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Evidence for vesicles that mediate long-chain fatty acid
uptake by human microvascular endothelial cells

Axel Ring,>* Jiirgen Pohl,* Alfred V6lkl," and Wolfgang Stremmel?*

Department of Internal Medicine IV* and Department of Anatomy and Cell Biology,!
Ruprecht-Karls-University, Heidelberg, Germany

Abstract This study analyzes the mechanisms of long-
chain fatty acid (LCFA) uptake by human microvascular en-
dothelial cells (HMEC). The time course revealed the pres-
ence of an early, carrier-mediated uptake component and
a later component mediated by clathrin-coated vesicles
(CCV) and caveolae, as evidenced by three different experi-
mental approaches: I) significant reduction of [3H]oleate
uptake over 5 min by either inhibition of CCV formation by
potassium depletion or hypertonic medium, or disruption
of caveolae by filipin III or cyclodextrin. 2) Co-localization
of intracellular 12-(N-methyl)-N-[ (7-nitrobenz-2-oxa-1,3-dia-
zol-4-yl)amino]octadecanoic acid with CCV and caveolae us-
ing confocal laser scanning microscopy. 3) Enrichment of
[*H]oleate in a subcellular fraction containing CCV and
caveolae. Within 10 min, more than 75% of intracellular
[*H]oleate remained unmetabolized, suggesting that HMEC
preferentially shuttle LCFA through the cell using CCV and
caveolae as carriers. The uptake of albumin paralleled that
of oleate within the first 10 min, suggesting internalization
of at least some LCFA bound to albumin. Compared to ole-
ate and albumin, the uptake of sucrose and dextran was low,
indicating a potential minor contribution of fluid-phase en-
docytosis to the total vesicular LCFA uptake.fll The data in-
dicate a previously unrecognized role of both CCV and ca-
veolae for the uptake of LCFA by HMEC.—Ring, A,, J.
Pohl, A. Volkl, and W. Stremmel. Evidence for vesicles that
mediate long-chain fatty acid uptake by human microvascu-
lar endothelial cells. J. Lipid Res. 2002. 43: 2095-2104.

Supplementary key words clathrin-coated vesicles ¢ caveolae e clath-
rin-coated vesicles

Long-chain fatty acids (LCFA) are physiologically im-
portant molecules as energy substrates and as precursors
for the synthesis of membrane lipids or lipid mediators
(such as prostaglandins, leukotrienes, and thromboxane)
(1, 2). In addition, LCFA mediate crucial cellular pro-
cesses, such as control of cell differentiation, cell signal-
ling, and regulation of gene transcription (3). As most tis-
sues have limited or no capacity to synthesize LCFA on
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their own, they depend on LCFA uptake from the circula-
tion. Both the liver and the heart are extremely efficient
in extracting LCFA from the blood (1, 4). The endothelial
layer is the first barrier to be traversed by LCFA before
they can be metabolized by the underlying parenchymal
tissue. LCFA circulate in the blood as albumin-bound
complexes or in chylomicrons (from intestinal absorp-
tion) or lipoproteins (from hepatic synthesis). The latter
two are hydrolyzed by endothelial lipoprotein lipase re-
sulting in the generation of free LCFA, which are rapidly
bound by albumin due to their low solubility in aqueous
solutions. In a rat model, LCFA from blood-borne LDLs
were found inside liver endothelial cells and were rapidly
transferred to the hepatocytes (5). This indicates that
LCFA uptake across the luminal membrane of endothelial
cells is a crucial step in the process of fatty acid transport
from blood to tissue. However, while LCFA uptake by
hepatocytes (6), adipocytes (7), cardiomyocytes (8), and
intestinal mucosal cells (9) is well characterized and
known to be mediated by protein-facilitated transport, our
knowledge of the mechanisms underlying LCFA uptake
into endothelial cells is sketchy.

In the present study, we studied the uptake of [*H]ole-
ate and 12-(N-methyl)-N-[ (7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino]stearate (12-NBD) into human microvascular
endothelial cells (HMEC) by a) the effects of inhibitors of
carrier-mediated and vesicle-associated uptake, ) confo-
cal laser scanning microscopy (LSM), and ¢) by subcellu-
lar fractionation of HMEC following uptake of [®*H]oleate.
We propose that LCFA uptake into HMEC is a two-compo-
nent process involving both a high-affinity, low capacity
protein-facilitated mechanism and a high-capacity vesicle-
mediated component.

