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SUMMARY
How dietary fatty acids are absorbed into the enterocyte and transported to the ER is not
established. We tested the possibility that caveolin-1 containing lipid rafts and endocytic vesicles
were involved. Apical brush border membranes took up 15% of albumin bound 3H-oleate whereas
brush border membranes from caveolin-1 KO mice took up only 1%. In brush border membranes,
the 3H-oleate was in the detergent resistant fraction of an OptiPrep gradient. On OptiPrep
gradients of intestinal cytosol, we also found the 3H-oleate in the detergent resistant fraction,
separate from OptiPrep gradients spiked with 3H-oleate or 3H-triacylglycerol. Caveolin-1
immuno-depletion of cytosol removed 91% of absorbed 3H-oleate whereas immuno-depletion
using IgG, or anti-caveolin-2 or −3 or anti-clathrin antibodies removed 20%. Electron microscopy
showed the presence of caveolin-1 containing vesicles in WT mouse cytosol that were 4 fold
increased by feeding intestinal sacs 1 mM oleate. No vesicles were seen in caveolin-1 KO mouse
cytosol. Caveolin-1 KO mice gained less weight on a 23% fat diet and had increased fat in their
stool compared to WT mice. We conclude that dietary fatty acids are absorbed by caveolae in
enterocyte brush border membranes, are endocytosed, and transported in cytosol in caveolin-1
containing endocytic vesicles.
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1. INTRODUCTION
The intestinal absorptive cell, the enterocyte, has no control over the amount of the products
of lipolysis of dietary triacylglycerol, fatty acid (FA) and sn-2-monoacylglcyerol (MAG),
that are presented to it. Both of these, but especially FA, are disruptive of biological
membranes [1]. Post-prandially in humans, FA concentrations in the duodenum have been
measured at 28 mM [2], whereas 500 µM FA have been associated with cellular injury [1].
The rate of FA uptake by enterocytes could be limited by the capacity of specific FA
transport proteins such as fatty acid translocase (FAT)/CD36, fatty acid binding protein
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plasma membrane (FABPpm), 1 or fatty acid transport protein 4 (FATP4). Although
diffusion as well as a number of proteins have been suggested to participate in FA
absorption [3] none have been conclusively shown to limit the rate at which FA enters the
enterocyte. In the face of the potentially toxic effects of FA, the enterocyte has developed 2
proposed strategies to limit their potentially damaging effects.

The first is to sequester the FA by their binding to the abundant 2 fatty acid binding proteins
expressed by the intestine, liver (FABP1) and intestinal (FABP2) fatty acid binding proteins
[4]. The second mechanism is to quickly convert the FA to the physico-chemically inert
TAG. TAG synthesis has been observed to be a rapid reaction; within 30 sec,79% of
absorbed FA are converted to TAG in rat intestine [5].

The inability to clearly define either diffusion or transport proteins as essential for FA
uptake into enterocytes despite much effort suggests the possibility of a mechanism other
than what has previously been proposed. One potential recently explored is that of lipid
rafts. Lipid rafts are cholesterol-sphingomyelin rich domains in cellular membranes, 10–200
nm in diameter [6], comprising up to 30 to 50% of the membrane surface. Specifically, lipid
rafts have recently been shown to cover 50% of the surface of intestinal microvillus
membranes [7]. One protein associated with lipid rafts is caveolin of which there are 3
family members, caveolinl-3, each of which is expressed in the intestine [8]. Caveolin has
long been known to bind long chain FA [9] and more recently it has been shown to be
important for FA uptake into cells [10, 11]. In addition, gene disrupted mice deficient in
caveolin-1 have a lean body habitus and have reduced fat stores on a high fat diet as
compared to WT mice [12 resistant to diet-induced obesity, and show hypertriglyceridemia
with adipocyte abnormalities]. In sum these data strongly suggest that caveolae may be
associated with FA uptake into cells and potentially into enterocytes.

