions. After centrifugation
for 4.0 - 10° g-min (avg) at 21°C in a SW41 Ti rotor
(Beckman Instruments, Inc.), the tubes were sliced
1.35 cm from the top (2 ml). S¢>400 and §,<400 lipo-
proteins were dialyzed overnight at 4°C against two
changes of 5 liters of 0.9% NaCl. The final injected
donor preparations (23 = 2 ml; n=3) were
[**C]cholesteryl oleate (7 = 1 wCi) labeled S¢>400
lipoproteins mixed with [*H]cholesteryl oleate (38 +
2 uCi) labeled S,<400 lipoproteins; in one recipient
the *C and *H were reversed.

Protocol. Immediately before intravenous injection
of labeled lipoproteins into a hypertriglyceridemic
diabetic cholesterol-fed rabbit, the preparation was
filtered through 0.45-pwm filters (Gelman Sciences, Ann
Arbor, MI). After injection, blood samples were drawn
at regular intervals until the rabbit was killed 4—6 hr
later by intravenous injection of a 6% pentobarbital
solution (50—100 mg/kg). The thorax was opened and
the rabbit was perfused with 1 liter of saline intro-
duced into the left ventricle of the heart while the
inferior vena cava was severed. Subsequently, the aorta
was excised, the adventitia was removed, and the vessel
was opened longitudinally and rinsed with saline. The
aorta was fixed with pins on a corkboard, the area was
outlined on graph paper, and the vessel was divided
into the aortic arch (from the heart to the first inter-
costal arteries), the thoracic aorta (to the diaphragm),
and the abdominal aorta (to the bifurcation). Intima-
media was stripped from the remaining media in each

_of these parts. From the plasma samples S.>400 lipo-
proteins were separated from S$,<400 lipoproteins.
Other plasma samples were adjusted to a density of
1.019 g/ml and centrifuged for at least 1.44 x 10° g-
min (avg) at 10°C in a Beckman 50.3 Ti rotor. After
tube slicing, the bottom fractions were readjusted to
d 1.063 g/ml and recentrifuged for at least 1.44 x 10®
g-min (avg) to isolate LDL and HDL as top and bottom
fractions, respectively. Cholesterol from smaller VLDL
+ IDL was calculated as cholesterol in d<1.019 g/ml
minus that in the §.>400 lipoprotein fraction. Samples
of aortic intima-media and plasma lipoproteins were
kept at —20°C until analyzed.

Lipid analyses. Plasma triglycerides were deter-
mined by an enzymatic method (Cat. No. 701912,
Boehringer Mannheim Diagnostics, Indianapolis, IN).
Lipids in lipoprotein fractions were extracted into
hexane from 43% ethanol in water (11). Aortic intima-
media layers were minced, and the lipids were extracted
during 24 hr with chloroform—methanol 2:1 (v/v) (12).
Free and esterified cholesterol in the various lipid
extracts were separated by thin-layer chromatography
with hexane—diethyl ether—acetic acid 80:20:1 (v/v/v)
and aliquots were used for mass determination
according to the method of Zak et al. (13) after sapon-
ification (14). Other aliquots were counted in toluene-
based scintillant. Recoveries from thin-layer chroma-
tography averaged 94% for lipoprotein cholesterol
mass, 89% for lipoprotein radioactivities, and 97% for
aortic radioactivities (bands scraped directly from thin
layer chromatography plates).

Calculations. Before influx calculations, arterial
radioactivities were corrected for contaminating plasma.
Thus, the radioactivity in 11.0, 5.0, and 5.6 nl (see
Table 1) of plasma was subtracted per cm? of arches,
thoracic, and abdominal aortas, respectively.

Aortic influx of esterified cholesterol from S$.>400
and $,<400 lipoproteins were calculated by the “sink”
method, in which the amount of radioactivity in the
tissue is divided by the area below the plasma specific
activity versus time curve. To take into account the
exchange of labeled esterified cholesterol between
5:>400 and S,<400 lipoproteins, which occurs during
the 4-6 hr influx period, a modification of a previously
published method (15) with two linear equations was
used:

tT(:/T = KEC, $f>400 ° SEC, se>a00 T KEc, Sf<400 * SEC. Sf<400
written for *H and "C, respectively;
in which:

trc, radioactivity in total aortic cholesterol [cpm/cm?);
T, influx period [hr};

Kee. influx of esterified cholestero] into aorta from
either §.>400 or §;<400 lipoproteins [nmol/cm? - hr);
Sgc, mean specific activity of esterified cholesterol in
either S.>400 or 5,<400 lipoproteins [cpm/nmol]. The
four Sges were calculated as the time averages from
such curves as those shown in Fig. 3.

