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Long-Chain Fatty Acid Uptake into Adipocytes Depends on Lipid Raft Funttion

Jirgen Pohf, Axel Ring, Robert Ehehalt,Henning Schulze-Bergkaménmrno Schac Paul Verkadd,and
Wolfgang Stremmel*

Department of Internal Medicine 1V, Ruprechts-Karls-tarisity, Heidelberg, Germany,
Department of Anatomy, Ruprechts-Karls-uhrisity, Heidelberg, Germany, and
Max-Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany

Receied September 26, 2003; Reed Manuscript Receéd December 22, 2003

ABSTRACT. This study investigates the role of lipid rafts and caveolae, a subclass of lipid raft microdomains,
in the binding and uptake of long-chain fatty acids (LCFA) by 3T3-L1 cells during differentiation.
Disruption of lipid rafts bys-cyclodextrin CD) or selective inhibition of caveolae by overexpression of

a dominant-negative mutant of caveolin-3 (B&Y) resulted in disassembly of caveolae structures at the
cell surface, as assessed by electron microscopy. While in 3T3-L1 fibroblasts, which express few caveolae,
Caw®V or BCD had no effect on LCFA uptake, in 3T3-L1 adipocytes the same treatments decreased the
level of PH]oleic acid uptake by up to 5% 8 and 49+ 7%, respectively. In contrast, cholesterol loading

of 3T3-L1 adipocytes resulted in a 4-fold increase in the extent of caveolin-1 expression and a 1.7-fold
increase in the level of LCFA uptake. Both the inhibitory and enhancing effects of these treatments were
constantly increasing with théH]oleic acid incubation time up to 5 min. Incubation of 3T3-L1 adipocytes
with [3H]stearate followed by isolation of a caveolin-1 positive detergent-resistant membrane (DRM)
fraction revealed thafH]stearate binds to caveolae. Fatty acid translocase (FAT/CD36) was found to be
present in this DRM fraction as well. Our data thus strongly indicate a critical involvement of lipid rafts
in the binding and uptake of LCFA into 3T3-L1 adipocytes. Furthermore, our findings suggest that caveolae
play a pivotal role in lipid raft-dependent LCFA uptake. This transport mechanism is induced in conjunction
with cell differentiation and might be mediated by FAT/CD36.

Long-chain fatty acids (LCFA)represent major energy- are a subclass of lipid rafts forming characteristic flask-
providing substrates for the human body and are involved shaped invaginations that can be distinguished by electron
in a variety of cellular processes, including membrane microscopy. They represent a specialized membrane domain
synthesis, transcriptional regulation, and intracellular signal- formed through coalescence of raft domai@sand recruit-
ing (1, 2). Given these roles, control of their intracellular ment of caveolin-1, the major structural protein of caveolae.
concentrations through careful regulation of their cellular Caveolae are dynamic structures that can bud from the
uptake and efflux is a necessity. Cellular uptake of LCFA plasma membrane, forming cytoplasmic vesicles involved
occurs by both a saturable mechanism that might be carrier-both in receptor-mediated uptake of solutes into the ¢€)l (
mediated and a nonsaturable mechanism representing passivand in transcytosis through the celllj. Although caveolae
flip-flop (3). Recent findings imply that lipid rafts might be  are found in many cell types, they are especially abundant
involved in regulating LCFA uptakel{-7). Rafts are lateral  in adipocytes, where they account for up to 25% of the
assemblies of sphingolipids and cholesterol in the plasmasurface area of the plasma membrah® (In differentiated
membrane that function as platforms to which distinct classes 3T3-L1 adipocytes, caveolae are often clustered into ringlike
of proteins are specifically associated. On the basis of their arrays (caveolae rosettes) associated with actin filaments,
particular properties as detergent-resistant membranes, lipidforming a Cav-actin structure 13). As 3T3-L1 cells dif-
rafts can be isolated from cell lysates (DRM8).(Caveolae  ferentiate and acquire the adipocyte phenotype, the number
of caveolae increases10-fold (14) and the level of protein
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Whereas it is not known if FATP-1 or FABR is located replaced with fresh FCS and DMEM containing insulin.
in a specific plasma membrane microdomain, several reportsAdipocytes were refed with FCS and DMEM every 72 h,
suggest that in some tissues FAT/CD36 is colocalized with and utilized for experiments-8L0 days postdifferentiation.
caveolin-1 and resides within caveolag 21). Caveolin-1 Evaluation of the Viral VectorAn adenovirus encoding
was identified as a major plasma membrane fatty acid bind- a dominant-negative caveolin-3 mutant €8¥ that was
ing protein in adipocytes that can saturably bind LCFA with epitope-tagged with a C-terminal HA tag was generated by
high affinity (20). Furthermore, caveolin-1 has a well- Lahtinenet al. (27). Differentiated 3T3-L1 cells were grown
characterized function in the transport of cholesterol to the in chamber slides and were incubated with the adenovirus
cell surface 22), and protein expression was shown to be with a multiplicity of infection (moi) of 16-200 plaque-
regulated by cholesterol level23). Caveolae morphology  forming units/cell in serum-free mediumrfd h at 37°C,
and function critically depend on a sufficient level of cho- followed by growth in complete medium for 1 day. After-
lesterol in the plasma membrankl). Therefore, to inhibit ~ ward, cells were processed for immunofluorescence micros-
caveolae function, many previous investigators employed copy and stained with an HA tag. To achieve an infection
cyclodextrin which is known to deplete the plasma membrane rate of more than~70%, we determined the optimal moi
from cholesterol 11, 24, 25). However, besides caveolae, value to be~100. This moi value was used for infection in
cyclodextrin might also inhibit other lipid raft microdomains. all subsequent experiments. Infections were performed 1 day
Very recently, Pol and co-worker2@) reported a new and  prior to functional assays.
specific tool for inhibiting caveolae formation and function. Indirect ImmunofluorescenceT3-L1 adipocytes were
It was shown that deletion of the N-terminus of caveolin-3 washed three times in PBS, fixed in 2% paraformaldehyde,
results in a dominant-negative protein (termed Cdythat, and labeled with antibodies to the HA tag (4 h at a dilution
when overexpressed, prevents the formation of the largeof 1:200 at 4°C). The Cy-3-conjugated secondary antibody
caveolin-t-caveolin-2 hetero-oligomeric complexes and was applied fo2 h at 4°C diluted 1:500 in 0.05 mmol/L
leads to the intracellular retention of caveolin-2 and the Tris-HCI (pH 7.4).
disappearance of caveolae in MDCK cel®¥, Electron Microscopy3T3-L1 adipocytes on 5 cm diameter

