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Net transport of cholesterol from cells of the human EA.hy 926 endothelial cell line to
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Abstract. EA.hy 926 cells, a human endothelial cell line, show characteristics of differentiated endothelial cells. The
cells express saturable binding of apo E-free '*°I-high density lipoprotein, (HDL;). B,,,, increased from 71 to
226 ng HDL, bound/mg cell protein after cholesterol loading of the confluent endothelial cells with cationized low
density lipoprotein (LDL). The affinity did not change after cholesterol enrichment (K, was 37 ug HDL,
protein/ml for control cells and 31 pg/ml for loaded cells). Incubation of cholesterol-loaded EA.hy 926 cells with
native HDL and LDL had different effects on cellular cholesterol levels. Incubation with HDL decreased both
esterified and unesterified cellular cholesterol, but LDL did not change total cellular cholesterol. However, LDL
tended to increase cellular cholesteryl esters, with a concomitant decrease of unesterified cellular cholesterol.
Incubation of endothelial cells with both HDL and LDL also resulted in decreased total cellular cholesterol levels.
These data show that cationized LDL-loaded human endothelial EA.hy 926 cells can be used to study the net

transport of cellular cholesterol to HDL, the first step in reverse cholesterol transport.
Key words. Binding; cholesterol transport; high density lipoprotein; low density lipoprotein.

High density lipoprotein (HDL) is believed to play a
role in the transfer of peripheral cholesterol back to the
liver, a process called reverse cholesterol transport.
HDL-binding membrane proteins have been visualized
in different types of cells’ *, but the physiological role
of these HDL-binding proteins is still unclear. For
various cell types, including bovine vascular endothelial
cells, up-regulation of HDL-binding activity after en-
richment of the cells with cholesterol has been re-
ported® ', This suggests a functional role for
HDL-binding proteins in the removal of excess cellular
cholesterol. However, there are also investigators who
deny that HDL binds to membrane proteins''-!? or that
HDL binding plays a role in cholesterol efflux!3-15,

In vivo, vascular endothelial cells are in contact with
high concentrations of plasma lipoproteins. The en-
dothelial cell monolayer-is the primary site of interac-
tion between the vessel wall, blood cells and plasma
lipoproteins. It exerts a protective role against thrombo-
sis and atherogenesis. Lipoprotein uptake by vascular
endothelial cells has been implicated in the initiation
and development of atherosclerosis'®'’. In vivo, choles-
terol uptake by endothelial cells can take place via
several mechanisms. As it can be expected that low
density lipoprotein (LDL)-receptors are down-regu-
lated in vivo, receptor-mediated endocytosis of apo B or
apo E-containing lipoproteins is unlikely. It has been
reported, however, that endothelial cells can take up
LDL via non-specific endocytosis or pinocytosis'®. A
second possibility is the uptake of cholesterol from
chylomicrons, as suggested by Fielding et al.’.

The first step of reverse cholesterol transport, egress of
cholesterol from endothelial cells, can be studied in
vitro. EA hy 926 cells, a human endothelial cell line,
show characteristics of differentiated endothelial cells,
e.g. expression of von Willebrand factor?®, tissue plas-
minogen activator?!, plasminogen activator inhibitor-
type 12! and production of prostacyclin®?. These cells
still express typical differential characteristics after more
than one hundred cumulative population doublings?®2!,
We studied net mass transport of cholesterol from these
endothelial cells after enrichment of the cells with intra-
cellular cholesterol derived from cationized LDL. Al-
though the effects of cholesterol enrichment on binding
of HDL, to endothelial cells have been studied be-
fore®7, very little is known about the egress of choles-
terol from endothelial cells. In this study we examined
1) the effect of cell cholesterol enrichment on the bind-
ing of apo E-free HDL, to EA.hy 926 cells, 2) whether
net mass transport of cholesterol from EA.hy 926 to
HDL is dependent on the cellular concentration of
cholesterol, and 3) whether incubation with LDL or
LDL plus HDL is also able to release cholesterol from
loaded EA .hy 926 cells.