Intimal clearance (nl/em? - hr) is influx (nmolcm? - hr)
divided by the plasma concentration (nmol/nl). The
intimal clearances calculated by these equations will
be slightly overestimated, since labeled free choles-
terol in plasma (never more than 5% of total plasma
radioactivity) contributed to radioactivity in total aor-
tic cholesterol. However, when intimal clearances were
calculated with the more elaborate equations, which
take radioactivity and influx rates of free cholesterol
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into account (ref. 15, equations 5, 6, 7a), intimal clear-
ances were on the average 101% of those calculated
with the above equations.

Aortic uptake of low density lipoproteins

Labeling. LDL were iodinated according to the
modification by Bilheimer, Eisenberg and Levy (16)
of McFarlane’s iodine monochloride method (17). This
labeling method was chosen because iodinated apoli-
poprotein B in LDL is nonexchangeable. lodine-125
and lodine-131 were purchased from Amersham
(Arlington Heighuts, IL).

LDL was prepared from freshly drawn rabbit blood
containing the anticoagulant Na,EDTA (2 mg/ml), the
antibiotics chloramphenicol (40 wg/ml) (Sigma) and
gentamycin sulfate (0.1 mg/ml) (Sigma), and the pro-
tease inhibitors €-amino-n-caproic acid (2.6 mg/ml)
(Sigma), benzamidine (10 pg/ml) (Sigma), and apro-
tinin (10 kallikrein units/ml) (Sigma). Sequential ultra-
centrifugation at 4°C was performed in solvent dens-
ities of 1.019 and 1.063 g/ml with a Beckman 60 Ti
rotor for at least 2.8 x 10® g-min (avg). After ultra-
centrifugation, LDL was equilibrated with PBS by PD-
10 gel filtration columns (Sephadex G-25M, Pharma-
cia, Piscataway, NJ). In aliquots (0.5—1.8 ml) contain-
ing 1-8 mg of LDL protein, pH was adjusted to 10
with glycine buffer and 1.6 to 4.0 mCi '*I or 0.4 to
1.8 mCi "'l was added prior to the iodine monoch-
loride (15 nmol/mg protein), prepared as described
by Goldstein, Basu, and Brown (18). Unbound iodine
was removed with PD-10 columns followed by exten-
sive dialysis at 4°C against PBS. Labeling efficiency
averaged 23% and 12% for '*I and I, respectively,
which converts to 1.7 and 0.9 mole of I per mole of
LDL, respectively. Labeled LDL was used for influx
experiments immediately after preparation, i.e., 68—
92 hr after donor blood was drawn and 20—44 hr after
iodination. In one animal, LDL was dialyzed for a
week before the influx experiment. Injected doses
were 2.7 + 0.4 ml (n=16) with 179 = 41 pCi '®I or
44 = 10 pGi 'L

Protocol. Immediately before intravenous injection
of labeled LDL, the preparations were filtered through
0.22-pm filters (Millipore Corporation, Bedford, MA).
Blood sampling, termination of the experiment, and
isolation of aortic intima-media layers were performed
as described above. Lipoproteins from plasma and
labeled doses were isolated at 10°C by sequential ultra-
centrifugation at solvent densities of 1.006, 1.019, and
1.063 g/ml, each centrifuged for at least 1.44 X 10° g-
min (avg.) in a Beckman 50.3 Ti rotor.

Analyses. An aliquot of the dose, plasma aliquots
(200 pl), and aortic intima-media layers were counted
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in a Beckman Gamma 8000 counter immediately after
the experiment. In order to stop enzyme reactions in
these samples, 2 ml methanol was added not later than
1 hr after the samples were obtained. After counting,
the same volume of chloroform was added to all sam-
ples, aortic samples were minced, and the lipids were
extracted for at least 24 hr. The protein precipitate
was packed by centrifugation, the solvent was removed,
and the precipitate was washed twice with chloroform
methanol 1:1 (v/v). To the combined washes were added
half a volume of chloroform and 20% of the final
volume as water. The upper phase, henceforth des-
ignated as “aqueous phase,” was removed, and the
lower phase (“lipid phase”) was washed twice with
upper phase (12). The combined aqueous phase was
washed twice with chloroform. Radioactivity in the
protein precipitate, the lipid phase, and the aqueous
phase was determined. The distribution of label in the
LDL doses in the presence of added carrier plasma
between those three phases was 92 + 1%, 4 + 0.5%,
and 4 * 0.5% (n=10), respectively. The equivalent
distributions for plasma samples, obtained 1 hr after
injection of the dose, and aortic samples were 94 =+
0.4%, 3 = 0.3%, 3 = 0.2% (n=16) and 86 * 2%, 5
+ 1%, 9 £ 2% (n= 16), respectively. Aliquots of the
lipid phase from aortic samples were used to deter-
mine total cholesterol mass (13) after saponification
(14).