In this study, we investigated the role of lipid rafts in the Pplastic dishes were washed and fixed on ice in 0.5%
uptake of LCFA in 3T3-L1 cells by modification of cellular ~ glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and
cholesterol content, by overexpression of the dominant- subsequently stored in 2% glutaraldehyde. Cells were then
negative caveolin-3 mutant C&, and by disruption of the ~ washed in buffer, postfixed fdl h in 1%aqueous reduced
Cav—actin structure by actin-depolymerizing agents. Fur- osmium, and dehydrated through a graded series of ethanol.
thermore, we studied binding of LCFA to caveolin-1 positive Afterward, cells were treated with hydroxypropyl metacrylate

DRM fractions and localization of FAT/CD36 to these (Fluka), embedded in Epon for ultramicrotomy. Sections
fractions. (50—-60 nm) were collected on Carbon-Formvar-coated

copper grids and stained with uranyl acetate and lead citrate
before electron microscopical analysis. For assessment of
the number of caveolae, dishes with an infection frequency

MATERIALS AND METHODS

[®H]Oleic acid, PH]stearate, and'fC]octanoic acid were
purchased from Biotrend (Cologne, Germany). Fatty acid-
free BSA (fraction V) S-cyclodextrin, methyjs-cyclodextrin,

of >95% were analyzed.
Uptake Assays foPH]Oleic Acid, [*H]Stearate, and {'C]-
OctanoateThe PH]oleic acid uptake assays were performed

dexamethasone, phloretin, EGTA, leupeptin, pepstatin, chy-as described previouslys) using confluent 3T3-L1 cell
mostatin, and nonradioactive oleic acid and stearate weremonolayers. Briefly, trace amounts dHJoleic acid mixed

purchased from Sigma Chemical Co. (St. Louis, MO).
Ultima-Gold scintillation fluid was purchased from Packard
(Groningen, The Netherlands). 3-Isobutyl-1-methylxanthin,
latrunculin A, and cytochalasin were from Calbiochem (Bad

with measured quantities of nonradioactive oleic acid were
dissolved in a defatted BSA solution (1z#ol/L) at a ratio

of 1; 1.3 mL of the oleate/BSA solution was incubated with
each 3T3-L1 cell monolayenia 5 cm @culture dish at 37

Soden, Germany). The mouse antibody against the humarrC, The uptake was stopped by removal of the solution
transferrin receptor was from Zymed. The antibody against followed by addition of 5 mL of an ice-cold stop solution

caveolin-1 was from BD Transduction (Heidelberg, Ger-
many), and the antibodies against FAT/CD36 #hdctin
were from Santa Cruz Biotechnology (Santa Cruz, CA). The
rabbit polyclonal antibody against hemagglutinin (HA) was
a kind gift from T. Nilsson (EMBL, Heidelberg, Germany).