Caveolae are associated with a variety of proteins other than caveolin including GPI linked
proteins, cell signaling proteins, and a variety of receptors such as epidermal growth factor
(EGF) [13]. Important for lipid absorption, FAT/CD36 is also present in lipid rafts [14].
Caveolin-1 is required for FAT/CD36 to be present in the rafts at least in mouse embryonic
fibroblasts [11] and potentially enterocytes. One function of FAT/CD36 is as an FA
translocase [15]. In support of this mechanism for FA uptake in the intestine, intestinal cells
isolated from CD36 KO mice have a 50% reduction in FA uptake [16] resulting in a
reduction in chylomicron TAG output by the intestine [17]. Not all investigators agree with
these data, however [18].

A third protein associated with caveolae is the glycosylphosphatidylinositol (GPI) linked
intestinal alkaline phosphatase (IAP) [19, 20]. Since IAP is known to increase in the
mesenteric lymph after a fat meal [21], it was presumed that this was associated with fat
absorption. However, when lymphatic chylomicron output was blocked by the non-ionic
detergent, pluronic L-81, the increase in lymphatic alkaline phosphatase in response to fat
feeding was maintained despite the absence of lymph chylomicron production[22]. The
disassociation of IAP from chylomicron secretion was recently confirmed in IAP gene
disrupted mice. In these mice, dietary lipid was absorbed as lipid droplets that bypassed the

1Abbreviations
The abbreviations used are: TAG, triacylglycerol; FA, fatty acid; MAG, sn-2-monoacylglycerol; FAT, fatty acid translocase; CD36,
cluster of differentiation 36; FABPpm, Fatty acid binding protein plasma membrane; FABP1, liver fatty acid binding protein; FABP2,
intestinal fatty acid binding protein; WT, wild type; KO, knockout; GPI, glycosylphosphatidylinositol; IAP, intestinal alkaline
phosphatase; ECL, enhanced chemiluminescence; FATP4, fatty acid transport protein 4; PBS, phosphate buffered saline; MBC,
methyl β cyclodextrin; ACSL, acyl-Co-A synthetase long chain; DRM, detergent resistant membranes; DSF, detergent soluble
fraction; EM, electron microscopy; BB, brush border; CEV, caveolin-1 containing endocytic vesicles.
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Golgi resulting in the more rapid appearance of TAG in the plasma than chylomicrons in
WT miJe [23].

In this report we present data suggesting that dietary FA are associated with caveolae in the
brush border (BB) of intestinal absorptive cells and remain associated with the caveolae in
caveolin-1 containing endocytic vesicles (CEV) in the cytosol.

2. Materials and methods
2.1 Materials

Oleic acid (9.2 Ci/mM) and 3H-cholesterol were obtained from Perkin Elmer Life Sciences.
Sephacryl S-100 High Resolution gel filtration medium (Sephacryl S-100 HR) was
purchased from GE Healthcare (Piscataway, NJ). Iodixanol (Optiprep) was purchased from
Axis-Shield, Plc (Greiner-Bio-One, Longwood, FL). Enhanced chemiluminescence (ECL)
reagents were procured from GE Healthcare. Protease inhibitor cocktail tablets were
obtained from Roche Applied Science. Immunoblot reagents were purchased from Bio-Rad.
Other biochemicals used were analytical grade from Sigma (Sigma Chemical Co., St. Louis,
MO) or local companies. Male Sprague Dawley rats, 150–200 g were purchased from
Harlan Laboratories (Indianapolis, IN). Caveolin-1 gene disrupted mice (strain: B6.Cg-
CavltmlMls/J) and wild type mice (WL) of the same genetic background, C57BL6, were
obtained from the Jackson Laboratories (Bar Harbor, ME). Mouse chow containing 23%
(w:w) diet in pellet form was obtained from Harlan Laboratories.