Lipoprotein fractions were dialyzed overnight at
4°C against 0.9% NaCl before counting. The distri-
bution of label between VLDL + IDL, LDL, and HDL
in the dose with added carrier plasma and in plasma
obtained 1 hr and 3—4 hr after injection of the dose
were (3 * 1%, 94 = 1%, 3 = 0%) (n=16), (6 + 1%,
90 + 1%,4 * 1%) (n=16yand (7 + 1%, 88 = 1%, 5
*+ 1%) (n = 16), respectively. In other lipoprotein frac-
tions, lipids were extracted (11) and cholesterol was
determined as described above. Aliquots of the LDL
doses were electrophoresed on 1% agarose (universal
electrophoresis film, Corning Medical, Palo Alto, CA);
92 + 1% (n= 16) of radioiodine comigrated with LDL.
Other aliquots were delipidated (19) and apolipopro-
teins were separated by sodium dodecyl sulfate poly-
acrylamide gel (5%) electrophoresis (SDS-PAGE) (20);
89 + 2% (n= 10) of radioiodine comigrated with LDL
apolipoprotein B. All the above radioiodine distribu-
tion determinations gave similar results whether '#I
or "*'T was used or whether the LDL was from a dia-
betic or a nondiabetic rabbit.

Calculations. Aortic intimal clearance (nl/cm?- hr)
was calculated by dividing the radioactivity in the intima-
media layer (cpm/cm?) by the average radioactivity in
plasma during the 4-6 hr influx period (cpm/nl) and
by the length of the influx period (hr).
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Statistics

Values are given as means * standard error. Linear
regression analysis (ref. 21, pp. 149-193), and paired
and unpaired t-tests (ref. 21, pp. 83-106) were used.

RESULTS

Plasma triglyceride and lipoprotein cholesterol

With increasing plasma triglyceride concentrations
in diabetic cholesterol-fed rabbits, cholesterol content
decreased in HDL, LDL, and IDL but increased in
VLDL (Fig. 1). For HDL- and LDL-cholesterol levels,
these values from an additional nine diabetic rabbits
showed the same trends.
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Fig. 1 Total cholesterol content in lipoprotein fractions in non-
diabetic cholesterol-fed (8.3 = 1.5 weeks) rabbits (mean = SEM, n
= 6) and in diabetic cholesterol-fed (11.3 = 0.7 weeks) rabbits as a
function of plasma triglyceride. Plasma triglyceride in nondiabetic
rabbits was 94 * 4 mg/dL

Validation of conditions for influx experiments

In spite of up to a ten-fold difference in aortic cho-
lesterol content, plasma contaminations expressed as
nl per cm? of aortic surface in three rabbits were
remarkably similar for the arches, thoracic aortas, and
abdominal aortas (Table 1). In this experiment, we
also measured arterial uptake of '*'I-labeled LDL dur-
ing 46 hr. From 1 to 14% of the arterial radioactivity
could be accounted for by plasma contamination. Cor-
responding corrections were made prior to influx cal-
culations.

Accumulation of labeled LDL in intima-media of
aortic arches, thoracic aortas, and abdominal aortas
increased almost linearly with time for 4-6 hr (Fig. 2),
which suggests that for these short influx periods the
sink assumption is appropriate. If efflux of labeled
LDL had been significant compared to influx of labeled
LDL during the 4-6 hr, the six curves in Fig. 2 would
have been curvilinear with a concavity toward the x-
axis. Furthermore, since the two isotopes were reversed
in the two rabbits, arterial uptake of '*'I-labeled LDL
and '#I-labeled LDL did not appear to.differ signifi-
cantly. In an additional three normal cholesterol-fed
rabbits that were studied for a different purpose, iso-
tope equivalency concerning arterial uptake was
addressed directly. Two aliquots of the same LDL
preparation were iodinated with '**I and '*'I, mixed,
and injected intravenously. Arterial intimal clearances
of 3!I-labeled LDL, measured in arch, thoracic, and
abdominal aortas, were 85% to 101% of those for '#1-
labeled LDL..

