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Ascorbic acid prevents increased endothelial permeability caused
by oxidized low density lipoprotein
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Abstract

Mildly oxidized low density lipoprotein (mLLDL) acutely increases the permeability of the vascular endothelium to molecules
that would not otherwise cross the barrier. This study has shown that ascorbic acid tightens the permeability barrier in the
endothelial barrier in cells, so this work tested whether it might prevent the increase in endothelial permeability due to
mLDL. Treatment of EA.hy926 endothelial cells with mILDL decreased intracellular GSH and activated the cells to further
oxidize the mLDL. mLLDL also increased endothelial permeability over 2 h to both inulin and ascorbate in cells cultured on
semi-permeable filters. This effect was blocked by microtubule and microfilament inhibitors, but not by chelation of intracel-
lular calcium. Intracellular ascorbate both prevented and reversed the mLDIL-induced increase in endothelial permeability,
an effect mimicked by other cell-penetrant antioxidants. These results suggest a role for endothelial cell ascorbate in amelio-
rating an important facet of endothelial dysfunction caused by mILDL..
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Abbreviations: BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis(acetoxymethyl ester);
DHA, dehydroascorbic acid; Hepes, N-2-hydroxyethylpiperazine-NN-2-ethanesulphonic acid;, KRH, Krebs-Ringer Hepes;
mLDL, oxidized low density lipoprotein

Introduction to protect endothelial cells in culture from oxidized
LDL-induced oxidative damage and death [8,9]. This
was especially evident for vitamin C or ascorbic acid,
which prevented both cytotoxicity to the cells and fur-
ther oxidative modification of LDL [10,11]. Whether
this might extend to protection against oxidized LDL-
induced increases in endothelial barrier permeability
is unknown. Ascorbate was shown to increase barrier
function in cultured endothelial cells treated with daily
additions of 10-100 M ascorbate, although the effect
was attributed for the most part to increased collagen
deposition induced by ascorbate over 5 days in cul-
ture. We recently found, however, that intracellular

Dysfunction of the vascular endothelium is an early
stage of atherosclerosis that can be induced by oxi-
dized low density lipoprotein [1,2]. One of the hall-
marks of early endothelial dysfunction due to oxidized
LDL is increased vascular permeability to serum pro-
teins, which has been observed both # vivo [3,4] and
m vitro [5,6]. Oxidized LDL increases endothelial
permeability by causing a cytoskeleton-dependent
contraction of the endothelial cells and opening of
gaps between adjacent cells, which then allow large
molecules such as albumin to diffuse across the
endothelial barrier [5,7].

Given that at least part of the cytotoxicity of oxi-
dized LDL is due to oxidative damage to the endothe-
lial cells, small molecule antioxidants such as vitamins
C and E have been tested and found in most studies

ascorbate rapidly (over 15-60 min) increased the bar-
rier function of both immortalized (EA.hy926) and
human dermal capillary endothelial cells cultured on
porous membrane supports [12]. Barrier function was
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measured as transfer of radiolabelled inulin (molecu-
lar weight 5000-5500) and of ascorbate itself across
the cell layer and membrane filter. The effect was
not due to collagen deposition and was prevented by
the microtubule agent colchicine, suggesting that it
involved acute cytoskeletal changes.

In the present work we tested whether intracellular
ascorbate can prevent the acute increase in endothe-
lial permeability induced by mildly oxidized LDL..
Again, we studied EA.hy926 endothelial cells, which
are a hybridoma line derived from human umbilical
vein endothelial cells [13]. In addition to providing
a permeability barrier to inulin and ascorbate when
cultured on semi-porous membrane supports [12],
they also manifest several other features of endothelial
cells [13-15], including oxidative modification of
LDL [14]. We found that minimally oxidized LDL
increased permeability of the endothelial barrier to
both inulin and ascorbate, an effect that was com-
pletely reversed by intracellular ascorbate, likely
through an antioxidant mechanism.