2.2 Antibodies
Rabbit polyclonal antibodies against CD36, caveolin-1, caveolin-2, and goat polyclonal
antibodies against rabl1 and IAP and mouse anti-caveolin-3 monoclonal antibodies were all
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Clathrin rabbit polyclonal
antibodies were purchased from Novus Biologicals (Littleton, CO). FALP4 rabbit
polyclonal antibodies were procured from abcam (Cambridge, MA). Antibodies against
purified rat FABP1 and 2 were a generous gift of Dr. Judith Storch (Rutgers University,
New Brunswick, NJ). Goat anti-rabbit IgG, goat anti-mouse IgG, and rabbit anti-goat IgG
conjugated with agarose beads were purchased from Sigma Chemical Co., St. Louis, MO.
Goat anti-rabbit IgG, goat anti-mouse IgG, and rabbit anti-goat IgG conjugated with
horseradish peroxidase (HRP) were also procured from Sigma.

2.3 Preparation of cytosol from enterocytes isolated from proximal intestinal sacs exposed
to 3H-oleate

Cytosol was prepared from rats as previously [24] and from mice following the same
protocol. In brief, intestinal sacs from the proximal 1/2 intestine were exposed to 80 µg of
Lriacin C for 15 min then to 1 mM 3H-oleate (100 × 106 dpm) bound to albumin for 2 min
and enterocytes isolated [25]. Lhe cells were homogenized and the cytosol obtained by
differential centrifugation. The cytosol was not contaminated with mitochondria or ER and
only 7% with BB (Lable 1, sucrase). Glucose-6-phosphate dehydrogenase is a cytosolic
enzyme so its concentration in cytosol is expected.

2.4 Preparation of BB from intestinal cells of rats and mice
The proximal half of the intestine of either rats or mice, was opened lengthwise, the mucosa
obtained by scraping with a glass slide, and placed into 300 mM mannitol, 12 mM Tris-HCl,
pH 7.1 (1 g wet wt mucosa in 3 ml buffer). The mucosa was homogenized in a Potter
Elvehjem homogenizer and the protocol of Kesser et al. [26] followed to obtain brush
borders. 3 rats or 10 mice were used for each preparation. Each preparation was tested for
alkaline phosphatase activity and compared to the activity of the whole homogenate.
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2.5 The distribution of 3H-oleate incubated with or without BB in an OptiPrep gradient
3H-oleate (0.5 mM, 150,000 dpm) was incubated with 1 mg prot BB isolated from WT or
KO mice or by itself at 37°C for 30 min. The BB were washed twice in PBS, re-isolated by
centrifugation, and dissolved in 1% Triton X-100. The resulting mixture was placed at the
bottom of an OptiPrep gradient [27] and centrifuged for 20h. The gradient was resolved, 1
ml fractions collected starting at the top of the gradient (9 ml total volume), and the total 3H-
oleate-dpm determined for each fraction.

2.6 Uptake of 3H-oleate or 3H-cholesterol into native or cholesterol depleted BB
BB from rats or mice, 200 µg protein, were suspended in 200 µl of Dulbecco’s Modified
Eagle Medium (DMEM) and incubated with DMEM or 20 mM methyl β cyclodextrin
(MBC) in DMEM for 60 min at 37°C [28]. The BB were pelleted by centrifugation for 10
min at 4°C, the supernatant discarded, and 200 µl of DMEM added. The BB were washed
twice more with 200 µl of fresh DMEM and suspended in 200 µl DMEM. 300 µl of 0.5 mM
oleic acid supplemented with 150,000 dpm 3H-oleate bound to 0.2% albumin was added and
the suspension incubated for 30 min at 37°C. The suspension was centrifuged for 10 min at
4°C to pellet the BB and the supernatant removed. The BB were washed twice with 500 µl
PBS. The supernatant was removed and the BB suspended in 200 µl PBS. The total dpm was
taken as the radioactivity of the two combined supernatants plus the BB. BB 3H-oleate
uptake was calculated by dividing the dpm of the BB by the total dpm. 3H-cholesterol (50
µM, 220,000 dpm) bound to 0.2% albumin was incubated with BB isolated from KO or WT
mice. The BB were incubated for 30 min at 37°C and the BB isolated by centrifugation and
washed twice with PBS. The BB were re-suspended in 500 µl of PBS and 50 µl obtained for
determination of radioactivity. The percentage uptake by the BB was calculated by
determining the total dpm in the supernatant and BB and dividing the dpm in the BB by the
total 3H-cholesterol present.