Aortic uptake of lipoproteins with diameters larger
or smaller than 75 nm

An in vitro labeling technique was used to label
lipoproteins with [*C]- and [*H]cholesteryl oleate, which
raises the concern that some of the label might be
present in a nonphysiological form, such as intact lipo-
somes. Nonphysiological label would be taken up rap-
idly by the liver after intravenous injection, and the
calculated volume of distribution would be much larger
than plasma volume. Therefore, in two of the animals
used for these influx experiments, plasma volume was
determined by injecting radioactive albumin (d>1.21
g/ml), labeled biosynthetically with [*H]leucine in a
normal rabbit, and the values were compared with
volume of distributions for both labeled $;>400 and
labeled S:>400 lipoproteins. Those distribution vol-
umes for lipoproteins differed from —29% to +6%
from the volumes determined by albumin. Thus, no
nonphysiological label was detected. As a confirmation
of findings in the earlier study (8), in the present study
plasma volume was found to be expanded in hyper-
triglyceridemic diabetic compared to nondiabetic cho-
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TABLE 1. Contamination of '?*I-labeled LDL (after 8 min
exposure) in the intima-media layer of various aortic
segments with different total cholesterol contents in
cholesterol-fed rabbits

Rabbit A Rabbit B Rabbit C Mean * SEM

Arch
Contamination (nl/cm?) 14.6 9.5 9.0 11.0=x 1.8
Cholesterol (ug/cm?) 133 54 507

Thoracic
Contamination (nVem?) 4.5 6.5 3.9 50 x 0.8
Cholesterol (pg/cm?) 52 31 270

Abdominal
Contamination (ntVcm? 6.5 5.6 4.6 56 * 0.5
Cholesterol (ng/cm?) 55 48 370

Rabbits A and B were hypertriglyceridemic diabetic rabbits and
rabbit C was a nondiabetic rabbit. Arch: heart to first intercostal
arteries. Thoracic aorta: to the diaphragm. Abdominal aorta: to the
bifurcation. Contamination was calculated as radioactivity in tissue
(clpm/cmz) divided by radioactivity concentration in plasma (cpm/
nl).

lesterol-fed rabbits; 513 (n=9) and 36+2 (n=10)
ml/kg body weight, respectively (P<0.001). However,
expanded plasma volume does not affect measure-
ments of intimal clearance.

Although [*H]- and ["*C]cholesteryl esters 10 min
after injection of the dose were present almost exclus-
viely in either the $,<400 or S;>400 lipoproteins,
exchange of labeled esterified cholesterol occurred
during the 5-hr influx period, such that the specific
activities of cholesteryl ester in the two complementary
lipoprotein fractions approached each other (Fig. 3).
Since in each experiment the time-averaged specific
activities for both [®*H]J- and [**C]cholesteryl ester were
different for S;>400 and $;<400 lipoproteins, arterial
influx and intimal clearance of cholesteryl ester from
the two lipoprotein fractions could be calculated.

Aortic intimal clearance of cholesteryl ester from
lipoproteins with diameters larger than 75 nm (S>400)
was small (Table 2), and in each of three different
tissues in three different hypertriglyceridemic diabetic
cholesterol-fed rabbits, it was less than the intimal
clearance of cholesteryl ester from lipoproteins with
diameters less than 75 nm (5;<400).

Aortic uptake of low density lipoproteins

After intravenous injection of iodine-labeled LDL,
radioactivity in total plasma decreased at a similar rate
in diabetic and nondiabetic cholesterol-fed rabbits, and
after 4-6 hr 78+3% (n=6) and 80+2% (n=10) of
the initial radioactivity remained in plasma in the two
groups of rabbits, respectively. When arterial intimal
clearances of LDL were calculated based on protein
precipitable radioactivity, the values were 92% = 1%
(n=35) of the values calculated based on total radio-
activity in plasma and intima-media. The reported
values are based on total radioactivity.
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Specific intimal clearance

Aortic intimal clearances are “normalized” influx
values, in which differences in plasma concentration
of the various fractions are taken into account. Thus,
clearances are directly comparable between different
lipoprotein fractions within the same aortic tissue sam-
ple, such as those in Table 2. However, lipoprotein
clearances between aortic tissues from different ani-
mals are not always comparable, since the magnitude
depends not only on the lipoproteins but also on the
extent of atherosclerotic lesions (22—-26). Only when
the aortic tissues have similar cholesterol content is it
reasonable to compare lipoprotein clearances among
different animals. Aortic cholesterol varted greatly
among the different rabbits in the present study.

Intimal clearances of LDL in normal cholesterol-
fed rabbits are directly proportional to aortic choles-
terol content of aortic arches and abdominal aortas
(Fig. 4). Although the correlation for the thoracic aorta
was not very strong and only of borderline significance
(P<0.1), values from an additional six rabbits studied
for a different purpose, when combined with these
data, increased the correlation coefficient to 0.69 and
the significance level to P<<0.01. Because of this rela-
tionship, we define a new term, specific intimal clear-
ance (nl/hr *« mg cholesterol), as the intimal clearance
(nl/cm? « hr) divided by the cholesterol content in the
intima-media (mg/cm?). Arterial uptake of lipopro-
teins expressed in this manner is thus normalized for
differences in lipoprotein concentration of both plasma
and aortic cholesterol content, which makes possible
comparisons among different rabbits. Similar calcu-
lations have been used previously (22,27).