Materials and methods
Materials

Reagent chemicals, including ascorbate, 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
tetrakis(acetoxymethyl ester) (BAPTA-AM), dehy-
droascorbic acid (DHA) and N-2-hydroxyethylpip-
erazine N’-2-ethanesulphonic acid (Hepes) were
supplied by Sigma-Aldrich Chemical Co. (St. Louis,
MO). BAPTA-AM was initially dissolved in a small
amount of dimethylsulphoxide and then diluted
with culture medium such that the final dimethylsul-
phoxide concentration was 0.8%. Perkin-Elmer Life
and Analytical Sciences, Inc. (Boston, MA) supplied
the [carboxyl-'4Clinulin (molecular weight range
5000-5500, 2 mCi/g, ~10 Ci/mol).

Cell culture

EA.hy926 cells were originally provided by Dr Cora
Edgell (University of North Carolina, Chapel Hill,
NC). They were cultured to confluence at 37°C in
humidified air containing 5% CO, in Dulbecco’s
minimal essential medium and 10% (v/v) heat-
inactivated foetal bovine serum, which contained
20 mM D-glucose and HAT media supplement
(Sigma-Aldrich Chemical Co., St. Louis, MO).

Preparation of minimally oxidized LDL

LDL-enriched lipoproteins were obtained from a
volunteer with familial hypercholesterolemia at the
time of plasma apheresis to lower LDL. In this pro-
cedure, apolipoprotin B-containing particles were
removed during apheresis from heparinized plasma

using a dextran sulphate-cellulose adsorbent column
of a packed volume of 150 ml (ILA-15, Liposorber,
Kaneka Corp., Osaka, Japan). Apolipoprotein
B-enriched lipoproteins were eluted from the column
resin with 70 ml of 690 mM sodium chloride. The
lipoprotein solution had a protein concentration of
2-4 mg/ml and was not concentrated before subse-
quent storage or oxidation. It was either stored at 3°C
or immediately oxidized by incubation of 2 mg/ml
LDL with 5 uM copper sulphate at 23°C for 24 h
under nitrogen [15]. The reaction was terminated by
addition of EDTA to 5 mM. This preparation was
dialysed under nitrogen for 24 h at 3°C against three
changes of phosphate buffered saline (12.5 mM
sodium phosphate, 140 mM sodium chloride, pH
7.4) to remove the copper and EDTA. It was stored
for up to 3 weeks before use under nitrogen in an
opaque plastic tube at 3°C. Gel electrophoresis
showed that the oxidized LDL preparation consisted
largely of lipoproteins migrating in the beta range,
corresponding to LDL [16]. Copper oxidation did
not affect electrophoretic migration, but doubled the
thiobarbituric acid-reactive substances content of the
preparation when measured by HPLC as malondial-
dehyde [16]. This suggests that, although lipids
underwent peroxidation, apolipoproteins were not
damaged significantly, indicating that the oxidized
LDL preparation was minimally oxidized LDL
(mLDL). The amount of mLDL in experiments was
determined as its protein concentration in aqueous
solution [11] using the Bradford reagent.

Assay of trans-endothelial ascorbate
and inulin transfer

EA hy926 cells were cultured either on standard 6-well
culture plates or on polyethylene terephthalate cell cul-
ture inserts (6-well, 0.4 micron pores at a density of
2 + 0.2 X 10° pores per cm?, Falcon BD Biosciences,
Franklin Lakes, NJ). Cells were cultured to confluence
and thereafter for 6-8 days with 1.7 ml of medium in
the upper well and 2.8 ml of medium in the lower well.
Medium was changed every 3 days. After incubations
as described, either ascorbate (0.3 mM) or [carboxyl-
14CJinulin (10 uM) was added above the cells/filter and
incubation was carried out at 37°C for 1 h, except
where noted. For assay of ascorbate transfer, medium
below the cells/filter was sampled taken for ascorbate
assay as described below.

Assay of [carboxyl-!*Clinulin permeability was
determined as previously described [17] with minor
modifications [12]. The permeability coefficients
for [carboxyl-14C]inulin were calculated, including
adjustment for the rate of [carboxyl-'4C]inulin trans-
fer across filters after removal of cells [18]. This cor-
rects in each well for any changes in permeability due
to deposition of the matrix laid down by the cells
during culture and the experiment. The permeability
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of inulin was calculated as the volume or space occu-
pied by the inulin that was transferred from above the
cells to below the cells over 1 h, divided by the surface
area of the filter, giving units of cm/h.