2.7 Isolation of CEV by OptiPrep gradient centrifugation
CEV were isolated from cytosol (1 mg prot) treated with 1% Triton X-100 using the
OptiPrep density gradient method as suggested by Harder et al [27]. The cytosol was placed
at the bottom of the gradient and the gradient centrifuged. The gradient was resolved by
collecting nine 1 ml fractions using a pipette starting at the top of the gradient. 100 µl from
each fraction was obtained for radioactivity determination. The proteins in each fraction
were precipitated with trichloroacetic acid (TCA), washed with cold acetone, and suspended
in Laemmli’s buffer. The proteins were separated by SDS-PAGE and identified by
immunoblot using specific antibodies as indicated.

2.8 Isolation of CEV by gel-filtration chromatography
1 mg of cytosol treated with 1% Triton X-100 for 5 minutes was applied to a Sephacryl
S-100 HR column (1.5 cm × 45 cm) previously equilibrated with 1% Triton X-100 in PBS at
pH 7.2 as suggested by Radeva and Sharom [29]. The cytosol was eluted with 1% Triton
X-100 in PBS (pH 7.2) at 4°C. 1 ml fractions were collected and 100 µl used for
radioactivity determination. The proteins in each fraction were precipitated with TCA,
washed with cold acetone, and suspended in Laemmli’s buffer. 40 µg protein from each
fraction was separated by SDS-PAGE and analyzed by immunoblot using specific
antibodies as indicated.

2.9 Measurement of body weight and stool fat excretion of mice on a high fat diet
C57BL6 and B6.Cg-CavltmlMls/J mice (3 weeks old) were maintained in metabolic cages,
2 mice per cage, for 1 week prior to the administration of the test diets. The mice were
weighed and then fed either mouse chow or mouse chow supplemented with soybean oil,
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2%, and milk fat, 21 %, (23% fat w:w) for 7 weeks. Stool for analysis was obtained on days
7 to 9 of the diet. The mice were weighed weekly. The stools were air dried to a constant
weight, powdered, and extracted [30, 31]. The stool was left in contact with the organic
phase overnight and washed with 0.1 N HC1. The phases were separated by centrifugation
and the organic phase obtained, dried using N2, and the amount of lipid obtained
gravimetrically.

2.10 Distribution of 3H-oleate in WT and KO mice after corn oil gavage
WT and caveolin-1 KO mice were anesthetized and gavaged with 0.2 ml corn oil containing
4 × 106 dpm 3H-oleate. 30 min later, the mice were euthanized and the contents of the
stomach were collected and homogenized in 10 ml PBS. The intestine was removed and the
luminal contents obtained by flushing the intestine with 10 mM taurocholate in PBS (10 ml).
The remaining intestine and cecal contents were homogenized separately in 10 ml PBS. All
fractions were kept on ice. 100 µl of each fraction was obtained for determination of 3H-
dpm.

2.11 SDS-PAGE Gel electrophoresis and Immunoblots
Proteins were separated by SDS-PAGE, transblotted to nitrocellulose membranes (Bio-Rad),
blocked with 5% Blotto and the membranes incubated with specific primary antibodies.
After adding peroxidase-conjugated secondary antibodies, the labeled proteins were detected
using ECL (Amersham Biosciences).

2.12 Electron microscopy
Cytosol was prepared as above from mouse or rat proximal jejunal sacs incubated with or
without albumin bound 1 mM oleate. Cytosolic vesicles were visualized by negative staining
[24]. Immunogold labeling of vesicles was performed as described [24].