All intimal clearances of lipoproteins in the present
report have been recalculated as specific intimal clear-

ARCH A THORACIC ABDOMINAL

1000 200+ 200
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HOURS OF EXPOSURE TO LABELED LDL

Fig. 2. Accumulation of labeled LDL (nl/cm?) in aortic intima-
media layers of normal cholesterol-fed rabbits; calculated as radio-
activity in tissue (cpm/cm?®) divided by average radioactivity in plasma
(cpm/nl), In one animal (A), '°I-labeled LDL was injected at zero
time whereas 3 hr later the same LDL labeled with *'I was injected.
In the other rabbit (0), the isotopes were reversed. The y-axis scale
for aortic arches is five times that for the thoracic and abdominal
aortas.
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Fig. 3. Specific activities of esterified cholesterol in S:>400 lipo-
proteins and in the combined fraction of smaller VLDL, IDL, LDL,
and HDL (8,<400 lipoproteins) from the time of injection of the
dose until the aorta was removed. The dose was §;<400 lipoproteins
labeled with [*H]cholesteryl ester mixed with S;>400 lipoproteins
labeled with [“*C]cholesteryl ester. The time-average of the four
specific activity curves was used for influx calculations.

ances and shown in Fig. 5. Specific intimal clearance
of lipoproteins with diameters larger than 75 nm was
on the average 4% of that LDL. Specific intimal clear-
ance of LDL was not significantly different between
hypertriglyceridemic diabetic and nondiabetic rabbits,
and was 4- to 11-fold that of the combined smaller

VLDL, IDL, LDL, and HDL (lipoproteins with diam-
eters <75 nm). It is noteworthy that similar conclu-
sions can be drawn whether specific intimal clearances
were measured in tissues with high aortic cholesterol
contents (arches) or in those with low cholesterol con-
tents (thoracic and abdominal aortas). Specific intimal
clearance of iodinated LDL has been measured in an
additional four hypertriglyceridemic diabetic choles-
terol-fed and six normal cholesterol-fed rabbits, stud-
ied for a different purpose. When these results are
combined with those of Fig. 5, the standard errors are,
on the average, reduced by 30% in diabetic rabbits
and 14% in nondiabetic rabbits. Furthermore, the mean
values for the two groups approach each other.

DISCUSSION

The aim in the present study was to investigate in
greater detail the mechanism whereby severely hyper-
triglyceridemic diabetic cholesterol-fed rabbits are
protected against atherosclerosis. Our results dem-
onstrate that the largest lipoproteins (diameter >75
nm) in these rabbits are practically excluded from
entering the arterial wall and that the much smaller
LDL are taken up ata “normal” rate. Thus, the arterial
wall in the hypertriglyceridemic diabetic cholesterol-
fed rabbits does not appear to have an altered perme-

TABLE 2. Lipoprotein lipids in plasma and transfer of lipoprotein cholesteryl ester into aortas of hypertriglyceridemic diabetic

cholesterol-fed rabbits

Plasma

Total Cholesterol

Aortic Intima-Media Layer
Intimal Clearance of Cholesteryl Ester

Rabbic Smaller Total Smaller VLDL
No. Triglyceride S¢>400 VLDL+IDL LDL HDL Tissue Cholesterol S¢>400 +IDL + LDL + HDL*
mgldl mgldl pglem® nl/cm? - h
(esterified cholesterol as a
percent of total cholesterol)
1 3470 1588 1371 121 22 Arch 2408 11.6 70.2
(83%) (77%) (68%) (62%) Thor 1194 2.0 27.0
Abd 618 2.4 16.0
2° 3190 448 795 132 15 Arch 1583 22.4 50.6
(79%) (71%) (61%) (65%) Thor 207 2.2 7.7
Abd 166 3.9 5.1
3¢ 8760 2111 846 48 15 Arch 1684 0.3 49.2
(78%) (70%) (62%) (45%) Thor 277 0.0 8.9
Abd 418 0.6 15.1
Mean 5140 1382 1004 100 17

Intimal clearance is calculated by dividing the influx (nmol/cm” - hr) by the plasma concentration (nmol/nl) of the corresponding

constituent.
“S¢ < 400 lipoproteins.

*The injected dose was autologous lipoproteins labeled with [**C] cholesteryl ester in S; > 400 lipoproteins and with [*H] cholesteryl

ester in S¢ < 400 lipoproteins.