Assay of ascorbate, GSH and lipid peroxidation

For determination of ascorbate transferred across the
cells and filter, ascorbate was measured in culture
medium as follows. An aliquot of medium (0.1 ml)
taken from below the cells was added to 0.1 ml of
25% metaphosphoric acid (w/v), mixed, neutralized
with 0.35 ml of the above phosphate/EDTA buffer
and centrifuged to remove any precipitated solids
before assay of ascorbate as described below.

For assay of intracellular ascorbate, after removal
of the medium, cells on the 6-well plate or filter were
rinsed 3-times with Krebs-Ringer Hepes buffer
(KRH) that consisted of 20 mM Hepes, 128 mM
NaCl, 5.2 mM KCl, 1 mM NaH,PO,, 1.4 mM
MgSO, and 1.4 mM CaCl,, pH 7.4. After removal of
the last rinse, the cell monolayer was treated with 0.1
ml of 25% (w/v) metaphosphoric acid, detached from
the filter with a rubber spatula and then treated with
0.35 ml of 0.1 M Na,HPO, and 0.05 mM EDTA,
pH 8.0. The lysate was removed and centrifuged at
3°C for 1 min at 13 000 X g and the supernatant was
taken for assay of ascorbate. Assay of ascorbic acid
was performed in duplicate by high performance lig-
uid chromatography as previously described [19].
Intracellular GSH was measured in duplicate by the
method of Hissin and Hilf [20] using fluorometric
detection of a conjugate of o-phthalaldehyde with
GSH on extract derived from the same samples as
ascorbate. Intracellular concentrations of ascorbate
and GSH were calculated based on the intracellular
distribution space of 3-O-methylglucose in EA.hy926
cells, which was previously measured to be 3.6 = 1.2
ul/mg protein [21].

Lipid hydroperoxides in mLDL present in the cell
incubation medium was measured using the FOX-2
assay with zerz-butyl hydroperoxide as a standard [22].

Data analysis

Results are shown as mean + standard error. Statisti-
cal comparisons were made using SigmaStat 2.0 soft-
ware (Jandel Scientific, San Rafael, CA). Differences
between treatments were assessed by two-way analysis
of variance with post-hoc testing using Tukey’s test.

Results

mLDL generates acute oxidant stress
in EA.hy926 cells

Although EA.hy926 cells do not contain apprecia-
ble ascorbate in culture, incubation of these cells with

0.5 mM DHA for 15 min raised the intracellular
ascorbate concentration to almost 2 mM (Figure 1A,
time zero). This increase was due to uptake of DHA
on glucose transporters and intracellular reduction to
ascorbate [23]. Treatment of cells with 0.2 mg/ml
mLDL caused a 50% depletion of ascorbate by ~90
min that persisted to 180 min of incubation at 37°C
(Figure 1A). Intracellular GSH did not change sig-
nificantly (Figure 1B, circles) and lipid hydroperox-
ides in the mLLDL increased by a small amount at the
120 and 180 min time points (Figure 1C, circles). On
the other hand, when cells were not loaded with
ascorbate prior to incubation with the mLDL, intra-
cellular GSH progressively decreased, with a signifi-
cant fall by 90 min, reaching ~50% of the time zero
value at 180 min (Figure 1B, squares). Further, lipid
hydroperoxides in the mLLDL progressively increased
in the absence of intracellular ascorbate (Figure 1C,
squares). Thus, although intracellular ascorbate
decreased in response to treatment of the cells with

2.0 -i ' ' ' ' ' '-

ff/ 15 \(L R
£ 10 \ : oy
8 &
3 b——
3 05} -
o A
0.0 } ' | . | N
L
15— -
é\éké — 5

Cell GSH (mM)
P

0.5} -
B
0.0 + + + + + + +
80} A
£
22 |
<9 e6o0f . i
é o /
. :
S 40l |
SE 5
£ alc , T
= 20} i
- 0 - x & &5 000
0 1 1 1 1 1 1 1
0 30 60 90 120 150 180