Our results indicate that EA hy 926 cells are suitable for
further studies on the mechanism of net mass transport
of cellular cholesterol to HDL.

Materials and methods

Cell culture. The endothelial cell line EA.hy 926 was
generously provided by Dr. C.-J. S. Edgell®®. EA.hy 926
cells were cultured in DMEM, supplemented with 10%
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FCS, 2mM L-glutamine, 100 U penicillin/ml, 100 pg
streptomycin/ml and HAT (100 uM hypoxanthine
Merck No. 4517; 0.4 pM aminopterin, Serva No. 13170,
16 uM thymidine, Merck No. 8206) at 37 °C in 5% CO,
and 95% air. Cells were plated in multiwell dishes
(22 mm: 0.5 - 10* cells/well, 35 mm: 1-10° cells/well) 4
to 5d prior to each experiment. Medium was changed
every 2 or 3d. The confluent cells were loaded with
cholesterol during a 24 h incubation of the cells with
cationized LDL in growth medium as described ear-
lier”®. Control cells were preincubated similarly with
growth medium (containing 10% FCS) only.
Lipoproteins. HDL (density range 1.063-1.21 g/ml),
HDL, (density range 1.125-1.21 g/ml) and LDL (den-
sity range 1.006—1.063) were isolated by sequential ul-
tracentrifugation of human plasma according to Havel
et al.?*. Apo E-free HDL, was isolated by chromatogra-
phy of HDL; on a heparin-Sepharose column?®. Apo
E-free HDL, was iodinated using the iodine monochlo-
ride method (using Na'?’1 obtained from Amersham
International) as described earlier®. The molar iodine-
to-protein ratio of the '**I-HDL; preparations ranged
from 0.22 to 0.49; 95.4 + 0.8% of the label was protein-
bound, 1.740.6% was in the HDL-lipids and
2.9+ 0.5% was free. All lipoproteins were dialyzed
against 0.9% NaCl with 10 mM sodium phosphate
(pH 7.4) and 1 mM EDTA. Before cell experiments, the
lipoproteins were dialyzed for a second time against
DMEM and filter sterilized (0.45 um).

LDL was cationized according to Basu et al.?’. An
equal volume of LDL (20 to 30 mg of protein) was
added to a 2M solution of 3-dimethylaminopropyl-
amine (Aldrich No. 24.005-2) in H,O at room tempera-
ture. The pH was adjusted to 6.5 with HCl After
stirring  this mixture, 100 mg of 1-ethyl-3(3-dimethyl-
aminopropyl)-carbodiimide (Sigma No. E-7750) was
added. The pH was maintained at 6.5 with 0.1 M HCI
during the reaction. After 3 hours, the pH of the solu-
tion did not change any more. The reaction mixture was
left at 4 °C overnight. The cationized LDL was dialyzed
against 0.9% NaCl with 10 mM sodium phosphate (pH
74) and 1 mM EDTA, filter sterilized (0.8 pm) and
stored. Storage of cationized LDL at +4 or —20 °C did
not influence the uptake by EA.hy 926 cells.

Binding of '*’I-HDL, to EA.hy 926 cells. Confluent
EA hy 926 cells (in 22 mm wells) were preincubated
with 50 pg catLDL-TC/ml in growth medium for 24 h
(0.5 ml/well). Control cells were preincubated similarly
with growth medium only. After cholesterol enrich-
ment, the wells were rinsed three times with DMEM
containing 2 mg BSA/ml (Sigma No. A-4378) and peni-
cillin/streptomycin at room temperature, followed by
three rinses with cold DMEM containing only peni-
cillin/streptomycin. Subsequently, media were added
(DMEM, supplemented with 2 mg BSA/ml, L-glu-
tamine, penicillin/streptomycin and lipoproteins as in-

Research Articles

dicated, 0.5 ml/well) and the cells were incubated for 4 h
at 4 °C in an atmosphere with 5% CO,. After the incu-
bations, the cells were rinsed three times with 2 mg
BSA/ml in 0.9% NaCl/50 mM Tris-HCL (pH 7.4) and
three times with 0.9% NaCl/50 mM Tris-HCI (pH 7.4).
Cell protein was dissolved in 300 ul 1 M NaOH. The
radioactivity in this solution was counted using a Pack-
ard Minaxi 5000 gamma counter and protein was mea-
sured?® in the same aliquot.