“The injected dose was lipoproteins from rabbit no.1 with the isotopes reversed.
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Fig. 4. Correlation between total cholesterol content in intima-
media and intimal clearances of LDL in various aortic segments of
normal cholesterol-fed rabbits. The correlation coefficients (r) and
the significance levels (P<) for the correlations are shown for each
tissue. None of the three intercepts on the y-axis was significantly
different from zero. Note that the scales for aortic arch values are
different from those for thoracic and abdominal aortas.

ability to lipoproteins, per se, as compared to the arte-
rial wall in normal cholesterol-fed rabbits. Specific inti-
mal clearance of VLDL with diameters less than 75
nm was not measured directly, but in a combined
fraction together with IDL, LDL, and HDL. If HDL
and LDL cholesteryl ester is assumed to be cleared by
arteries at the rate measured directly for iodinated
LDL, specific intimal clearance of smaller VLDL + IDL
in hypertriglyceridemic diabetic cholesterol-fed rab-
bits can be estimated to be 6% of that of LDL.
Whether it is the large size of the S§;>400 lipopro-
teins and possible smaller VLDL or some other prop-
erty of the lipoproteins, e.g., altered apoprotein com-
position (4), that is the responsible factor causing
exclusion from the arterial wall cannot be stated with
certainty. In favor of the size being responsible is the
observation that albumin, HDL, L.LDL, and VLDL in
normal cholesterol-fed rabbits show decreasing tran-
sendothelial transport with increasing diameter of the
particle in capillaries (28) and aorta (29). This suggests
that transport across the arterial intimal layer is by a
mechanism of nonspecific molecular sieving, depen-
dent on the relative size of the macromolecular par-
ticles to the “pore” sizes of the blood/artery interface.
In order to compare our results with previous ones
{8), the values in each set of experiments have been
recalculated such that direct comparison is possible.
In the earlier study (8), in vivo labeled lipoproteins
were used to measure aortic intimal clearance of cho-
lesteryl ester from all plasma lipoproteins combined
into the intima-media of aortic arches in eight hyper-
triglyceridemic, diabetic cholesterol-fed rabbits. Aor-
tic cholesterol content ranged from 60 to 1400 pg/
cm?, and the influx period was 4-6 hr. The recalcu-
lated specific intimal clearance (radioactivity equiva-
lent of plasma contamination was subtracted) is 24 = 10

1498  Journal of Lipid Research Volume 29, 1988

nl/hr » mg cholesterol. Our present results were recal-
culated as an average specific intimal clearance for all
plasma lipoproteins combined, and the values are 17
+ 5,13 = 3, and 18 = 5 nl/hr » mg cholesterol for
arch, thoracic, and abdominal aortas, respectively. Thus,
aortic specific intimal clearance measured with in vivo
labeled lipoproteins in diabetic, male Danish Country
strain rabbits seem to agree with those measured in
diabetic, female New Zealand White rabbits with lipo-
some-labeled lipoproteins.

It seems of interest to compare the specific intimal
clearances in the present study with those that can be
calculated from Table 3 in the report by Stender and
Zilversmit (29). In that study, intimal clearance of in
vivo labeled lipoproteins into the intima-media of arch
and thoracic aorta was measured in normal choles-
terol-fed rabbits. The range of aortic cholesterol con-
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Fig. 5. Specific intimal clearances of various lipoprotein fractions
by intima-medias of various aortic segments of hypertriglyceridemic
diabetic and nondiabetic cholesterol-fed rabbits. Diabetic lipopro-
teins were injected into diabetic rabbits and nondiabetic lipoproteins
into nondiabetic rabbits. Values for lipoproteins larger or smaller
than 75 nm in diameter are calculated from Table 2. The results
are expressed as means * standard error. The arterial cholesterol
contents (mg/cm?) are shown in the figure and in parentheses is
shown the number of rabbits. Plasma triglyceride averaged 5800
mg/dl (range 1,000-16,000) in diabetic rabbits and 115 mg/dl (range
25-450) in nondiabetic rabbits. With paired ¢-tests, the differences
in specific intimal clearance of lipoproteins larger or smaller than
75 nm were significant at P<0.02 for aortic arches and thoracic
aortas and nonsignificant for abdominal aortas. With unpaired ¢
tests, specific intimal clearance of LDL was not different between
hypertriglyceridemic diabetic and nondiabetic cholesterol-fed rab-
bits.
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tent (70—3900 pg/cm?) and the duration of the influx
period (4—6 hr) were the same as in the present study.
The recalculated specific intimal clearance of LDL
protein is 194 + 44 and of cholesteryl ester from LDL
and HDL combined 235 = 32 nl/hr « mg cholesterol.
These values are in close agreement with our present
findings for specific intimal clearance of iodinated LDL.
Furthermore, recalculated specific intimal clearances
of VLDL + IDL in the earlier study are 167 + 22 and
115 = 19 nV/hr « mg cholesterol for protein and cho-
lesteryl ester label, respectively. This is less than the
specific intimal clearance of LDL but much larger than
that of both §.>400 lipoproteins and S,<400 VLDL in
hypertriglyceridemic, diabetic cholesterol-fed rabbits.