Minutes

Figure 1. Time dependence of oxidative stress due to mLDL in
EA hy926 cells. Cells were rinsed three times in KRH and incubated
at 37°C in KRH containing 5 mM D-glucose in the absence
(squares) or presence (circles) of 0.3 mM DHA. After 15 min, 0.2
mg/ml mLDL was added and the incubation was continued for the
times indicated, followed by removal of an aliquot of the medium
for determination of lipid hydroperoxides (C). The cells were rinsed
three times in KRH and taken for determination of ascorbate (A)
and GSH (B). Results are shown from four-to-six experiments for
each assay, with an * indicating p < 0.05 compared to the zero time
sample.
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mLDL, ascorbate spared intracellular GSH and
largely prevented the rise in lipid hydroperoxides in
the mLDL due to incubation with the cells. The same
concentration of LDL that had not been oxidized had
no effect on intracellular ascorbate or GSH over 180
min (results not shown).

To assess the concentration dependence of mLDIL-
induced ascorbate depletion, and whether changes in
extracellular ascorbate contributed to changes in intra-
cellular ascorbate in response to mILDL, cells loaded
with ascorbate by DHA treatment were incubated for
120 min at 37°C with increasing amounts of mLLDL
and the ascorbate and GSH contents of the cells and
the ascorbate concentration in the medium were mea-
sured. As shown in Figure 2, extracellular ascorbate was
~4 uM and did not significantly change with increasing
concentrations of mILDL. On the other hand, intracel-
lular ascorbate decreased such that a significant differ-
ence from control was seen at mLLDL. concentrations
of 0.1 mg/ml and 0.4 mg/ml decreased intracellular
ascorbate to ~40% of normal. Intracellular GSH did
not change with increasing mLLDL (Figure 2), in agree-
ment with the time course experiment of Figure 1B for
cells loaded to ~2 mM ascorbate and treated with 0.2
mg/ml mLDL for 120 min. Thus, the mLDIL-induced
decrease in intracellular ascorbate depended on the
concentration of mLLDL and could not be accounted
for by changes in extracellular ascorbate.

mLDL increases endothelial barrier permeability

Incubation of EA.hy926 cells in culture on semi-
porous membrane supports with 0.2 mg/ml mLDL

5 T T T T T
z Extracellular Ascorbate (Micromolar)
4+ \J_:'/é\é é L_
T
%)
O 3t E
° GSH (mM) R
® _ ——A§A/
o] — N
= 2B :
7] \5
< ] \6 .
Intracellular Ascorbate (mM) 5
0 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4

mLDL (mg/ml)

Figure 2. Effects of mLDL on extracellular ascorbate in DHA-
loaded cells. EA.hy926 cells were rinsed three times in KRH and
incubated at 37°C in KRH containing 5 mM D-glucose and 0.3
mM DHA. After 15 min, the indicated concentration of mLDL
was added and the incubation was continued for an additional
2 h. Aliquots of the medium were sampled for ascorbate (squares)
and intracellular ascorbate (circles) and GSH (triangles) were
measured after removal of the cells. Results are shown from four
experiments, with an * indicating p < 0.05 compared to the sample
not exposed to mLLDL.

gradually increased transfer of radiolabelled inulin
across the cells and filter such that there was a sig-
nificant difference by 45 min (Figure 3). This is
shown for each time point as inulin transfer. As
depicted in the inset to Figure 3, in a separate exper-
iment, this increase persisted out to 140 min of incu-
bation. Subsequent experiments were carried out
after 1-2 h of incubation with mLLDL. The increase
in endothelial barrier permeability due to mLDL
was concentration-dependent, as shown for both
inulin and ascorbate transfer in Figure 4. This treat-
ment did not cause morphologic changes evident on
light microscopy (results not shown). Similar results
have been found with mLDL prepared from dif-
ferent severely hypercholesterolemic donors (results
not shown).