Cell Culture.3T3-L1 fibroblasts were obtained from the
American Type Culture Collection (Rockville, MD) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FCS,
Gibco BRL), 2 mM.-glutamine, 100 units/L penicillin, and
100 ug/L streptomycin at 37C in 10% CQ and passaged
at~70% confluence. Confluent fibroblasts were induced to
differentiate 1 day after reaching confluence by addition of
DMEM containing 10% (v/v) FCS, g/mL insulin, 0.25
mM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine,
and 100 ng/mLp-biotin. After 72 h, the medium was

containing 0.5% (w/v) albumin and 2QfM phloretin. The
stop solution was discharged after 2 min, and the culture
dishes were washed by dipping them six times in ice-cold
incubation buffer. NaOH (2 mol/L) was added to lyse the
cells, and aliquots of the lysate were used for protein and
radioactivity determination. Radioactivity was determined
after the addition of 10 mL of Ultima-Gold in a 1217
Rackbeta liquid scintillation counter (LKB-Wallac, Turku,
Finland). Uptake of J*Cloctanoate and®H]stearate was
investigated under conditions similar to those fii]pleate.
Separation of Cellular Lipids by Thin-Layer Chromatog-
raphy (TLC).The incorporation ofJH]oleate into cellular
lipid pools was assessed after incubation with L7ol/L
[®H]oleate/albumin mixture (1:1 molar ratio) with 3T3-L1
cell monolayers. Following lysis of 3T3-L1 cells with 1
mol/L NaOH, 0.6 mL of the cell lysate was mixed with 5.4
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mL of a chloroform/methanol mixture (2:1, v/v) for the To quantify the uptake of cholesterol, trace amounts of
extraction of lipids according to the method of Folehal. [®H]cholesterol were added for the indicated lengths of time.
(28). TLC was performed as described by Holehoasal. Lipids were extracted from washed cell monolayers using
(29) to separate specific classes of lipids. Standards of 2-propanol as previously describe®llf, and the amount of
monoolein, diolein, triolein, cholesteryl oleate, and free oleate [®*H]cholesterol incorporated into cells was determined by
were spotted onto silica gel plates at 2§ per lane. The  liquid scintillation counting. The quantitation of the incor-
lipid phase obtained from the 3T3-L1 cell lysates was porated cholesterol mass from thegMD—cholesterol
concentrated under an,Nstream and spotted over the complexes was calculated on the basis of the specific activity
standards. The plates were developed in a hexane/diethylof the cholesterol in the complex.

ether/acetic acid mixture (80201, V/V/V) to a helght of 15 |Isolation of Detergent-Resistant Membran%tergent
cm. Lipid standards were stained withvapor. The areas  extraction with CHAPS was performed as described previ-
of each lane corresponding to lipid standards were scrapedouysly (32). 3T3-L1 cells grown in five 225 ctissue culture
into a scintillation vial for measurement of radioactivity. At  flasks were rinsed with ice-cold PBS and scraped on ice into
least one control lane per plate contained lipid standards and300/,¢L of 25 mM Tris-HCI (pH 7.4), 150 mM NaCl, 3 mM
cellular lipid extracts from cells incubated in medium without EDTA (TNE) buffer containing leupeptin, pepstatin, chy-
[*H]oleate. Control lanes were scraped and the contentsmostatin, and antipain (each at 2/mL). Cells were
counted to determine the background radioactivity for each homogenized 15 times through a 22 gauge needle followed
lipid area, and the mean background radioactivity was py 10 strokes with a tight fitting Dounce homogenizer. The
subtracted from individual lipid areas. The relative distribu- lysate was centrifuged for 5 min at 3000 rpm to obtain a
tion of [*Holeate in specific cellular lipid classes was postnuclear supernatant, which was subjected to extraction
determined as the [lipid area (counts per minutejnean  wijth 20 mM CHAPS in TNE buffer on ice. The extracts
backgroud (counts per minute)]/(sum of counts per minute were adjusted to 40% sucrose and overlaid with a discon-
per lane). tinuous sucrose gradient (6 mL of 30% sucrose in TNE or 2
Semiquantitatie Measurement of the Lel of 12-NBD  mL of TNE without sucrose). The gradients were centrifuged
Stearate Uptake Using Laser Scanning Microscopy (LSM). at 20000@ in a Beckman SW41 rotor for 1622 h at 4°C.
This method was performed exactly as recently described Fractions (1 mL each) were obtained and used for liquid
by us in detail 4). Briefly, slides with cultured 3T3-L1  scintillation counting and Western blotting.
adipocyte monolayers were placed on the stage of an upright \yester Blot Analysis3T3-L1 cells were lysed in 50
LSM 310 microscope (Zeiss, Oberkochen, Germany) and o1/ Tris-HCI (pH 7.4) containing 1% Triton X-100, 150
superfused with HEPES-buffered saline [135 mmol/L NacCl, mmol/L EDTA, and antiproteases (1 mmol/L PMSFyugd/

5 mmol/L. KCI, 0.8 mmol/L MgSQ, 0.12 mmoliL CaGj, mL pepstatin, and Lg/mL leupeptin). The protein concen-
0.8 rr;/moI{L NaHPQ, 19 mmoI/L HEPES (pH 7.4), ?/nd 5 tration was qguantified by the Bradford procedure (Bio-Rad).
mmol/L glucose] containing 12-NBD stearate (2810l/L) Fifty micrograms of total cell protein lysate was separated

and albumin (17%mol) at a rate of 40 mL/min. Individual by 12% SDS-polyacrylamide gel electrophoresis (SBS
3T3-L1 adipocytes were identified with a APlan-Neofluar — paGE) and transferred to nitrocellulose membranes. Pon-

multi-immersion objective lens (numerical aperture of 0.9) qe4,,.S staining was used to confirm equal loading. The origin
(Zeiss) by conventional light microscopy. The system was ¢ yhe antinodies is specified in Materials and Methods.