Saturable binding of apo E-free '**I-HDL, to control
cells (after preincubation with growth medium only)
and cholesterol-loaded cells (after preincubation with
growth medium plus cationized LDL) was measured at
5-100 g '#I-HDL, protein/ml (specific activity
200 cpm/ng). Non-specific binding was measured in the
presence of 1 mg unlabelled HDL;/ml. Specific binding
was calculated by difference of total and non-specific
binding.

Measurement of cholesterol transport from EA.hy 926
cells to HDL. After loading with cationized LDL the
cells (in 35 mm wells) were rinsed twice with DMEM,
containing 2mg BSA/ml and penicillin/streptomycin,
and twice with DMEM plus penicillin/streptomycin
only, at room temperature. The cells were subsequently
incubated for 24 h at 37 °C with 1 ml efflux medium in
an atmosphere with 5% CO, and 95% air. Media con-
sisted of DMEM, supplemented with L-glutamine, peni-
cillinfstreptomycin and 2 mg BSA/ml (Sigma A-4378)
and lipoproteins as indicated. Experiments were ended
by cooling the culture dishes on ice. The culture media
were collected and small amounts of dislodged cells
were spun down (500 x g, 4°C). Cell media were
stored at —20 °C until cholesterol was determined. The
wells were rinsed three times in 0.9% NaCl with 2 mg
BSA/ml and 50 mM Tris-HCl (pH 7.4), followed by
three rinses with 0.9% NaCl/Tris-HCI (50 mM, pH 7.4).
The cells were scraped into 1 ml 0.9% NaCl/Tris-HCl
(50 mM, pH 7.4) with a rubber policeman and lipids
were extracted using the method of Bligh and Dyer?.
The resulting protein pellet was dissolved in 500 pl
0.1 M NaOH containing 10% SDS (w/v). Cell protein
was measured according to Lowry et al.?®,

Cellular lipids were dried down under nitrogen and
dissolved in 300 ul 2-propanol. The lipid extracts were
stored up to 1 day at —20 °C, and unesterified and total
cholesterol were determined separately using a slight
modification of the method described by Heider and
Boyett*. For determination of unesterified cholesterol
the reaction mixture consisted of 0.15 mg p-OH-phenyl-
acetic acid/m! (Sigma No. H-4377), 5 U peroxidase/ml
{Boehringer Mannheim No. 108081} and 3.2 ug choles-
terol oxidase/ml (Boehringer Mannheim No. 396818)
in sodium phosphate buffer (50 mM, pH 7.4). The reac-
tion mixture for the total cholesterol determination was
as for unesterified cholesterol, plus 6.4 pg cholesteryl
esterase/ml (Boehringer Mannheim No. 161772), 5 mM



Research Articles

taurocholate (Calbiochem No. 580217) and 0.17 mM
PEG-6000 (Serva No. 33137). 0.75 ml of reaction mix-
ture was added to 40 ul cell extract in 2-propanol. A
100 pg/ml solution of cholesterol (Sigma No. C-8253) in
2-propanol was used as a standard. After the incubation
(37 °C, 30 min for unesterified cholesterol and 120 min
for total cholesterol assays) the reaction was ended by
addition of 1.5ml 0.5 M NaOH and fluorescence was
measured with a Perkin-Elmer LS-3B fluorimeter (exci-
tation 325 nm, emission 415 nm). Total and unesterified
cholesterol in the incubation media were measured us-
ing a commercially available kit (cholesterol kit No.
310328, cholesterol esterase No. 161772, Boehringer
Mannheim).

Statistical analyses. The non-parametric Mann-Whit-
ney test was used for comparison between treatment
groups with unpaired observations. For paired observa-
tions the non-parametric paired Wilcoxon test was used.
The differences were considered to be statistically sig-
nificant if p < 0.05.