2.13 Immuno-depletion of proteins from cytosol
Immuno-depletion of specific proteins from intestinal cytosol was accomplished by
incubating cytosol (1 mg) with 20µl anti-caveolin-1 antibody at 4°C for 4 h. 40 µl of anti-
rabbit IgG bound to agarose beads (Sigma Chemical Co.) were added and incubated for
another 4 h at 4°C. The beads were collected by centrifugation and discarded. The
supernatant was retained. This process of antibody depletion was repeated twice more.
Caveolin-2, −3, IAP, FAT/CD36, and clathrin were similarly immuno-depleted using their
specific antibodies and anti-IgG bound agarose beads. Samples from each round of immuno-
depletion for each antibody were obtained for immunoblotting.

2.14 Co-hnmuno-precipitation of proteins from cytosol
Immuno-precipitation of proteins from intestinal cytosol was accomplished by incubating
cytosol (1 mg protein) with 20 µl antibodies generated in rabbits to caveolin-1, FAT/CD36,
or IgG and generated in goats to IAP at 4°C for 4 h. 40 µl of anti-rabbit (goat) IgG bound to
agarose beads (Sigma) were added and incubated for another 4 h at 4°C. The beads were
collected by centrifugation, washed ten times with cold PBS, and immunoblots performed
using antibodies to caveolin-1, IAP, and FAT/CD36.

2.15 Cholesterol and alkaline phosphatase measurement
Alkaline phosphatase was measured by the rate of release of p-nitrophenol from p-
nitrophenol phosphate. Cholesterol was measured using the Infinity Cholesterol Estimation
Kit from Sigma Chemical Co. as directed.
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Statistical Analysis—Comparisons between means were carried out using a statistical
package supplied by GraphPad Software (Instat, GraphPad Software, Inc, San Diego, CA)
using a two-tailed t test or the statistical package supplied with Excel (Microsoft Excel for
Mac 2011, version 14.3.1).

2.16 Study approval
Animal studies were approved by the University of Tennessee Health Science Center
Institutional Animal Care and Use Committee, #293 and 1563 and are in accord with NIH
guidelines for humane treatment of laboratory animals.

3. RESULTS
3.1 Intestinal brush border membranes take up dietary FA in caveolae

We first wished to test the functionality of intestinal BB in dietary FA uptake by
determining if mouse BB could compete for 3H-oleate bound to albumin. Our BB
preparation had 17 fold greater alkaline phosphatase activity than whole cells (114 nmol/mg
prot/min vs. 7.4 nmol/mg prot/min respectively). After 30 min incubation of BB with
albumin- 3H-oleate, ≈15% partitioned into the BB (Fig. 1A, WT), possibly lipid rafts
(detergent resistant membranes [DRM]). As a first test of this potential, we used cholesterol
depletion of BB by MBC. MBC treatment reduced BB cholesterol by 43% (293 ± 31 vs. 170
± 19 µg cholesterol/mg BB prot) but oleate uptake was reduced 95% (Fig. 1 A, WT-dep).
MBC treated cells incorporated 55% of absorbed 3H-oleate into TAG as compared to 49%
for mock treated cells showing that the treated cells were functional. As a second test of
dietary FA partitioning into lipid rafts, oleate uptake into BB isolated from caveolin-1 gene
disrupted mice was greatly reduced (87%) compared to that taken up by BB from WT mice
(Fig. 1 A, WT vs. KO). Cholesterol depletion reduced this even further (Fig. 1A, WT-dep
vs. KO-dep). The reduced uptake of FA by BB from KO mice was not due to a generalized
functional impairment of the BB because of lack of caveolin-1. BB isolated from KO mice
were able to take up equivalent amounts of 3H-cholesterol as BB from WT mice (37 ± 3%
vs. 36 ± 4% respectively). These data are consistent with the prior data of Valasek [32] who
showed that cholesterol uptake by the intestine is not affected by caveolin-1 depletion. The
data preliminarily suggested that the oleate taken up by WT BB was dependent on
caveolin-1 containing DRM (caveolae).