Permeability of the endothelial cell layer to radio-
labelled inulin over a total of 90 min of incubation
increased significantly at an mLDL concentration
of 0.05 mg/ml and almost doubled at 0.35 mg/ml
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Figure 3. Time course of mLDL-induced increases in endothelial
permeability. Cells cultured membrane filters in culture medium
were treated without (circles) or with 0.2 mg/ml mLDL (squares)
as well as 10 uM [carboxyl-"*Clinulin at 37°C. At the times
indicated, the experiment was terminated and the extent of
radiolabelled inulin transfer across the cells and filter was
determined as described in Materials and methods. Results are
shown from four experiments, with an * indicating p < 0.05
compared to the sample at the same time point that did not receive
mLDL. Inset: Longer time course of inulin transfer increase due
to mLDL (squares) compared to the amount transferred at 60 min
in the absence of mLDL treatment (circle). Results are shown from
six experiments, with the asterisk indicating p < 0.05 compared to
the 60 min sample without mLDL.
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Figure 4. Concentration dependence of mLDI-induced increases
in endothelial permeability. Cells cultured on filters were incubated
in culture medium at 37°C for 30 min with the indicated
concentration of mLLDL, followed by a 60 min assay of permeability
of 10 uM [carboxyl-'4Clinulin (A) or of transfer of 0.3 mM
ascorbate (C). Intracellular ascorbate was also measured (B).
Results are shown from seven experiments for inulin transfer and
from six experiments for ascorbate transfer, with an * indicating
p < 0.05 compared to the sample not treated with mLDL.

(Figure 4A). Similar results were seen when ascor-
bate transfer was measured, determined as the con-
centration in the medium below the cells after 60 min
of transfer of 0.3 mM ascorbate from above the cells
(Figure 4C). Cells accumulated ascorbate under
these conditions to concentrations of ~4 mM or twice
that seen with DHA loading (Figures 1 and 2). This
uptake against a concentration gradient was greater
than seen with DHA due to function of the SVCT2,
which likely mediates energy- and sodium-dependent
ascorbate transport in these cells [24]. Increasing
mLDL caused a significant downward trend in intra-
cellular ascorbate concentrations (p = 0.045 by lin-
ear regression analysis), although the decrease was
less than that seen in DHA-loaded cells (Figure 2),
probably because of the availability of additional
sources of reducing equivalents in culture medium
compared to KRH containing 5 mM D-glucose
alone.

To determine whether changes in the cytoskeleton
were responsible for the increased permeability
due to mLDL, EA.hy926 cells were incubated with
10 uM colchicine for 30 min followed by 0.2 mg/ml
mLDL for 1 h and then by the radiolabelled inulin
transfer assay. As shown in Figure 5, whereas colchi-
cine alone had no effect on basal radiolabelled inulin
transfer, it completely prevented the increase due
to mLDL.

To assess whether the increase in endothelial bar-
rier permeability due to mLDL was affected by
intracellular calcium, cells were incubated with
increasing concentrations of the intracellular cal-
cium chelator BAPTA-AM for 30 min, followed by
0.2 mg/ml mLDL for 60 min and used for assays of
permeability by both radiolabelled inulin and ascor-
bate. As shown in Figure 6, although there was a
non-significant trend downward in radiolabelled
inulin transfer (Figure 6A), this was not seen for the
mLDL-induced increase in transfer of ascorbate
(Figure 6B). BAPTA-AM alone at concentrations up
to 30 uM had no effect on transfer of either radio-
labelled inulin or ascorbate (data not shown). These
results show that the ability of mLLDL to increase
endothelial cell permeability was unaffected by
chelation of intracellular calcium.

Prevention of mLDL-induced increases in endothelial
barrier permeability by ascorbate