Abbreviations: CCV, clathrin-coated vesicles; FAT, fatty acid translo-
case, HMEC, human microvascular endothelial cells; LCFA, long-chain
fatty acids; LSM, laser scanning microscopy; 12-NBD, stearate 12-
(N-methyl)-N-[ (7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]stearate; NEM,
N-ethylmaleimide.
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MATERIALS AND METHODS

Materials

12-NBD stearate was obtained from Molecular Probes (Eu-
gene, OR). [®H]oleate (60 Ci/mmol; 1 Ci = 37 GBq) was from
Biotrend (Cologne, Germany). Fatty acid-free BSA (fraction V),
filipin III, cyclodextrin, N-ethylmaleimide, monensin, phloretin,
and non-radioactive oleate were purchased from Sigma Chemi-
cal (St. Louis, MO). Ultima Gold scintillation fluid was from
Packard (Groningen, The Netherlands). The murine monoclo-
nal antibody against caveolin-1 was from Transduction Laborato-
ries (Lexington, KY), the polyclonal antibody against clathrin-
heavy chain was a kind gift from Dr. Margaret Robinson from the
Cambridge Institute for Medical Research (Cambridge, UK).
The secondary antibodies were obtained from Sigma Chemical.
The Western blots were detected using the ECL reagents (Amer-
sham, Little Chalfont, England).

Cell culture

The HMEC-1 cell line (10) was kindly provided by Francisco J.
Candal of the Centers for Disease Control and Prevention, At-
lanta, GA. This cell line had previously been validated as a model
system for cholesterol uptake (11). The cells were grown to con-
fluence in EBM medium (Clonetics) supplemented with 5% fe-
tal calf serum and the EBM Bullet Kit (Clonetics).

Assay of [*H]oleate uptake

The [*H]oleate uptake assays were performed as described
previously (6) using confluent HMEC-1 monolayers in 5 cm ¢
culture dishes. The concentrations of unbound fatty acids in
[®H]oleate-BSA solutions (fixed BSA concentration = 173
pmol/], oleate:BSA molar ratios ranging from 0.1 to 2) were cal-
culated by the stepwise equilibrium constant of Wosilait and
Nagy (12), using the dissociation constants for the oleate-albu-
min complex reported by Spector et al. (13).

For the concomitant determination of albumin uptake, trace
amounts of [methyl-'*C]BSA (Biotrend, Cologne, Germany)
were added to the 173 pmol/1 oleate:BSA solution.

[3H]oleate uptake inhibition studies

Various inhibitors were used to pretreat HMEC prior to incu-
bation with [®H]oleate bound to albumin as described above.
The following substances were used:

Substance Concentration
Phloretin 400 pmol/1 in PBS-1%BSA
N-ethymaleimide (NEM) 1 mmol/1 in PBS-1%BSA
Monensin 30 pmol/1in PBS-1%BSA

K* depletion 140 mM NaCl, 1 mM CaCly, 1 mM MgCl,,
10 mM HEPES, 5.5 mM glucose, 1% BSA
350 mM NaCl, 1 mM CaCly, 1 mM MgCl,,
10 mM HEPES, 5.5 mM glucose, 1% BSA
10 mmol/1

2.5 mmol/1 in PBS-1%BSA

Hypertonic medium

Cyclodextrin
Filipin III

Assay of [*H]dextran, [*H]sucrose, and
125].transferrin uptake

Confluent HMEC-1 monolayers in 5 cm @ culture dishes were
incubated with 5 mg/ml dextran (average molecular weight
70,000; Sigma, St. Louis, MO) or 100 pmol/1 sucrose and trace
amounts of [*H]dextran (molecular weight 70,000; Biotrend,
Cologne, Germany) or [*H]sucrose (Pharmacia Biotech, Little
Chalfont, UK), respectively, in 2 ml of PBS at 37°C for 10, 20, or
30 min. Subsequently, the monolayers were washed three times
with PBS and lysed in 1 mol/1 NaOH solution. A 200 pl aliquot
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of the cell lysate was placed into a scintillation counter LS6000SC,
Beckman Instruments, Fullerton, CA).

125L-transferrin uptake was determined by a modification of
the method published by Lamb et al. (14) incubating HMEC
monolayers with 1 mg/ml 2’I-transferrin for 60 min at 37°C fol-
lowed by stopping with 0.2 mol/I acetic acid.

Separation of cellular lipids by TLC

The incorporation of [*H]oleate into cellular lipid pools was
determined after incubation of 173 pmol/1 [*H]oleate-albumin
(1:1, mol/mol) with HMEC monolayers as described above. Fol-
lowing lysis of HMEC by 1 mol/1 NaOH, 0.6 ml of the cell lysate
was mixed with 5.4 ml of chloroform-methanol (2:1, v/v) for the
extraction of lipids according to Folch et al. (15). Aliquots of
both the aqueous and lipid phases were counted to determine
the recovery rate and water-soluble metabolites.

TLC was performed as described by Holehouse et al. (16) to
separate specific classes of lipids. Standards of monoolein, di-
olein, triolein, cholesteryl oleate, free cholesterol, phosphatidyl-
choline, and free oleate were spotted onto silica gel plates at 10
pg per lane. The lipid phase obtained from the HMEC lysates
was concentrated under a Ny stream and spotted over the stan-
dards. The plates were developed in hexane-diethyl ether-acetic
acid (80:20:1, v/v/v) to a height of 15 cm. Lipid standards were
stained by Iy vapor. The areas of each lane corresponding to lipid
standards were scraped into a scintillation vial for measurement
of radioactivity.