3.2 Brush border FA distribute into the detergent resistant fraction of an OptiPrep gradient
As a more direct test that the absorbed oleate was in caveolae, we incubated BB with
albumin bound 3H-oleate, dissolved the BB in 1% Triton X-100, and then centrifuged the
BB on an OptiPrep gradient. On resolution of the gradient, most of the oleate (74%)
appeared in the lighter density fractions consistent with DRM (Fig. 1B, closed squares),
different than oleate not incubated with BB (Fig. 1B, open rectangles) that distributed to the
denser regions of the gradient consistent with the detergent soluble membranes (DSM). By
contrast to the oleate incubated with mouse WT BB, when 3H-oleate was incubated with
caveolin-1 KO mouse BB (Fig. 1B, open circles), 78% of the oleate distributed to the DSM
in the OptiPrep gradient similar to the distribution of oleate not incubated with BB (Fig. 1B,
open squares). Caveolin-1, CD36, and IAP, proteins associated with DRM, were all present
in the BB-oleate containing fractions as indicated by their immunoblots (Fig. 1C).
Importantly, clathrin was not present in the buoyant fractions but was present in the heavy
part of the gradient (fraction 9) and in the BB (Fig. 1C). In sum, these data support the thesis
that the oleate in BB was in caveolae.
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3.3 Caveolin-1 is present in rat and mouse brush border membranes
To confirm caveolin-1 ‘s presence in intestinal BB [33–35], we tested rat and mouse BB for
caveolin-1 by immunoblot. We found that caveolin-1 was concentrated in rat BB as
compared to whole cell homogenates or cytosol prepared from the homogenates (Fig. 2A).
Caveolin-1 was also concentrated in mouse BB compared to cell homogenates (Fig. 2B,
lanes 1 and 3) but absent from BB and cell homogenates of caveolin-1 gene disrupted mice
(Fig. 2B, lanes 2 and 4). Our anti-caveolin-1 antibody specificity was tested by
immunoblotting cytosol that identified 1 band at the Mr of caveolin-1, 22 kDa, (Fig. 2C,
lane 1). Prior incubation of the antibody with its immunogenic peptide extinguished the 22
kDa band (Fig. 2C, lane 2) but prior incubation with Sar1b immunogenic peptide did not
(Fig. 2C, lane 3). In sum, the data suggest that our anti-caveolin-1 antibody was specific.

3.4 Absorbed cytosolic FA is not bound to FABP1 or 2 but is present in detergent resistant
vesicles

Because endocytosis of caveolae from BB is well described [35], we next considered if the
BB-oleate was endocytosed and appeared in the cytosol as caveolin-1 containing endocytic
vesicles (CEV). If so, this would offer an alternative mechanism to the potential cytosolic
FA binder, FABP [36], to sequester cytosolic FA. To differentiate between the 2 potential
cytosolic FA-carriers we first used size exclusion chromatography. Cytosol was obtained
using the rat intestinal sac model so that only the apical portion of the cell would be exposed
to the 3H-oleate. To prevent incorporation of the label into TAG, we pre-incubated the sacs
with the acyl-CoA synthetase long chain (ACLS) inhibitor, triacin C [37] and rapidly cooled
the sacs post incubation. Despite these precautions, 20% of the absorbed 3H-oleate was
incorporated into TAG [5].