To test whether ascorbate alone can prevent mLDL.-
induced increases in endothelial barrier permeabil-
ity, EA.hy926 cells cultured on semi-porous filters
were treated simultaneously with 0.2 mg/ml mLDL
and varying concentrations of ascorbate for 60 min,
followed by assay of inulin permeability. As shown
in Figure 7, 0.3 mM ascorbate alone had the
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Figure 5. Prevention of mLDL-induced increases in endothelial
permeability by colchicine. EA.hy926 cells cultured on filters were
treated in culture medium at 37°C for 30 min without (Con) or
with 10 uM colchicine (Col) followed by 0.2 mg/ml mLDL as
indicated for 2 h followed by the radiolabelled inulin transfer assay.
Results are from four experiments, with an * indicating p < 0.05
compared to the other treatments.
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Figure 6. Failure of intracellular calcium chelation to affect the
mILDIL-induced increase in endothelial permeability to radiolabelled
inulin or ascorbate. Cells cultured on filters were treated in culture
medium at 37°C for 30 min with the indicated concentration of
BAPTA-AM followed by 0.2 mg/ml mLDL (circles). A control
sample (squares) received neither agent. After 60 min, either
10 uM [carboxyl-'4Clinulin (A) or 0.3 mM ascorbate (B) were
added above the cells followed after 60 min by assay of inulin
permeability (A) or measurement of the concentration of ascorbate
in the well below the cells and filter (B). Results are shown from
six experiments for inulin transfer and five experiments for ascorbate
transfer, with an asterisk indicating p < 0.05 compared to the
sample that received mLDL alone.

expected effect to decrease inulin transfer, while
mLDL alone doubled the rate of transfer. All three
ascorbate concentrations tested completely pre-
vented the mLDL-induced increase in transfer. In
addition, transfer rates were suppressed to levels no
different than either untreated cells or cells treated
with ascorbate alone. Although not shown, the
ascorbate concentration above the cells was unaf-
fected by mLDL under these conditions (ascorbate
alone: 0.32 = 0.01 mM vs mLDL + ascorbate: 0.33
* 0.01 mM, n = 2).

Intracellular ascorbate was shown in our earlier
work to tighten the endothelial barrier to transfer of
both radiolabelled inulin and ascorbate itself [12].To
assess whether intracellular ascorbate (as opposed to
extracellular ascorbate) might affect the mLDL-
induced increase in endothelial barrier permeability,
cells were either loaded first with ascorbate by a 15
min incubation with DHA followed by addition of 0.2
mg/ml mLDL for 60 min (Figure 8, open bars) or
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Figure 7. Inhibition of the mLDL-induced increase in endothelial
permeability by ascorbate. Ea.hy926 cells in culture on microporous
filters were treated with mLDL or ascorbate above the cells as
noted for 60 min at 37°C, followed by addition of 10 uM [carboxyl-
14Clinulin and determination of inulin permeability after an
additional 60 min. Results are shown from six experiments with
p < 0.05 differences for bars not sharing the same letters.

they were treated first for 60 min with 0.2 mg/ml
mLDL followed by loading ascorbate with DHA for
60 min (Figure 8, hatched bars). This different order
of addition tested whether intracellular ascorbate
could both prevent and reverse the increase in
endothelial permeability due to mLDL. Transfer of
both inulin (Figure 8A) and ascorbate (Figure 8B)
were measured for each order of addition. As expected,
intracellular ascorbate alone decreased transfer of
both radiolabelled inulin (Figure 8A) and ascorbate
(Figure 8B) by 30-50%. As also expected, mLDL
alone increased the permeability of both inulin (Fig-
ure 8A) and ascorbate (Figure 8B). When DHA was
added first, the mLLDL-induced increase in permea-
bility was decreased to control levels for both inulin
and ascorbate transfer by initial DHA concentrations
of 60 UM and greater (Figure 8, last three open bars).
When mLDL was added before DHA, a significant
decrease in transfer of both agents required addition
of a concentration of 120 mM DHA (Figure 8, last
three hatched bars). Thus, intracellular ascorbate can
both prevent and reverse the increase in endothelial
permeability due to mLDL, although not to levels
seen with ascorbate loading alone.