At least one control lane per plate contained lipid standards
and cellular lipid extracts from cells incubated in medium with-
out [*H]oleate. Control lanes were scraped and counted to de-
termine the background radioactivity for each lipid area and the
mean background radioactivity was subtracted from individual
lipid areas. The relative distribution of [*H]oleate in specific cel-
lular lipid classes was determined as the (lipid area cpm—mean
backgroud cpm)/sum of cpm per lane.

Subcellular fractionation of HMEC by
differential centrifugation

Cells from six petri dishes (¢ 14 cm) were used for each prepa-
ration. HMEC were incubated with [?H]oleate for 5 min as de-
scribed above. All subsequent steps were carried out at 4°C.
HMEC monolayers were washed three times in PBS, then scraped
from the dishes and washed again three times in homogenization
buffer (5 mmol/1 Tris-HCI pH 7.4, 0.25 mol/1 sucrose, 2 mmol/1
MgCly) supplemented with DTT (1 mmol/1) and protease inhibi-
tors (PMSF, 200 pg/ml; benzamidine, 0.5 mmol/l; leupeptin, 1
png/ml). The cells were then resuspended in 10 ml homogeniza-
tion buffer plus DTT/antiproteases and subjected to nitrogen
cavitation (17, 18) for 15 min at 4°C at a pressure of 650 psi. The
homogenate was centrifuged at 500 g for 15 min. Ribonuclease A
(50 pg/ml) was added. After 30 min, the first differential centri-
fugation was carried out at 2,860 g (4,200 rpm in a Beckman JA20
rotor) for 10 min to obtain the mitochondrial pellet. The activity
of cytochrome c oxidase was measured as described (19) to prove
that mitochondria were enriched in this fraction. Recentrifuga-
tion of the remaining supernatant at 37,000 g (18,000 rpm in a
Beckman JA12 rotor) yielded the peroxisome/plasma membrane
pellet, as proven by measuring high activities of the marker en-
zymes catalase (20) and 5'-nucleotidase (Sigma, St. Louis, MO: kit
no. 265B), respectively. The remaining supernatant was centri-
fuged at 100,000 g for 30 min to obtain the microsomal fraction
containing endoplasmic reticulum (ER), Golgi membranes, cave-
olae, and clathrin-coated vesicles (CCV). All three pellets and the
final supernatant after centrifugation of the microsomal pellet
were subjected to liquid scintillation counting and Western blot-
ting for clathrin and caveolin-1.
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Confocal laser scanning microscopy

HMEC in chamber slides were incubated for 5 min with 80
pmol/1 12-NBD stearate and 80 wmol/1 fatty acid-free BSA in
PBS. Cells were washed three times with PBS and fixed in 2%
paraformaldehyde. The first antibody was applied for 4 h at a di-
lution of 1:500 at 4°C followed by the second antibody for 2 h at
4°C diluted 1:500 in 0.05 mmol/1 Tris-HCI, pH 7.4.

The L 310 microscope system (Zeiss, Oberkochen, Germany)
was used for visualization. Individual cells were identified with a
X100 Plan-Neofluar multi-immersion objective (numerical aper-
ture 0.9) by conventional light microscopy. The system was then
switched to the frame mode and a confocal picture was gener-
ated with the argon laser (attenuation = 1). The depth of the op-
tical section (confocal z resolution) was kept constant by holding
the size of the aperture pinhole constant in the emission
pathway.

Statistical analysis

Results are given as means * SD. Student’s ttest was used to
test for significant differences among means. Linear and non-lin-
ear regression models were used to analyze the effect of free ole-
ate concentration on the rate of initial uptake and to determine
the mathematical model that best described the experimental
data.

RESULTS

Uptake as a function of the external fatty
acid concentration

The initial uptake of [®*H]oleate over 20 s was examined
at various concentrations of free oleate in the incubation
medium. The unbound oleate concentration was modu-
lated without exceeding its solubility by mixing a fixed
concentration of fatty acid-free BSA (173 wmol/1) with in-
creasing concentrations of oleate (the oleate-albumin mo-
lar ratio varied between 0.1:1 up to 2:1). This provided a
range of calculated unbound oleate concentrations of
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Fig. 1. Kinetics of initial influx. Initial influx of [®*H]oleate in hu-
man microvascular endothelial cells (HMEC) over 20 s as a func-
tion of the calculated concentrations of unbound oleate. Nonlinear
statistical modeling showed that the data were best fit by a complex
model with both linear (non-saturable, solid line) and nonlinear
(saturable, dashed line) components. Data points are means * SD
of five replicate experiments.