Results

Figure 1 shows the binding of apo E-free '*I-HDL; to
control and cholesterol-loaded EA.hy 926 cells. Total as
well as specific binding was higher for the cholesterol-en-
riched cells. Table 1 shows the K, and B,,,, of binding
of apo E-free HDL, to control and cholesterol-loaded
EA.hy 926 cells. Cholesterol enrichment did not change
the affinity for HDL, (K, was about 37 and 31 pg/ml,
respectively), but the maximal binding increased from
about 71 to 226 ng HDL,/mg cell protein for control and
cholesterol-loaded cells.

Table 2 shows that after 24h of incubation of
EA.hy 926 cells with 50 pg of catLDL-TC/ml, total cel-
lular cholesterol increased about 4 fold. Both unes-
terified and esterified cholesterol increased after loading
with catLDL. Subsequent incubation of cholesterol-en-
riched cells with HDL decreased cell cholesterol signi-
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Figure 1. Binding of apo E-free '>*I-HDL, to a) control (preincu-
bated in medium with 10% FCS) and b) cholesterol-loaded EA.hy
926 cells (preincubated in medium with 10% FCS plus 50 ug
catLDL-TC/ml). Total (-@-), specific (-A-) and non-specific
(-O-) binding per mg cell protein was measured after 4 h incuba-
tion at 4 °C. Non-specific binding was determined after addition of
1 mg unlabelled HDL,/ml, specific binding was calculated
by difference of total and non-specific binding. Values are
means + SEM (n = 3).
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Table 1. Binding characteristics of apo E-free HDL, to control
and cholesterol-loaded EA.hy 926 cells.

K3 Bl s
Control cells
Experiment 1 31 62
Experiment 2 42 79
CatLDL-loaded cells® 3144 226 + 64

*Values are in pg HDL; protein/ml. ®Values are in ng HDL,
protein bound/mg cell protein. “Confluent EA.hy 926 cells were
incubated with 50 pg catLDL-TC/ml for 24 h at 37 °C. Values are
means + SEM of 4 separate experiments.

Table 2. Loading and net mass transport of cholesterol from
EA_.hy 926 cells to HDL

pg Cholesterol/mg cell protein®

TC ucC EC
Control cells® 46.3+5.0 397458 6.6+ 1.5
Loaded cells 166.4 +12.0 96.0+6.2 7051115

After 24 h of incubation
0.2% BSA
0.2% BSA, plus HDL

165.6 +0.4
121.7 £ 9.3¢

101.5 £3.8
76.6 +7.8°

64.1+3.9
4514+ 3.1¢

2Values are means + SD (n = 3). Cells were preincubated for 24 h,
control cells in medium with 10% fcs and loaded cells in the same
medium plus 50 pg cationized LDL-TC/ml. After the preincu-
bation the loaded cells were rinsed, and incubated for 24 h in
medium with BSA only or with BSA plus 2 mg HDL-protein/ml.
“Significantly different from BSA alone (Mann-Whitney, p < 0.05).

ficantly, in comparison to incubation with BSA alone.
After incubation with 2 mg of HDL/ml, both cell UC
and EC levels decreased.

After loading EA.hy 926 cells with different concentra-
tions of cationized LDL, cholesterol transport was mea-
sured after 24h of incubation with 0.2 mg HDL,
protein/ml (see fig. 2). After the preincubation with 0,
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Figure 2. EA.hy 926 cells were loaded with increasing concentra-
tions of catLDL for 24 h at 37 °C. Subsequently, net mass trans-
port of cellular cholesterol to HDIL. was measured as the increase
of cholesterol in the medium after 24 h of incubation with 0.2 mg
HDL,/ml at 37 °C. Medium UC (-A-) and TC (-A-) were both
determined. Cholesterol transport was expressed in nmol choles-
terol/mg cell protein (means + SEM, n = 6).
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Figure 3. Net mass transport of cell TC from cholesterol-loaded K 5(3 1
EA . hy 926 cells to HDL (-@-) and LDL (-O-). After 24 h of %
incubation with DMEM, supplemented with L-glutamine, peni- ° s z uc g
cillin/streptomycin, 2 mg BSA/ml and lipoproteins as indicated, ; BT T
cells were washed, scraped into buffer and extracted, and cell TC 80 -
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was measured fluorimetrically as described in ‘Materials and meth-
ods’. Values are expressed as % of cell TC after incubation with
BSA alone (means + SEM).