then switche_d to the frame '.“Ode' and a confocal picture WaSAntibody binding was visualized using the ECL reagents
generated with the 488 nm line of the argon laser (attenuat'on(Amersham).

of 10) for uptake studies with 12-NBD stearate. The emission
light was recorded with a photomultiplier after passing rgsyLTS
through a 525565 nm band-pass filter under manual gain
and black level control. After incubation for 5 min, the BCD and CaP®V Inhibit the Formation of Caeolae in
fluorescence intensity in a “region of interest” within the 3T3-L1 Cells.To study the significance of lipid rafts for
cytosol was recorded as arbitrary units, with zero units being LCFA uptake, we used two inhibitors of lipid raft function:
the background fluorescence of HEPES-buffered saline. SCD and the dominant-negative mutant of caveolin-3
Manipulation of Cellular Cholesterol ContenCellular designated C&#V. The effects of both inhibitors on caveolae
cholesterol content can be modulated by treatment with morphology in differentiated 3T3-L1 cells were assessed by
MpCD—cholesterol complexes at various molar ratios, electron microscopy (Figure TAD), in which caveolae were
resulting in either cholesterol enrichment or depletion. recognized by their 5680 nm flask-shaped structure as
Cholesterol loading of mature 3T3-L1 adipocytes with a 5 described previously8]. SCD is a sterol-binding agent
mM MpJCD—cholesterol solution with a molar ratio of 8:1 known to disassemble adipocyte caveolae by cholesterol
or 16:1 was carried out as described by Chrisgaal. (30). depletion of the plasma membran24). While in control
In brief, solutions with different concentrations of 32D cells caveolae associated with the cell surface were found
in DMEM were stirred at 37C overnight with cholesterol,  in abundance (Figure 1A,BpCD treatment (10 mM for 30
and then filtered through a 0.4&n filter (Millipore, Bedford, min at 37 °C) resulted in the total loss of morphological
MA) to remove cholesterol crystals. 3T3-L1 adipocytes in recognizable invaginated caveolae (Figure 1C). Overexpres-
tissue culture dishes were incubated with 2 mL g8GD— sion of CaVP®V is a recently described tool for selective
cholesterol complexes for different time intervals in DMEM inhibition of caveolae formation. Figure 1D shows that
at 37°C. At each time point, monolayers were washed three overexpression of C&¢" via an adenovirus system markedly
times with DMEM and thereafter used foH]oleate uptake  diminished the overall number of caveolae at the cell surface
assays. of 3T3-L1 cells. However, some segments of the surface with
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Ficure 1: Loss of caveolae in cholesterol-depleted 3T3-L1 cells-) Representative surface segments of 3T3-L1 adipocytes analyzed

by electron microscopy. Control cells (A and B) show numerous invaginations on the cell surface. Panel A represents an oblique cut of the
cell surface. Panel B shows the ultrastructure of caveolae with the typical bulb shape and characteristic size. In contrast, cells treated with
SCD (10 mM for 40 min at 37C) (C) demonstrate the disappearance of caveolae. Panel D shows a representative surface of cells treated
with CaP®V. The number of caveolae was markedly diminished. The scale bar repregentspanels A, C, and D and 0/6n in panel

B. Indirect immunofluorescence with anti-HA antibodies revealed that HA-tagge®P€axas mainly located on spherical structures in the
perinuclear region (E). Panel F shows a control that was stained for the HA tag without prior infection by adenovirus. No specific signal
can be detected.

normal morphology of caveolae could still be detected. tag without prior infection by the adenovirus. No specific
Immunostaining with antibodies to the HA tag demonstrated signal could be detected.

that~85% of the cells expressed &Y. CaWw®V was mainly Effect of Inhibitors of Lipid Raft Function on LCFA
located on spherical structures in the perinuclear region Uptake.ln immature 3T3-L1 fibroblasts, the time dependence
(Figure 1E), a pattern similar to previous reports demonstrat- of [°H]oleate uptake revealed a nearly linear relationship over
ing Caw®¥ on the membrane of perinuclear lipid droplets the course of 10 min (Figure 2A). Inhibition of lipid raft
and the Golgi complex in BHK cell26) and MDCK cells function by SCD (30 min at 10 mmol/L) or C&#Y had
(27). Figure 1F shows a control that was stained for the HA minimal effects oniH]oleate uptake. In contrastH]oleate
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FicUrRE 2: Time-dependent effects of lipid raft inhibitors oit]-
oleate uptake. 3T3-L1 fibroblasts (A) and adipocytes (B) were either
not pretreated<), pretreated wittBCD (10 mM for 50 min at 37
°C) (m), or infected with an adenovirus encoding &Y (O).
Afterward, cells were incubated witdH]oleate for the indicated
time, followed by determination of the amount of radioactivity
incorporated. Data are meads the standard deviation of three
independent experiments with 10 replicates each.