6.5-429 pmol/1. With increasing concentrations of free
oleate, the initial uptake followed a complex model with
both linear and saturable components. The saturable
component had a K, of 25 = 11 nmol/1 and a V,,,, of
247 = 50 pmol mg protein~! min~!. The slope of the lin-
ear component was 0.97 * 0.13 1 X mg protein™! X
min~!(Fig. 1). The coefficient of determination was 1> =
0.99 for this model. Thus, the initial influx of [3H]oleate
up to a concentration of 173 pmol/1 (corresponding to a
calculated concentration of 119 nmol/l unbound oleate)
was for the most part mediated by the saturable compo-
nent (Fig. 1) while with increasing concentrations the
non-saturable, linear component became predominant

(Fig. 1).

Time dependence of [3H]oleate uptake

The time course of [*H]oleate uptake at a concentra-
tion of 173 pmol/1 was linear over 40 s, representing ini-
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Fig. 2. Time dependence of [methyl-"*C]albumin and [*H]oleate uptake in HMEC. HMEC monolayers
were incubated with [*H]oleate (closed diamonds) and [methyl-'*C]albumin (open squares) at an equimo-
lar concentration of 173 wmol/1 for periods lasting from 20 s to 30 min. Data are means = SD of 10 replicate

experiments.
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Fig. 3. Effect of pretreating HMEC with vesicle transport inhibitors on [*H]oleate accumulation over 40 s and 5 min. HMEC were pre-
treated with inhibitors for the time periods indicated on the x axis. In order to test the reversibility of inhibitions, cells were washed and re-
plenished with new medium containing no inhibitors at the time points indicated by the black arrows. The uptake of [ *H]oleate over 40 s
(open squares) or 5 min (solid diamonds) was measured at all time points marked on the graphs, which show the percentage of [ *H]oleate
accumulation compared to the controls (=100%). Data are means = SD of 10 replicate experiments. The asterisks indicate statistical signif-
icance (P< 0.05). A: 30 pmol/1 monensin. Absolute uptake in controls (= 100%): 1,716 = 197 pmol/mg protein (5 min), 249 * 61 pmol/mg
protein (40 s). B: 2.5 wmol/1 filipin III. Absolute uptake in controls (=100%): 1,347 = 190 pmol/mg protein (5 min), 238 = 49 pmol/mg
protein (40 s). C: 10 mmol/1 cyclodextrin. Absolute uptake in controls (=100%): 1,456 = 260 pmol/mg protein (5 min), 271 = 54
pmol/mg protein (40 s). D: Potassium-free medium (dotted line) or hypertonic medium (350 mmol/1 NaCl) (solid line). Absolute uptake
in controls (=100%): 1,613 = 137 pmol/mg protein (5 min), 244 * 61 pmol/mg protein (40 s).

tial influx and decreased thereafter (inset of Fig. 2). How-
ever, beyond 2 min of incubation, the time dependence of
[®*H]oleate uptake revealed again a linear relationship
over up to 30 min (Fig. 2). This indicates that the linear,
non-saturable uptake component is a high capacity trans-
port process that becomes predominant over time, while
the saturable uptake component is a high affinity, low ca-
pacity process limited to the initial uptake over the first 40 s.
In order to distinguish between these two components,
[3H]oleate uptake in the subsequent experiments was as-
sessed over 40 s (representing the initial uptake predomi-
nantly mediated by the saturable component) and 5 min
(predominantly mediated by the linear, non-saturable
component).

Co-incubation of [methyl'*C]albumin with [3H]oleate

As LCFA are bound to albumin in the bloodstream as
well as in our assay system, we compared the uptake rates
of [methyl-"*C]albumin and [*H]oleate finding that both
were comparable within the first 10 min (Fig. 2). Thereaf-
ter, the accumulation of [3H]oleate persistently increased
over time in a linear fashion, while the net uptake of albu-
min appears to reach a steady state level (Fig. 2).
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Effect of inhibitors on [3H]oleate uptake in HMEC

Phloretin is a potent inhibitor of protein-mediated cel-
lular transport systems, including the initial (saturable)
uptake of LCFA by adipocytes (7). Pretreatment of HMEC
with phloretin at a concentration of 400 wmol/I for 60
min reduced the initial uptake of [*H]oleate (40 s) by
31.6 £ 13.1% while it did not affect [3H]oleate uptake in
the 5-min incubations. Thus, with increasing duration of
[®H]oleate accumulation, the contribution of the phlore-
tin-sensitive, carrier-mediated uptake mechanism appears
to decrease and eventually disappear.

As transport vesicles are abundant in endothelial cells,
and [®H]oleate uptake by a multitude of vesicles would be
consistent with the linear component of the uptake kinet-
ics, we next investigated the potential role of vesicular
transport for [*H]oleate uptake into HMEC.