10, 25 and 50 pg catLDL-TC/ml, cellular cholesterol
was 34+1, 56+7, 10546 and 155+ 3 ug/mg cell
protein, respectively (means + SD, n = 6). The net mass
transport of cholesterol, measured as the increase of
cholesterol in the medium, was dependent on the load-
ing of the cells (see fig. 2). Under all conditions tested
the increase in medium total cholesterol consisted quan-
titatively of unesterified cholesterol.

Figure 3 shows that net mass transport of cholesterol
was specific for HDL, since LDL did not lower cellular
cholesterol content. Cholesterol transport to HDL was
already maximal at 0.15mg of HDL protein/ml. All
HDL concentrations, ranging from 0.15 to 2.0 mg of
HDL protein/ml, reduced total cell cholesterol signifi-
cantly (p <0.01). At all LDL concentrations used, no
significant reduction of total cellular cholesterol by
LDL could be detected. Comparable results were ob-
tained if cell cholesterol was expressed as pug cholesterol
per mg cell protein (not shown).

The transport of cholesterol to HDL resulted in a
decrease of both cell UC and cell EC (see fig. 4a). At
low concentrations of HDL, the reduction of cell TC
was caused mainly by the release of unesterified choles-
terol. Cell UC was significantly decreased at all HDL
concentrations used, in comparison with incubation
with BSA only (p < 0.01, non-parametric Mann-Whit-
ney test). Cell EC was also significantly lowered after
incubation with 0.15-2.0 mg HDL/ml (p < 0.05). Con-
centrations of about 0.2 mg HDL/ml and higher re-
sulted in maximal transport of cell cholesterol: cell UC
decreased 20-25% and cell EC decreased 10-15%. Af-
ter incubation with LDL, cell EC tended to increase,
with a concomitant decrease in UC (see fig. 4b). The
decrease of cell UC reached statistical significance, com-

mg Idt protein/ml

Figure 4. Transport of cell UC (-A-) and EC (-®-) from choles-
terol-loaded EA.hy 926 cells to a) HDL and b) LDL. Cells were
incubated and analyzed as in figure 3. Both TC and UC were
measured in the cellular lipid extracts, EC was calculated by
difference between TC and UC. Values are expressed as % of cell
UC and EC after incubation with BSA alone (means + SEM).

pared with UC concentration after incubation with
BSA only (p<0.01, non-parametric Mann-Whitney
test), at concentrations of 1.0-2.4 mg LDL protein/ml.
Table 3 shows the cell TC levels after incubation of
loaded EA.hy 926 cells with BSA, or physiological con-
centrations of HDL, LDL and HDL plus LDL. As
expected, HDL decreased cell TC and LDL did not.
Cell cholesterol also decreased if the cells were incu-
bated with a combination of HDL and LDL. Incuba-
tion with HDL alone, or HDL plus LDL, resulted in a
significantly lower cell TC levels than incubation with
LDL, indicating that LDL did not inhibit net mass
transport of cellular cholesterol to HDL.

Table 3. Cellular cholesterol levels after incubation of cholesterol-
loaded EA.hy 926 cells with HDL and LDL

Treatment (n)?

pg TC/mg cell protein

BSA (2) 145.7+2.5
BSA + HDL (3) 129.1 + 6.3°
BSA + LDL (3) 143.7+2.0
BSA + HDL + LDL (3) 129.2 + 6.8°

*After loading the EA.hy 926 cells with cationized LDL the cells
were washed and incubated with DMEM, containing L-glu-
tamine, penicillin/streptomycin, 2 mg BSA/ml and lipoproteins as
indicated (concentrations used were 2 mg of HDL protein/ml and
1 mg of LDL protein/ml). After 24 h of incubation at 37 °C the
cells were washed, scraped into buffer and extracted, and cell TC
and protein were determined as described in “Materials and meth-
ods’. Values are means + SD (n==2-3). PSignificantly different
from -incubation with LDL (p <0.05, non-parametric Mann-
Whitney test).
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Discussion