To assess whether the effect of ascorbate to prevent
the mLDL-induced increase in endothelial mem-
brane permeability might be due to an antioxidant
effect, responses to several different antioxidants were
examined. EA.hy926 endothelial cells that had been
exposed to mLDL for 60 min were treated above the
filters with the indicated concentrations of DHA,
Tempol, dithiothreitol and lipoic acid. After another
30 min, the inulin transfer assay was carried out, with
the results shown in Figure 9. Of the agents tested,
only DHA and dithiothreitol decreased basal endothe-
lial permeability (Figure 9A). On the other hand,
when cells pre-treated with mLLDL were then exposed
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Figure 8. Inhibition of the mLDL-induced increase in endothelial
permeability by intracellular ascorbate. Ea.hy926 cells in culture
on filters were either treated first for 15 min with DHA followed
by a 60 min treatment with mLDL (open bars) or were treated
first with mLDL for 60 min followed by a 15 min treatment with
DHA (hatched bars). This was followed by the [carboxyl-!*C]
inulin transfer assay (A) or by measurement of transfer of 0.3 mM
ascorbate from above to below the cells. Results are shown from
five-to-seven experiments, with p < 0.05 differences for bars of the
same type not sharing the same letters in the same panels.

to the antioxidants, each of them prevented the
mILDI-induced increase in membrane permeability,
although not below control rates (Figure 9B). These
results suggest that the effect of mLDL to increase
endothelial permeability is due to increases in cellular
oxidant stress.

Discussion

Treatment of endothelial cells for 90-180 min with
minimally oxidized LDL caused an oxidative stress
that depleted the intracellular antioxidants ascorbate
and GSH, activated the cells to further oxidize the
LDL and increased permeability of the endothelial
barrier to both inulin and ascorbate. When cells
exposed to mLDL were loaded with ascorbate, GSH
was preserved, there was minimal further oxidation
of mLDL and the increase in endothelial barrier
permeability due to mLDL was both prevented and
reversed.

The increase in endothelial permeability to large
molecules caused by mLDL is due to cytoskeletal

mLDL (mg/ml)
DHA (mM)
Tempol (mM)
DTT (mM)
Lipoic acid (mM)

0.2
0.3

0.2 0.2

0.3 -
- 0.3

0.2

0.3

Figure 9. Inhibition of mILDL-induced increases in endothelial
permeability by antioxidants. (A) EA.hy926 cells in culture on
microporous filters were treated for 60 min above the cells with the
agents noted, followed by the 60 min inulin transfer assay. Results
are shown from six assays, with an * indicating p < 0.05 compared
to samples receiving no additions. (B) Cells were treated for
60 min without or with the indicated concentration of mLDL as
noted, followed by addition above the cells of the antioxidants
noted. After 30 min of incubation, 10 UM [carboxyl-'4C]inulin was
added and the 60 min inulin transfer assay was performed. Results
are shown from five assays, with an * indicating p < 0.05 compared
to all other bars in (B).

rearrangement with cellular contraction and opening
of pores between the cells through which otherwise
impermeant molecules can pass [5,7,25,26].That this
mechanism was operative in the present studies is
supported by the finding that the mLDL-induced
increase in endothelial permeability was prevented
by colchicine, a microtubule inhibitor.

The cellular mechanism by which exposure to
mILDL for minutes to several hours causes endothelial
cell contraction and loss of the permeability barrier
may be multi-factorial. It is likely due initially to an
increase in oxidative stress generated by further oxi-
dation of mLLDL in mitochondria [27] or lysosomes
[28]. The effect has also been linked to mLDL-
dependent increases in intracellular calcium in both
cultured arterial and venous endothelial cells [26,29].
Similar acute increases in intracellular calcium follow-
ing cell treatment with thrombin and histamine are
known to increase endothelial barrier permeability
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[30]. Increased calcium in turn activates calmodulin-
dependent myosin light chain kinase to phosphorylate
myosin light chain, leading to cytoskeletal rearrange-
ment and cell contraction [30-32]. Subsequent stud-
ies in cultured human umbilical vein endothelial cells
failed to show an mLLDIL-induced increase in intra-
cellular calcium; rather, the mILLDI.-induced increase
in permeability was due to activation of Rho/Rho
kinase causing phosphorylation and inhibition of
myosin light chain phosphatase. The resulting increase
in myosin light chain phosphorylation then caused
increases in endothelial permeability [5]. The same
group showed that a similar mechanism may also
occur in response to thrombin stimulation [31]. Addi-
tional support for this mechanism derives from the
observation that oxidized LDL activates the receptor
for advanced glycation end products (RAGE) n vivo
[32]. RAGE has recently been shown in endothelial
cells to activate Rho/Rho kinase [33]. The results of
the present study, that the mLDL-induced increase
in endothelial barrier permeability was not reversed
by chelation of intracellular calcium with BAPTA,
also support the Rho/Rho kinase mechanism of acti-
vation of myosin light chain kinase with subsequent
cytoskeletal rearrangement and cell contraction.