NEM interferes with the fusion of transport vesicles and
target membranes. By this mechanism, it inhibits intracel-
lular transport by caveolae (21) as well as CCV (22). Pre-
treatment of HMEC with NEM at a concentration of 1
mmol/1 for 90 s reduced [?H]oleate accumulation by
34.4 = 14.0% and 77.7 = 1.7% in the 40-s and 5-min ex-
periments, respectively.
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Fig. 4. Immunocytochemistry staining of caveolae and clathrin-coated vesicles (CCV) after 5 min of incu-
bation with 12-(N-methyl)-N-[ (7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]stearate (12-NBD). HMEC were incu-
bated with 12-NBD stearate for 5 min, fixed, and prepared for analysis by microscopy (inverted Olympus
IX50 system). A to C: Compare the distribution of 12-NBD stearate with staining of intracellular caveolae us-
ing a monoclonal antibody against caveolin-1: A: 12-NBD stearate B: Caveolin-1. C: Merge image demonstrat-
ing co-localization of 12-NBD stearate and caveolae in the subplasmalemmal section of the cell. D to F: Com-
pare the distribution of 12-NBD stearate with staining of intracellular clathrin-coated vesicles (CCV) using a
monoclonal antibody against clathrin heavy stain. D: 12-NBD stearate. E: Clathrin heavy chain. F: Merge im-
age demonstrating co-localization of 12-NBD stearate and CCV in the perinuclear section of the cell.

Monensin inhibits vacuolar acidification (23), thus pre-
venting receptor-ligand dissociation and recycling of the
receptor to the cell surface. Receptor-mediated endocyto-
sis is subsequently diminished as a cause of receptor trap-
ping inside the cell (24). Monensin caused a reversible in-
hibition of [3H]oleate uptake by 34.3% in the early and
56.9% in the late phase of oleate uptake (Fig. 3A).

These results indicate that vesicle-mediated transport is
involved in [3H]oleate uptake in HMEC and appears to
play a larger role in the late uptake phase. However, the
use of monensin or NEM does not distinguish between

uptake by CCV and non-coated vesicles, i.e., caveolae.
Therefore, we next used selective inhibitors of these dif-
ferent vesicular transport mechanisms.

Filipin III is a sterol-binding agent known to selectively
disassemble endothelial noncoated vesicles (but not CCV),
thus inhibiting caveolae-mediated intracellular transport
in endothelial cells (25). Preincubation of HMEC with fil-
ipin III resulted in inhibition of [*H]oleate uptake by
55.4% in the 5-min experiments (Fig. 3B). In contrast, its
effect in the 40-s experiments was marginal (Fig. 3B), sug-
gesting that caveolae might become operational in the
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TABLE 1. Enzyme activities in HMEC fractions

Cytochrome ¢
Oxidase
(Mitochondria)

Catalase
(Peroxisomes)

5'-Nucleotidase
(Plasma Membrane)

Esterase
(Microsomes)

Mitochondria 494 + 45 380 = 170 1,206 = 324 7.5 *+49
Peroxisomes

plasma membrane 176 £ 2.8 2,180 * 350 1,016 = 443 20.8 = 9.5
Microsomes 2.8 +0.9 520 *+ 280 1,860 = 787 Not detectable

Fractions were obtained from HMEC lysates by differential centrifugation and analyzed for enzyme activities
presented as units per gram total protein. Data are means = SD of three experiments.

later phases of oleate uptake when the linear uptake com-
ponent predominates. To corroborate this finding, we
treated HMEC with cyclodextrin, another agent known to
selectively inhibit caveolae by removing cholesterol from
the plasma membrane (26, 27). As shown in Fig. 3C, the
uptake of [3H]oleic acid after preincubation with cyclo-
dextrin for 40 min was only minimally affected at the 40 s
time point, but reduced by 55.8% in the 5-min incubation
experiments. In order to verify that both sterol-binding
agents, filipin III and cyclodextrin, did not affect CCV in
HMEC, we compared the uptake of '2°I-transferrin (which
is endocytosed exclusively by CCV) in filipin IIl-treated or
cyclodextrin-treated versus control HMEC and found no
differences (data not shown).

Potassium depletion or hypertonicity (350 mmol/l
NaCl) remove clathrin-coated pits from the plasma mem-
brane in a reversible manner (28, 29) without affecting ca-
veolae-mediated vesicular transport. In contrast to filipin
III and cyclodextrin, these treatments reduced the uptake
of [3H]oleate into HMEC by 40-50% in both the early
and late uptake phases (Fig. 3D). This effect was fully re-
versed within 20 min after repletion of K* or exchanging
hypertonic with normotonic medium (Fig. 3D).