uptake was appreciably faster in fully differentiated 3T3-L1
adipocytes than in fibroblasts (Figure 2B). The time course
of [*H]oleate uptake at a concentration of 1i#Z®0l/L was
linear over the course of 40 s, representing initial influx and
decreased influx thereafter (inset of Figure 2). Unlike in
fibroblasts, cholesterol depletion in mature adipocytes re-
duced the rate of uptake ofH]oleate in a time-dependent
manner; while uptake was only minimally affected in the
early (<1 min) uptake phase, in the 5 min incubation
experiments it was reduced to 457 and 51+ 7% of control
values bySCD and CaVb®V, respectively (Figure 2B). To
test the reversibility of theSCD effects, fCD-treated
3T3-L1 adipocyte monolayers were replenished with cho-
lesterol by incubation with ACD—cholesterol complexes
(5 mM, 8:1 molar ratio) for different periods of time. Figure
3A shows that (a) the inhibitory effect of cholesterol
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Ficure 3: Effects of cholesterol manipulation, latrunculin A, and
cytochalasin D on uptake oftijoleate. (A) Differentiated 3T3-L1
cells were pretreated withCD for the time periods indicated on
the x axis followed by determination of the level dH]oleic acid
accumulation over the course of 5 min. To test the reversibility of
the inhibition, cells were washed and replenished with medium
containing the MCD—cholesterol structure (5 mM, 8:1 molar ratio)
at the time point denoted with the black arrow. (B) Pretreatment
of cells with latrunculin A (1 h, 2Qtmol) or cytochalasin D (1 h,

1 umol) resulted in a significant reduction in the rate #fJoleate
uptake over the course of 5 min. Graphs show the percentage of
radioactivity accumulation compared to controts100%). The
asterisks indicate statistical significand® € 0.05).

selective for LCFA since it had no effect on the uptake of
[**Cloctanoate (0.56t 0.1 nmol/mg of protein in3CD-
treated cells vs 0.5 0.06 nmol/mg of protein in controls),

a medium-chain fatty acid believed to enter cells by mech-
anisms different from those that are operational in the uptake
of free fatty acids with a chain length of more than 11
carbons 83). Caveolar internalization is dependent on actin
(34). While SCD disrupts both lipid rafts and Cawactin
structures, actin-depolymerizing agents such as latrunculin
A and cytochalasin D are known to selectively disrupt the
Cav—actin structure without significantly affecting the orga-
nization of caveolae in 3T3-L1 adipocytek3]. Latrunculin

depletion was dependent on the duration of preincubation A (1 h, 20umol) and cytochalasin D (1 h, Amol) reduced

with SCD and (b) cholesterol loading resulted in restoration
of normal PH]oleic acid uptake levels in 3T3-L1 adipocytes.
To investigate iffCD does reduce the rate of uptake of
not only oleate but also other LCFA, we investigated the
uptake of fH]stearic acid afteCD preincubation and found

the rate of late phaséH]oleate uptake to 35.% 7.4 and
40.4+ 7.3% of the control value, respectively (Figure 3B).
These results show that in differentiated 3T3-L1 adipocytes
lipid rafts constitute an uptake pathway that is dependent
on the actin cytoskeleton and is specific for LCFA and

a 44.0% reduction of the rate of uptake over the course of 5 predominantly active in the late phase of uptake. Thus, we

min [82.8+ 15.5 pmol (mg of protein) min~tin the 3CD-

treated cells compared to 14798 30.9 pmol (mg of
protein)* min~tin the controls | < 0.01)] after incubation
for 5 min. However, the effect ofCD treatment was

focused on 5 min incubation experiments to further charac-

terize this lipid raft-mediated LCFA uptake mechanism.
Intracellular Metabolism of JH]Oleate. Since cellular

uptake of substrates can be regulated by intracellular
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Table 1: Intracellular Metabolism oftfi]Oleate®
control (counts/mg of protein) (%) BCD (counts/mg of protein) (%) C8&6GV (counts/mg of protein) (%)

total counts 3802@ 4580 (100+ 11.9) 17348t 1387 (100 8.1) 21428+ 1628 (100 7.6)
free oleate R = 0.30) 1824+ 458 (4.8+ 1.2) 537+ 433 (3.1+ 2.5) 1264+ 686 (5.9+ 3.2)
monoolein R = 0.03) 7033t 3916 (18.5+ 10.3) 1734+ 1405 (10.0+ 8.1) 4371+ 121 (20.4+ 8.5)
diolein (R = 0.20) 8896+ 1939 (23.4+ 5.1) 4857+ 1769 (28.1+ 10.2) 4735+ 2185 (22.1+ 10.2)
triolein (R = 0.73) 11253t 5703 (29.6+ 15.0) 6418+ 2151 (37.0+ 12.4) 6642+ 1907 (31.0% 8.9)
cholesteryl esterR; = 0.87) 6273+ 2129 (16.5+ 5.6) 1543+ 1075 (8.9+ 6.2) 2635+ 1864 (12.3+ 8.7)
unidentified 2737+ 2243 (7.2+£ 5.9) 2255+ 1509 (13.0+ 8.7) 1778+ 1371 (8.3 6.4)