It is known that the cholesterol content of the most
dense lipoprotein fractions, i.e., IDL, LDL, and HDL,
is reduced in hypertriglyceridemic, diabetic choles-
terol-fed rabbits compared to that in normotriglycer-
idemic cholesterol-fed rabbits (3,4,6,7). The present
demonstration of an inverse relationship between the
magnitude of plasma triglyceride and HDL-, LDL-,
and IDL-cholesterol in diabetic rabbits has not been
reported previously. Since in the hypertriglyceridemic
diabetic rabbits, only HDL- and LDL-cholesterol (pos-
sibly also IDL-cholesterol) appear to be readily avail-
able for uptake into the arterial wall, increasing plasma
triglyceride appears to be associated with a decreasing
fraction of plasma cholesterol being readily available
for infiltration of arteries. Furthermore, since choles-
terol influx into the arterial wall probably is necessary
for development of atherosclerosis, this fits well with
the previously reported inverse relationship between
plasma triglyceride (serum neutral fat) and develop-
ment of atherosclerosis in diabetic rabbits (2).

Our present results add further support to the
hypothesis that hypertriglyceridemic, diabetic choles-
terol-fed rabbits are protected against atherogenesis
because the major part of plasma cholesterol is carried
in lipoproteins too large to pass through the arterial
endothelium (7). That the few VLDL + IDL particles
that do enter the artery, are only relatively slowly taken
up by macrophages (4) may further explain the reduced
atherogenesis in these rabbits. This animal model
appears to demonstrate that when cholesterol influx
into arteries is drastically reduced, in spite of high
plasma cholesterol levels, atherogenesis is prevented.

il

We want to thank Liliana O. de Furlong for skillful tech-
nical assistance and Patricia Curran for typing the manu-
script. These studies were supported by Research Grant HL-
10933 from the National Heart, Lung, and Blood Institute
of the U.S. Public Health Service. Bgrge G. Nordestgaard is
a Career Investigator Fellow of the American Heart Asso-
ciation and is also supported by the Danish Medical Research

Council. Donald B. Zilversmit is a Career Investigator of the
American Heart Association

Manuscript recetved 5 February 1988 and in revised form 13 May 1988

REFERENCES

1. Duff, G. L., and G. C. McMillan. 1949. The effect of
alloxan diabetes on experimental cholesterol atheros-
clerosis in the rabbit. 1. The inhibition of experimental
cholesterol atherosclerosis in alloxan diabetes. 11. The
effect of alloxan diabetes on the retrogression of exper-
imental cholesterol atherosclerosis. J. Exp. Med. 89: 611~
630.

2. Duff, G. L., and T. P. B. Payne. 1950. The effect of
alloxan diabetes on experimental cholesterol atheros-
clerosis in the rabbit. III. The mechanism of the inhi-
bition of experimental cholesterol atherosclerosis in
alloxan-diabetic rabbits. J. Exp. Med. 92: 299-317.

3. Pierce, F. T., Jr. 1952. The relationship of serum lipo-
proteins to atherosclerosis in the cholesterol-fed allox-
anized rabbit. Circulation. 5: 401-407.

4. Brecher, P., A. V. Chobanian, D. M. Small, W. Van
Sickle, A. Tercyak, A. Lazzari, and J. Baler. 1983. Rela-
tionship of an abnormal plasma lipoprotein to protec-
tion from atherosclerosis in the cholesterol-fed diabetic
rabbit. J. Clin. Invest. 72: 1553-1562.

5. Miller, R. A,, and R. B. Wilson. 1984. Atherosclerosis
and myocardial ischemic lesions in alloxan-diabetic rab-
bits fed a low cholesterol diet. Arteriosclerosis. 4: 586—
591.

6. Van Sickle, W. A., P. Brecher, A. Aspen, and A. V.
Chobanian. 1985. Effect of fasting on the composition
of plasma lipoproteins in cholesterol-fed diabetic rab-
bits. J. Lipid Res. 26: 442—450.

7. Nordestgaard, B. G., S. Stender, and K. Kjeldsen. 1987.
Severe hypertriglyceridemia, large lipoproteins and
protection against atherosclerosis. Scand. J. Clin. Lab.
Invest. 47 (Suppl. 186): 7—-12.

8. Nordestgaard, B. G., S. Stender, and K. Kjeldsen. 1988.
Reduced atherogenesis in cholesterol-fed diabetic rab-
bits. Giant lipoproteins do not enter the arterial wall.
Arteriosclerosis. 8: 421-428.