Visualization of 12-NBD stearate uptake by confocal LSM

In the presence of albumin, 12-NBD stearate was rap-
idly internalized into HMEC with pronounced staining of
intracellular vesicles after 5 min (Fig. 4A, D). 12-NBD
stearate accumulated particularly in perinuclear and sub-
plasmalemmal sections without significantly staining the
plasma membrane. Staining of intracellular vesicles with
rhodamine-conjugated monoclonal antibodies against
clathrin heavy chain (Fig. 4E) revealed co-localization of
clathrin and 12-NBD stearate in the perinuclear sections of
the cell (Fig. 4F). Staining with monoclonal antibodies
against caveolin-1 demonstrated that caveolae vesicles are
preferentially located in the subplasmalemmal sections of
the cytoplasm (Fig. 4B), where co-localization with 12-NBD
stearate was found (Fig. 4C). In summary, confocal LSM
shows that both caveolae and CCV carry 12-NBD stearate,
but in different subcellular locations of HMEC-1 cells.

Subcellular fractionation of HMEC lysates following
[®H]oleate uptake

Differential centrifugation was used to demonstrate
enrichment of [*H]oleate in partially purified vesicles.
HMEC monolayers were treated with [3H]oleate and sub-
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sequently fractionated to yield three fractions enriched in
a) mitochondria, b) plasma membranes and peroxisomes,
and ¢) microsomes including CCV and caveolae. Each
fraction was characterized by a characteristic marker en-
zyme activity profile (30) (Table 1). Western blot analysis
revealed strong clathrin and caveolin-1 bands in the mi-
crosomal pellet and weaker reactions in all other fractions
(Fig. 5). As expected, [®*H]oleate was enriched in the mi-
crosomal fraction containing the majority of CCV and ca-
veolae (Fig. 6).

Assessment of fluid-phase endocytosis in HMEC

Vesicle-mediated endocytosis may involve both specific
receptor-mediated and non-selective fluid-phase endocy-
tosis. Tritiated sucrose and dextran were used to quanti-
tate fluid-phase endocytosis in HMEC and correlate it with
oleate and albumin uptake. The uptake of [*H]sucrose
was 8fold and of [3H]dextran 5-fold less compared to
[®*H]oleate independent of the incubation period (Table
2), showing that in HMEC there is only a minor contribu-
tion of fluid-phase endocytosis to total [*H]oleate.

Intracellular metabolism of [*H]oleate

A thorough analysis of intracellular oleate metabolism
revealed that more than 75% were recovered unmetabo-
lized from HMEC lysates within the first 10 min of incuba-
tion (Table 3). The remainder were found in various lipid

Clathrin Caveolin-1

Mit PP Mic Mit

PP Mic

Fig. 5. Western blotting of subcellular HMEC fractions against ca-
veolin-1 and clathrin. Equal protein amounts of three membrana-
ceous fractions (Mit, mitochondrial; PP, plasma membrane/peroxi-
some; Mic, microsomal) were separated on an SDS gel, blotted to
nitrocellulose, and probed for the presence of caveolin-1 or clath-
rin heavy chain using monoclonal antibodies.
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Fig. 6. Enrichment of [*H]oleate in the microsomal fraction of HMEC. HMEC were treated with [*H]ole-
ate bound to albumin at 37°C for 40 s (A) and 5 min (B). Subsequently, the cells were lysed and fractionated
as described in Materials and Methods. The fractions were enriched in (A) mitochondria, (B) peroxisomes
and plasma membranes, and (C) microsomes (including clathrin-coated vesicles and caveolae). The values

are means * SD of three experiments.

classes (mono-, di-, and triglycerides, phospholipids
and cholesteryl esters), each to a small degree (Table 3).
14C0O, was not recovered from HMEC after 10 min of incu-
bation with [?H]oleate, however, ~0.1% of the total intra-
cellular radioactivity was recovered as acid-soluble metab-
olites (data not shown).

In summary, intracellular metabolism of [3H]oleate
does not appear to play a major role in HMEC, indicating
that LCFA are internalized into endothelial cells mainly
for the purpose of shuttling them from the bloodstream
to parenchymal cells that require LCFA as energy sub-
strates.

DISCUSSION

In this study we present for the first time experimental
data on the uptake of LCFA by HMEC supporting a model
that involves both a low capacity protein-facilitated trans-
port mechanism and a high capacity vesicle-mediated
component involving both caveolae and CCV. The kinetic
analysis demonstrated that the initial uptake of [®*H]oleate
is a complex process involving a saturable and a linear
component. The saturable component revealed a K, of
25 = 11 nmol/l and a V,,,, of 247 * 50 pmol mg protein~!

min~!. It is the predominant mechanism of initial

[3H]oleate uptake, suggesting the existence of a high
affinity, low capacity carrier-mediated membrane translo-
cation process. The K, value of the saturable phase com-
pares to that of other cell types as hepatocytes, cardio-
myocytes, intestinal mucosal cells, or adipocytes (6-9). It
is in line with the expectation that the K,, for carrier-medi-
ated transfer of a particular substrate should be within the
physiological concentration of this substrate. Circulating
concentrations of LCFA have been reported to be in the
5-50 nanomolar range (31).