aTo investigate LCFA metabolism in control cells and cells treated g@B or Caw®V, 3T3-L1 cell monolayers were incubated in serum-free
medium with 173umol/L oleate with fH]oleate tracer bound to 178mol/L albumin for 5 min. 3T3-L1 cells were lysed followed by extraction
of the lysate according to the method of Folehal. (28). The lipid phase was separated by TLC using hexane, diethyl ether, and acetic acid
(80:20:1, v/viv) as the 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 percentatig]aéfte in lipid classes was calculated as (lipid area counts per minute
mean background counts per minute)/(sum of counts per minute per lane). Since the solvent front was allowed to reach the upper edge of the TLC
plate, thetr values were calculated using the distance from the origin to the upper edge of the plate as the denominator. Data fretamekand
deviations of five replicate experiments.

metabolism, it is theoretically conceivable tha€D and significant increase in the rate oH]oleate uptake in cells
Caw® might exert their inhibitory effects on intracellular pretreated fo6 h with a M3CD—cholesterol solution at a
LCFA accumulation by interference with LCFA metabolism, molar ratio of 8:1 and, to a lesser degree, of 16:1.

e.g., by preventi_ng esterification.Ther_efore, we analyzed _the Binding of PH]Stearate to Detergent-Resistant Mem-
cellular fate of incorporated fatty acid and found that in pranes.One possible explanation for the observation that
lysates from control cells or cells treated with eittfkeD disruption of caveolae results in a diminished level of LCFA
or Ca®¥ more than 90% were recovered metabolized to accumulation is that LCFA uptake might involve direct
various lipid derivatives within the first 5 min of the binding of LCFA to lipid raft membrane constituents. To
incubation (Table 1). The relative amount of radioactively further investigate this possibility, we isolated DRMs by
labeled monoolein, diolein, triolein, cholesteryl oleate, and CHAPS extraction using differentiated 3T3-L1 adipocytes
free oleate was comparable in controls and treated cells. Topreincubated with3H]stearic acid. Following CHAPS treat-
further rule out interference of lipid raft inhibitors on LCFA  ment of postnuclear supernatants and sucrose density gradient
metabolization, we assessed the uptake of 12-NBD stearatecentrifugation, the DRMs float to the low-density mem-
a fluorescent LCFA derivative that is not metabolizéd ( prane fraction in a cholesterol-dependent manner. Therefore,
35). We previously described a semiquantitative, LSM-based pesides caveolae, DRM fractions include all different kinds
method of visualizing and quantifying the uptake of 12-NBD  of lipid raft microdomains. As shown in Figure 5A, caveo-
stearate on a subcellular level. Here we used this method tojin-1 was exclusively located in the upper (DRM) fractions,
measure fluorescence intensity in a previously defined while the transferrin receptor (a marker protein of detergent-
cytosolic region of interest in a single cell as arbitrary units soluble membranes) was present in only the lower fractions.
after incubation for 5 min. Following pretreatment witt D Pretreatment with3CD resulted in a nearly complete
or Caw®, the rate of uptake of 12-NBD stearate into abolishment of the buoyant fraction and displacement of the
adipocytes was decreased to 46:®.1 and 55+ 8.9% of  caveolin-1 peak into fractions-% (data not shown).

control levels, respectively. Therefore, the nonmetabolizable Figure 5B shows the distribution cH]stearic acid over
fatty acid derivative 12-NBD stearate is inhibited to a degree ¢ gitferent sucrose gradient fractions. A peak of radioactiv-
similar to that of native Hloleic acid and {H]sé\e/:arlc acid- ity in the DRM fraction suggests thaH]stearic acid indeed
Given these results, it appears tfiglD or CaP=" does not binds to lipid rafts. As expected, this association was lost

interfere with the inFraceIIgIar metabolism of fatty acids.  \\hen cells had been pretreated WR@D prior to incubation
Cholesterol Loading StimulatesH]Oleate Uptake.To with [3H]stearic acid.

further investigate the association of cellular cholesterol A< ciation of EAT/CD36 with DRM30 further inves-
content with LCFA uptake, we performed cholesterol loading tigate the role of lipid rafts in LCFA uptake, we studied the

Of. 3T3-L1 adipocytes. 3T3-L1 adipocytes were pretrgated subcellular expression of FAT/CD36 in 3T3-L1 adipocytes.
with MSCD—cholesterol complexes at molar ratios of either Figure 6 shows that FAT/D36 is expressed in caveolin-1-