9. Hough, ]J. L., and D. B. Zilversmit. 1984. Comparison
of various methods for in vitro cholesteryl ester labeling
of lipoproteins from hypercholesterolemic rabbits.
Biochim. Biophys. Acta. 792: 338-347.

10. Dole, V. P, and J. T. Hamlin III. 1962. Particulate fat
in lymph and blood. Physiol. Rev.. 42: 674-701.

I1. Thompson, J. N,, P. Erdody, R. Brien, and T. K. Mur-
ray. 1971. Fluorometric determination of vitamin A in
human blood and liver. Biochem. Med. 5: 67—89.

12. Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A
simple method for the isolation and purification of total
lipides from animal tissues. J. Biol. Chem. 226: 497-509.

13. Zak, B., N. Moss, A. ]J. Boyle, and A. Zlatkis. 1954.
Reactions of certain unsaturated steroids with acid iron
reagent. Anal. Chem. 26: 776-777.

14. Abell, L. L., B. B. Levy, B. B. Brodie, and F. E. Kendall.
1952. A simplified method for the estimation of total
cholesterol in serum and demonstration of its specificity.
J. Biol. Chem. 195: 357-366.

Nordestgaard and Zilversmit Arterial uptake of lipoproteins in diabetic rabbits 1499

2102 ‘8T aunr uo ‘sanb Aq 610 4j'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

15.

16.

17.

18.

19.

20.

21.

22.

Stender, S., and D. B. Zilversmit. 1980. Mathematical
methods for the simultaneous measurement of arterial
influx of esterified and free cholesterol from two lipo-
protein fractions and in vivo hydrolysis of arterial cho-
lesteryl ester. Atherosclerosis. 36: 331-340.

Bilheimer, D. W., S. Eisenberg, and R. I. Levy. 1972.
The metabolism of very low density lipoprotein pro-
teins. [, Preliminary in vitro and in vivo observations.
Biochim. Biophys. Acta. 260: 212-221.

McFarlane, A. S. 1958. Efficient trace-labelling of pro-
teins with iodine. Nature. 182: 53-57.

Goldstein, J. L., S. K. Basu, and M. S. Brown. 1983.
Receptor-mediated endocytosis of low-density lipopro-
tein in cultured cells. Methods Enzymol. 98: 241~260.
Scanu, A. M., and C. Edelstein. 1971. Solubility in aqueous
solutions of ethanol of the small molecular weight pep-
tides of the serum very low density and high density
lipoproteins: relevance to the recovery problem during
delipidation of serum lipoproteins. Anal. Biochem. 44:
576-588.

Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature. 227: 680-685.

Snedecor, G. W., and W. G. Cochran. 1980. Statistical
Methods. 7th ed. Iowa State University Press, Ames, [A.
83-106 and 149-193.

Zilversmit, D. B. 1968. Cholesterol flux in the atheros-
clerotic plaque. Ann. N.Y. Acad. Sci. 149: 710-724.

1500 Journal of Lipid Research Volume 29, 1988

23.

24.

25,

26.

27.

28.

29.

Nicoll, A., R. Duffield, and B. Lewis. 1981. Flux of

plasma lipoproteins into human arterial intima. Com-
parison between grossly normal and atheromatous intima.
Atherosclerosis. 39: 229-242.

Stein, Y., O. Stein, and G. Halperin. 1982. Use of *H-
cholesteryl ether for the quantitation of plasma choles-
teryl ester influx into the aortic wall in hypercholester-
olemic rabbits. Arteriosclerosis. 2: 281-289.

Portman, O. W., J. P. O'Malley, and M. Alexander.
1987. Metabolism of native and acetylated low density
lipoproteins in squirrel monkeys with emphasis on aor-
tas with varying severities of atherosclerosis. Atheroscle-
rosts. 66: 227-235.

Stender, S., and E. Hjelms. 1987. In vivo transfer of
cholesterol from plasma into human aortic tissue. Scand.
J. Clin. Lab. Invest. 47 (Suppl. 186): 21-29.

Hough, J. L., and D. B. Zilversmit. 1986. Effect of 17-
beta estradiol on aortic cholesterol content and metab-
olism in cholesterol-fed rabbits. Arieriosclerosis. 6: 57—
63.

Courtice, F. C. 1962. Lipoprotein transport across the
vascular endothelium. Arch. Int. Pharmacodyn. 139: 371—
379.

Stender, S., and D. B. Zilversmit. 1981. Transfer of
plasma lipoprotein components and of plasma proteins
into aortas of cholesterol-fed rabbits. Molecular size as
a determinant of plasma lipoprotein influx. Arterioscle-
rosis. 1: 38—49.

2102 ‘8T aunr uo ‘1sanb Aq 610 | mmm woly papeojumoq


http://www.jlr.org/