The linear uptake component represents a slow, low-
affinity but high capacity transport system that after 2 min
of incubation becomes the predominant factor in the
overall uptake of LCFA by HMEC. The 5-min incubations
were performed in our study in order to investigate this
mechanism, which might theoretically rely on passive
diffusion or simultaneous endocytosis by a multitude of
vesicles (32). However, the different experimental ap-
proaches including biochemical inhibition of vesicular
trafficking, immunofluorescence co-localization of 12-
NBD stearate with vesicle proteins, and subcellular frac-
tionation argue against passive diffusion and in favor of
vesicle endocytosis involving both CCV and caveolae. Non-
specific fluid-phase endocytosis appears to be of minor

TABLE 2. Uptake rates of fluid phase endocytosis markers in HMEC compared to [*H]oleate

Amount Internalized per mg Cell Protein

Total Amount Offered in

10 Min

20 Min

30 Min

Compound 2 ml Medium
346 nmol
[3H]oleate (=100%)
200 nmol
[3H]sucrose (=100%)
10,000 pg
[3H]dextran (=100%)

4.12 = 0.49 nmol
(=1.2 £ 0.14%)
0.31 = 0.2 nmol
(=0.16 = 0.1%)
26.8 £ 6.9 pg
(=0.27 = 0.07%)

6.28 * 0.34 nmol
(=1.8 £ 0.1%)
0.46 = 0.11 nmol
(=0.23 = 0.06%)
35.9 + 7.1 ug
(=0.36 = 0.07%)

9.02 = 1.04 nmol
(=2.6 + 0.3%)

0.57 *= 0.14 nmol
(=0.29 = 0.07%)
55.3 = 23.6 nmol
(=0.55 = 0.24%)

The relative values indicate which percentage of the total amount offered to the cells in 2 ml cell culture me-

dium was internalized by the cells at 10, 20, and 30 min. HMEC, human microvascular endothelial cells.

Ring et al. Long-chain fatty acid uptake in endothelial cells
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TABLE 3. Intracellular metabolism of [3H]oleate

Counts/mg Protein Percent
Total intracellular counts 49,257 * 3,454 100 = 7
Lipid (lower) phase 42,453 + 3,668 86.2 + 74
Aqueous (upper) phase 5,676 * 310 11.5 £ 0.6
Not recovered 1,128 = 612 23+1.2
Distribution of [3H]oleate in the lipid phase of HMEC lysates
Total counts 35,020 = 2,580 100 = 7.4
Free oleate (R; = 0.30) 30,730 + 2,495  87.7 7.0
Monoolein (R; = 0.03) 1,146 = 750 3.3+ 21
Diolein (R; = 0.20) 537 * 394 1.5+ 1.1
Triolein (R = 0.73) 621 * 415 1.8+1.2
Cholesteryl ester (R = 0.87) 436 + 349 1.2 1.0
Phospholipids (PE, PS) (Rf = 0.62) 865 * 682 25 *+1.9
Unidentified 685 *= 608 2.0=*1.7

For these assays, HMEC-1 cell monolayers were incubated in se-
rum-free medium with 173 pmol/oleate plus [*H]oleate tracer bound
to 173 wmol/1 albumin for 10 min. HMEC were lysed followed by ex-
traction of the lysate according to Folch et al. (15). The lipid phase was
separated by TLC using hexane-diethyl ether-acetic acid (80:20:1,
v/v/v) as developing solvent. Areas of the TLC plates corresponding to
lipid standards were removed for scintillation counting. All spots were
counted and the counts were totaled. The percentage of [*H]oleate in
lipid classes was calculated as (lipid area cpm—mean backgroud cpm) /
sum of cpm per lane. Since the solvent front was allowed to reach the
upper edge of the TLC plate, the R;values were calculated using the
distance from the origin to the upper edge of the plate as the denomi-
nator. The dioleyl-phosphatidylethanolamine (PE) and dioleyl-phos-
phatidylserine (PS) standards were summarized as “phospholipids”
since both had an identical Ry value in this TLC system. Note that oleyl-
CoA moieties were not recovered by this assay, as they were invariably
lost by the extraction and Ny evaporation procedures. Data are means *
SD of five replicate experiments.

significance, as only a calculated portion of 10-20% of the
total [®H]oleate uptake could be attributed to this mecha-
nism using radiolabeled dextran and sucrose.