?:1 (t)rc}6:%[r<]:on_'t[ﬁ|n|ng ':ra;_ce al;nounts ?jﬂIchcﬂezterptlr.] Ce(l}:fsl enriched fraction 11 (compare Figure 5) as well as in the
reated with €ither sofution became enriched with radiola- non-lipid raft fractions. However, our results do not dif-

beled cholesterol over time, but this effect was significantly ferentiate between plasma membrane and endomembrane
more pronounced after treatment with the 8:1 ratio (Figure o, ession in either the lipid raft- or detergent-soluble
4A). Western blot analysis and densitometric scanning membrane fraction

revealed that incubation with S€D—cholesterol complexes

resulted in a 4-fold increase in the level of caveolin-1 pscussioN

expression that paralleled the degree of cholesterol ac-

cumulation (Figure 4B). In further experiments, we measured We recently reported that lipid rafts are involved in LCFA
the rate of fH]oleate uptake after pretreatment of cells with uptake and intracellular trafficking of HepG2 hepatoma cells
nonradioactive cholesterol loading solutions (Figure 4C). (4) and human microvascular endothelial ceB$ @T3-L1
While there was no influence ofH]oleate uptake in the 20  cells seemed to be an ideal model for further investigating
s experiments, after incubation for 5 min we observed a this new concept of LCFA uptake. We reasoned that if a
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Ficure 4: Cholesterol loading of 3T3-L1 adipocytes. Panel A
shows PH]cholesterol accumulation in 3T3-L1 adipocytes. Cells
were incubated with®H]cholesterol complexes of BCD (5 mM)
with a molar ratio of either 8:1€) or 16:1 (J) for a total of 6 h.
At each time point, the amount of incorporated cholesterol from

the MGCD—cholesterol complexes was calculated on the basis of

the specific activity of fH]cholesterol in the complex. (B) Western
blot analysis revealed that incubation with[cholesterot-M3CD
complexes was paralleled by significant induction of caveolin-1

expression that correlated with the degree of cholesterol accumula:

tion. In contrast, levels off-actin were not affected by this
treatment. A total of 2(«g of protein was applied per lane. Panel
C shows incorporation of3H]oleate in control cells and in
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Ficure 5: Isolation of a lipid raft-enriched membrane fraction. (A)
CHAPS-insoluble lipid rafts were separated from soluble mem-
branes on sucrose gradients and immunoblotted with antibodies to
the transferring receptor (TfR) or caveolin-1. A peak of caveolin-1
was detected in fractions-8.1 of the gradient, while the peak of
the transferring receptor, representing the majority of the cell
membranes, was detected in fractions5l Representative blots
from six separate experiments are shown. (B) Bindingtdfdtearic

acid to lipid rafts. After incubation for 5 min witt#iH]stearic acid,
differentiated 3T3-L1 cells were exposed to an ice-cold stop solution
containing 0.5% (w/v) albumin and 2@ phloretin. Afterward,
cells were lysed, and CHAPS-insoluble lipid rafts were separated
from soluble membranes on sucrose gradients. The amount of
radioactivity associated with the fractions was determin@dl (
There was a peak of radioactivity cofractionating with caveolin-1,
indicating binding to lipid rafts. This peak was lost when cells were
incubated with3CD prior to PH]stearic acid incubatiori{). Data

are meanst the standard deviation of three independent experi-
ments with 10 replicates each.
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Ficure 6: Western blot analysis of FAT/CD36. Typical results of
the Western blot analysis of DRMs isolated from 3T3-L1 adipocytes
are shown. FAT/CD36 is present in caveolin-1-enriched fraction
11 (see Figure 5).

of caveolae structures and a time-dependent reduction of
oleate and stearate incorporation, while uptake of octanoate
was not affected. These findings suggest a lipid raft-mediated
uptake mechanism that is selective for LCFA and operational
predominantly in the later uptake phase. Furthermore, since
CawCV overexpression specifically blocks caveolae, our

3T3-L1 adipocytes that were exposed to cholesterol loading with results suggest that caveolae play a pivotal role in this lipid

the indicated molar ratios of BCD—cholesterol complexes. Data
in panels A and C are meanis the standard deviation of three

experiments with eight replicates each. The asterisks indicate

statistical significanceR < 0.05).

raft-mediated pathway. However, complete disruption of the
lipid raft structure was not necessary for inhibition of LCFA
uptake since an inhibitory effect of the same magnitude was
afforded by disrupting the Caactin structure using actin-

lipid raft-mediated LCFA uptake mechanism existed, it was depolymerizing agents, which do not interfere with the DRM

likely to be strongly induced in 3T3-L1 adipocytes dif-

membrane structurelB). Therefore, we assume that the

ferentiating according to a program which maximizes cavelae DRM function pertinent to LCFA uptake is at least in part
expression as well as LCFA accumulation. This study repre- associated with the filamentous actin cytoskeleton. Modula-
sents the first biochemical description of a novel LCFA up- tion of LCFA metabolism by inhibitors of lipid raft function
take pathway that is induced during adipocyte differentiation is not likely to interfere with LCFA uptake in our experi-
and involves lipid rafts. The experimental evidence is based mental system since accumulation of the nonmetabolizable
on both modulation of lipid raft function and labeling of a fatty acid derivative 12-NBD stearate occurred to a degree
caveolin-1 positive DRMs fraction by radioactive stearate. comparable to the degree of inhibition of native fatty acids.
Removal of cholesterol from the plasma membrane by Furthermore, esterification of LCFA was not hampered by
BCD and overexpression of C&% resulted in disassembly  treatment with inhibitors. While in 3T3-L1 adipocytes
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cholesterol depletion resulted in a decreased rate of LCFAthis study, the intracellular movements of LCFA were not
uptake, loading cells with cholesterol increased the level of investigated.