Up-regulation of HDL binding after cholesterol enrich-
ment of endothelial cells, e.g. by incubation of the cells
with acetylated LDL®, with 25-hydroxy cholesterol’ or
with unesterified cholesterol®', has been reported before.
The present paper reports that, after cholesterol enrich-
ment with cationized LDL, EA.hy 926 cells also show
increased binding (B,..,) of apo E-free '*I-HDL,, with-
out there being a significant effect on the dissociation
constant (K,). The K, for HDL, binding to EA.hy 926
cells (3137 pg/ml) was higher than for bovine vascular
endothelial cells (3-10 pg/ml, see Brinton et al.® and
Tauber et al.”). This difference may be caused by the
differentiation of the EA.hy 926 cells. This would imply
that EA.hy 926 cells do not fully express all characteris-
tics of primary endothelial cells. However, for HDL,
binding to peripheral cells a Ky of 30-40 pg/ml is a
common value. A large variation in the K, values for
HDL binding to various cell types is found in the
literature. Values range from 5 to 95 pg/ml®-1°.

Net mass transport of cholesterol was measured in two
ways: 1) by measurement of the increased cholesterol
concentration in the incubation medium, and 2) by
assays of the decrease in cell cholesterol after extraction
of the cells. The first method showed similar increases of
unesterified and total cholesterol in the medium after
24 h of incubation with HDL, (see fig. 2). As cholesteryl
esters did not appear in the medium, these data indicate
that cholesterol leaves the cells in the unesterified form
and that esterification does not occur in the medium
during the incubation of the cells with HDL. In sepa-
rate  experiments we could not detect any
lecithin:cholesteryl acyltransferase activity in ultracen-
trifugally isolated HDL, which were used in the experi-
ments (unpublished observation). The lack of increase
of medium cholesteryl esters also indicates that no (pos-
sibly) extracellularly bound cationized LDL was re-
leased from the cells during incubation.

Results on cholesterol transport obtained with the sec-
ond method (i.e. assay of the decrease of cellular choles-
terol, see fig. 3) indicate that transport of cholesterol to
HDL was almost maximal, with HDL concentrations as
low as 0.15 mg/ml. Apparently, cholesterol transport
was limited by factors other than the HDL concentra-
tion, e.g. the desorption of cholesterol out of the plasma
membrane, the transfer of intracellular cholesterol to
the plasma membrane, or the hydrolysis of intracellular
cholesteryl esters. The decrease of cellular cholesterol
consisted of a decrease of both esterified and unes-
terified cholesterol (after incubation with HDL, see fig.
4a). LDL also decreased cellular unesterified choles-
terol, but cholesteryl esters increased, resulting in virtu-
ally unchanged cell TC levels (see fig. 4b). Probably this
can be explained by a stimulation of the intracellular
cholesterol esterification by LDL. If both HDL and
LDL were present together during the experiments,
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there was a similar decrease in cell TC to that seen with
incubation with HDL alone (see table 3). So, net mass
transport of cellular cholesterol to HDL is not inhibited
by LDL.

To summarize, the EA hy 926 cells respond normally to
cholesterol loading with respect to HDL binding and
net mass transport of cellular cholesterol to HDL.
Therefore, the cationized LDL-loaded EA.hy 926 cell
model can be used to study the relation between HDL
binding to specific high affinity binding sites and the net
mass transport of cellular cholesterol to HDL.

Abbreviations: apo E, apolipoprotein E; BSA, bovine serum al-
bumine; catLDL, cationized LDL; DMEM, Dulbecco’s modified
Eagle’s medium; EC, esterified cholesterol; HDL, high density
lipoprotein; FCS, foetal calf serum; LDL, low density lipoprotein;
TC, total cholesterol; UC, unesterified cholesterol.
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