The major finding in the present study was that
ascorbate prevented the mILDL-induced increase in
endothelial barrier permeability. To assess whether
this effect was due to intracellular ascorbate, cells
were treated for 15 min or more with DHA, which
is taken up on glucose transporters and rapidly
reduced to ascorbate within the cells. Under these
conditions, extracellular ascorbate concentrations
were low (-4 uM) and stable for 2 h during mLLDL
treatment. Ascorbate loading of cells using this
approach both prevented and reversed the mLDL-
induced increase in endothelial barrier permeability.
The effect of ascorbate was evident at extracellular
ascorbate concentrations of 60—120 UM and at intra-
cellular concentrations of 0.5-2.0 mM, both of
which are likely to be in the physiologic range for
endothelial cells in vivo [34]. These results also sug-
gest that endothelial cell ascorbate is a factor in
baseline endothelial barrier function and should
be considered in studies of endothelial dysfunction
due to mLDL.

The mechanism by which ascorbate alone increases
endothelial barrier function is under study, but it
appears that an antioxidant effect could mediate its
ability to antagonize mILDI-induced increases in
endothelial barrier permeability. In this scenario,
oxidized LDL would generate radicals through
mitochondrial [27] or lysosomal [28] activation that
would in turn cause oxidative stress in the cells [35].
That direct oxidative stress can increase endothelial
barrier permeability has been demonstrated for H,O,
[36] and menadione [37] in brain microvascular
endothelial cells. H,O, directly induces oxidative

stress, whereas menadione does so by redox cycling
within cells [38]. Two results of this work support an
antioxidant effect of ascorbate. First, it preserved
intracellular GSH, either by directly reacting with
intracellular radicals or by repairing protein radicals
[39] before they could react with GSH. Second, sev-
eral cell-penetrant antioxidants with different mech-
anisms of action prevented the effect of mLDL.
These included Tempol, a radical species able to
donate a single electron to scavenge other radicals,
as well as two thiol reagents, dithiothreitol and lipoic
acid. Dithiothreitol is a small 4-carbon cell-penetrant
molecule with 2-thiol groups that acts directly as a
reducing agent. Lipoic acid, on the other hand, is
an 8-carbon fatty acid with a disulphide link between
sulphur atoms on carbons 6 and 8. It must first
enter the cell and be reduced to dihydrolipoic acid
[40], which has two thiol groups on each molecule
and is a potent antioxidant. The thiols would be
expected to compensate for the mLDL-induced
decrease in GSH as well as directly scavenge radical
species.

Although a decrease in oxidative stress due to
ascorbate is likely involved in its prevention and
reversal of the mLDL effect on endothelial perme-
ability, it may not do so directly. Endothelial cell
activation by mLDL has been shown to generate
lysophosphatidic acid from the mLDL [7], which
through binding to its cellular receptor caused
endothelial stress fibre and gap formation in cultured
human umbilical vein endothelial cells [7] and a
decrease in trans-endothelial resistance in brain
endothelial cells [41]. Our finding that intracellular
ascorbate decreased endothelial cell-dependent oxi-
dation of mLDL could result in less release of lyso-
phosphatidic acid from the mILLDL, thus decreasing
the subsequent cellular response.

In conclusion, the finding that intracellular ascor-
bate both prevents and reverses the mILLDIL-induced
impairment in endothelial barrier function suggests
that ascorbate could help to maintain endothelial bar-
rier permeability iz vivo and thus prevent endothelial
dysfunction in response to mLDL. Although the cel-
lular and molecular mechanisms of the ascorbate
effect remain to be determined, the present results
support a mechanism involving decreased oxidative
stress in cells containing ascorbate.
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