LCFA accumulation in the later uptake phase and was (2) Alternatively, LCFA might interact with FAT/CD36
paralleled by strong induction of caveolin-1 expression. This or other fatty acid transport or binding proteins that reside
is in line with findings of previous investigators, who found in lipid rafts and initiate facilitated transport or passive flip-
that caveolin-1 expression is under positive control of cellular flop of LCFA across the lipid bilayer. Subsequently, caveo-
cholesterol levels23) and that caveolin-1 expression in lin-1, which is situated at the inner leaflet of the lipid bilayer,
cholesterol-loaded cells drives caveolae formati).(The might bind LCFA and either act as an intracellular vehicle
importance of cellular cholesterol content and lipid raft for LCFA tranport or serve as a buffer that presents LCFA
function for LCFA uptake has been suggested by Kolleck to cytoplasmatic fatty acid binding proteins for further
et al (7), who demonstrated that in type Il pneumocytes intracellular channeling. Indeed, there is a growing body of
cholesterol loading induces formation of caveolae-like mi- evidence of the involvement of caveolin-1 in fatty acid uptake
crodomains in the surface membrane and stimulates uptakeand intracellular trafficking. Caveolin-1 moves from plasma
of palmitate. The involvement of caveolae in LCFA uptake membrane caveolae to lipid droplets in response to free fatty

in vivo is supported by the data recently reported by Razani
and co-workers®), who showed that caveolin-1 deficient

acids @6, 40) and might therefore shuttle LCFA between
subcellular membrane compartments. Moreover, recent find-

mice demonstrate a loss of caveolae and develop severelyings indicate that caveolin-1 plays an important role in CD36/

elevated triglyceride and free fatty acid levels. Furthermore,
mutant mice exhibit overt resistance to diet-induced obesity,
and histologically, adipocytes have smaller lipid droplets.
This indicates that the lack of caveolin-1 results in the loss
of caveolae and defects in LCFA uptake or regulation.

However, the exact mechanism of lipid raft-mediated
uptake is not known. Our results show that LCFA directly
bind to DRMs and that FAT/CD36, a major LCFA uptake
protein of adipocytes1@), is expressed in DRMs. This
finding is in line with recent reports about type Il pneu-
mocytes {) and HEK-293T cells 21), where FAT/CD36
was shown to reside in DRM fractions. When stimulated,
FAT/CD36 can translocate from an intracellular depot to the
plasma membrane3() and enhance LCFA uptake in
adipocytes19). We at present are investigating if FAT/CD36
is localized in intracellular nonraft depots, from where it
might be translocated to lipid rafts at the plasma membrane
level upon stimulation.

On the basis of our data, we propose that at least two
distinct pathways of LCFA uptake coexist in 3T3-L1
adipocytes: (a) a rapid, lipid raft-independent mechanism
that is operational predominantly in the first minute of uptake
and (b) a slower, lipid raft-mediated route that becomes

predominant over time. The early and rapid mechanism most

probably represents a carrier-mediated high-affinity but low-
capacity transport that might be facilitated by a classical fatty

acid transport protein of the plasma membrane. There are at

least two alternative mechanisms that could contribute to the
crucial role of lipid rafts in the low-affinity and high-capacity
LCFA transport pathway uptake.

(1) LCFA might bind to FAT/CD36 or other not yet
identified transport proteins that are located in caveolae,
followed by actin-dependent internalization of caveol3®.(
This concept is supported by the finding that LCFA uptake
is inhibited by actin-disrupting agents.

Furthermore, since uptake by endocytosis is a relatively
slow process, this mechanism could explain why interference
with lipid raft function predominantly affects the late uptake
phase of LCFA. Although caveolae are probably not involved
in constitutive endocytosis38), internalization of these
microdomains can be stimulated by binding of specific
ligands, e.g., albumir3@). This is in line with our previous
studies on LCFA uptake in HepG2 cells and microvascular
endothelial cells 4, 5) that suggested endocytosis and
intracellular transport of LCFA via caveolae. However, in

FAT functioning and regulation, since caveolin-1 induces
targeting of FAT/CD36 to the plasma membra2é)(

In conclusion, our findings strongly support the hypothesis
of a lipid raft-dependent LCFA uptake mechanism that is
induced in 3T3-L1 cells during differentiation from fibro-
blasts to adipocytes. This mechanism apparently involves
binding of LCFA to lipid rafts, potentially via FAT/CD36.
Furthermore, the sensitivity of LCFA uptake to selective
inhibition of caveolae by C&#" points to a crucial role of
this microdomain in the lipid raft-mediated pathway. Since
caveolae are involved in insulin signaling and might regulate
translocation of GLUT-4 to the cell surfac4 41), further
investigation of caveolae-mediated LCFA uptake may have
important consequences for furthering our understanding of
the relation between fatty acid metabolism and insulin
resistance.
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