Caveolae are 50-100 nm flask-shaped invaginations of
the plasma membrane that have an endocytotic function
(potocytosis and transcytosis) akin to that of CCV, albeit
with different substrate specificities and via different
mechanisms of trafficking (33). Both CCV and caveolae
play a crucial role in the inward and outward cellular cho-
lesterol transport (34) and target their incorporated
cargo to various intracellular pathways or transcellular
traffic from the apical (luminal) to the basolateral (paren-
chymal) side of endothelial cells (21, 25). Caveolae har-
bor a specific set of membrane proteins that can bind and
transport hydrophobic molecules like fatty acids and cho-
lesterol. CD36/fatty acid translocase (FAT), a protein that
is involved in fatty acid uptake (35), and scavenger recep-
tor class B type I, a receptor that mediates selective uptake
of cholesterol esters, reside in caveolae (36, 37). Caveolin-1
itself binds fatty acids with high affinity (38, 39) and has a
well characterized function in regulation of influx and ef-
flux of cholesterol (34, 40-42). In addition, we recently
reported that caveolae are involved in LCFA uptake and
intracellular trafficking by HepG2 hepatoma cells (43).
The data reported here establish that this mechanism is
not restricted to hepatocytes, and that in addition to cave-
olae, CCV are as well capable of transporting LCFA. In-
deed, the inhibition of [®H]oleate uptake in the early

2102  Journal of Lipid Research Volume 43, 2002

phase by inhibitors of CCV but not caveolae suggests that
CCV might become operational in LCFA uptake before
caveolae.

LCFA must interact with the endothelial cell plasma
membrane prior to their incorporation into CCV or cave-
olae. It is currently unknown if LCFA directly bind to
plasma membrane proteins with high affinity for fatty ac-
ids (e.g., CD36/FAT, caveolin-1, or fatty acid transport
protein-1) or if they bind to albumin receptor sites as
LCFA-albumin complexes. The first mechanism would re-
quire dissociation from albumin prior to receptor bind-
ing. The latter option is supported by our observation that
[methyl!*C]albumin was taken up by HMEC at equimolar
amounts compared to [®*H]oleate within the first 10 min.
This is in accordance with the observation of Galis et al.
(44), who showed that albumin-LCFA complexes are
taken up by intracellular vesicles of lung endothelial cells
with higher affinity than defatted albumin. These authors
suggested that conformational changes of albumin (e.g.,
by LCFA binding) might modify the interaction with a pu-
tative endothelial cell receptor, resulting in enhanced ve-
sicular uptake and transcytosis. The discrepancy between
the net accumulation of [*H]oleate versus [methyl-1*C]al-
bumin at the time points later than 10 min (Fig. 2) might
be due to recycling of albumin back to the extracellular
space following intracellular dissociation from LCFA. This
possibility needs to be investigated in the future using
double chamber culture systems allowing determination
of transcytosis and recycling (45).

In summary, the initial (40 s) uptake phase may include
binding of free LCFA to membrane fatty acid binding pro-
teins or LCFA-albumin complexes to putative albumin re-
ceptor sites, and the formation of CCV. In the later phase
of uptake, the steady maintenance of an extensive pool of
transport vesicles, CCV as well as caveolae, may subse-
quently sustain the uptake of large amounts of LCFA over
time.

Subcellular fractionation was performed in order to pu-
rify CCV and caveolae based on the methods used by
Fielding and Fielding (34) and Bradbury et al. (46).
These authors obtained a microsomal fraction containing
CCV and caveolae by differential centrifugation of fibro-
blasts (34) or T84 intestinal cells (46). In the present
study, [*H]oleate was found concentrated in this microso-
mal fraction following uptake by HMEC (Fig. 6). This sug-
gests shuttling of LCFA towards the microsomal fraction,
which was enriched in CCV and caveolae, was assessed by
Western blotting against the respective marker proteins
clathrin heavy chain and caveolin-1. Besides these trans-
port vesicles, the microsomal fraction as well contains ER
and Golgi membranes, to which some [3*H]oleate might
be targeted for subsequent metabolic disposition. How-
ever, thorough analysis revealed that LCFA metabolism
does not play a major role in HMEG, as >75% of intracel-
lular oleate remained unmetabolized within 10 min. This
concurs with Spahr et al. (47), who showed that coronary
microvascular endothelial cells do not depend on fatty ac-
ids as energy source. Nagelkerke et al. (5) describe that
native oleate is almost instantaneously transferred from
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liver endothelial to parenchymal cells, which then reuti-
lize the fatty acid for the synthesis of phospholipids and
triacylglycerols. Thus, endothelial cells appear to act as
LCFA providers organizing the transit of native LCFA
from the bloodstream to the underlying parenchymal
cells. The determination of LCFA transcytosis across
HMEC monolayers awaits further study using double
chamber culture systems (45).

In summary, our data indicate that LCFA uptake in

HMEC consists of both a low-capacity protein-facilitated
transport mechanism operational in the early uptake
phase followed by a novel high capacity mechanism of
LCFA traffic through caveolae and CCV that becomes pre-
dominant in the later uptake phase.fill

This work was supported by grant Str 216/11-1 from the
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