We were expecting that the absorbed oleate would be associated with FABP1 or FABP2 [38,
39], small (14 kDa) cytosolic FA binding proteins, or in the FABP1 containing
heterotetramer [40] and appear with the smaller proteins. Howener only 5% of the oleate
was collected on chromatography of the cytosol over a Sephacryl S-100 HR column. By
contrast, of the 2 mg protein put on the column, 1.2 mg was recovered in the eluate
suggesting that the oleate dissociated from the majority of the protein. By adjusting the
cytosol to 1% Triton X-100 and using 1% Triton X-100 as eluent (Fig. 3A, Sacs) we
increased the amount of oleate eluted from the column to 95%. The oleate eluted in 2 peaks;
the first peak was at 4 ml suggesting it was in a large structure (Fig. 3A, Sacs). The second
peak at 7 ml eluted just before 3H-oleate dissolved in 1% Triton X-100 eluted from the
column (8 ml) (Fig. 3 A, Triton X-100) suggesting that the cytosolic oleate was not in Triton
X-100 micelles. The requirement for Triton X-100 to elute the oleate and for it to appear in
early eluting fractions suggested that the cytosolic oleate was in a detergent resistant
fraction. These data are compatible with the thesis that on desorption from the BB, the oleate
was in a vesicle, potentially CEV. DRM fractions have been isolated successfully by size
exclusion chromatography [29] suggesting that CEV could be similarly isolated.

Since caveolin-1 is known to be present in some DRM and was present in BB, we
immunoblotted the column fractions containing oleate for this DRM marker [12].
Caveolin-1 was present in these early eluting fractions as was FAT/CD36, which is also
associated with lipid rafts [41] (Fig. 3B). FATP4 [42] and FABP1 were not present in these
fractions nor was the lysosomal marker, Rab11. All these proteins were present in intestinal
cytosol, however (Fig. 3B, Cyto). The data thus far suggested that the oleate in cytosol was
in a large structure, potentially CEV, rather than being bound to FABP.

In order to more clearly separate cytosolic oleate from oleate dissolved in Triton X-100
micelles, we turned to OptiPrep density separation of the cytosol using a method known to

Siddiqi et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



separate DRM from other cellular components [27]. Using this technique, we recovered
57% of the oleate in the low-density fractions (Fig. 4A, fractions 1–3, closed circles) similar
to our findings when BB was incubated with oleate (Fig. 1B). Most of the remaining oleate
was in the detergent soluble fraction (DSF) toward the heavier part of the gradient (Fig. 4A,
fractions 7–9). By contrast to these data, if glyceryltri- 3H-oleate or 3H-oleate were
dissolved in 1% Triton X-100 and centrifuged in the OptiPrep gradient, the radioactivity was
found in the mid portion (Fig. 4A, fractions 5–6, open squares) or in the denser part of the
gradient (Fig. 4A, fractions 7–9, open circles) respectively. We conclude that apically
absorbed FA are present in cytosol in a Triton X-100 resistant structure, potentially CEV.

The OptiPrep density fractions were immunoblotted for proteins known to be associated
with caveolae. Both caveolin-1 and −2 were identified (Fig. 4B, Fractions 1–2). Caveolin-2
is often associated with caveolin-1 [43] and is required for FA uptake by the intestine in the
worm [44]. Surprisingly, caveolin-3, a paralog associated with skeletal and cardiac muscle,
was also found in the CEV fraction (Fig. 4B). Like the other caveolins, caveolin-3 is a FA
binder [45]. We also immunoblotted for the DRM associated proteins, FAT/CD36 [41] and
IAP [46] (Fig. 4B, Fractions 1– 3). Both were found to be present, although they were also
present in the denser part of the gradient as well (Fig. 4B, Fractions 7–9). FATP4, FABP1
and FABP2 were all absent from the buoyant fractions(Fig. 4B).

3.5 Absorbed oleate is in caveolin-1 containing vesicles
We took advantage of the caveolin-1 gene disrupted mouse to test the effect of the absence
of caveolin-1 in cytosol on the distribution of absorbed cytosolic oleate across the OptiPrep
gradient. In WT mice (Fig. 5, WT) absorbed oleate in cytosol is distributed similarly in the
OptiPrep gradient to our findings in the rat (Fig. 4A) except that less oleate was in the light
fraction (46%) than in the rat (57%). This may be due to less CEV in the mouse than the rat
(see below). By contrast, in the caveolin-1 KO mouse, most (79%) of the oleate was in the
denser fractions with only 17% in the light fractions (Fig. 5, Cav-KO). These data suggest
that caveolin-1 is required to distribute the absorbed oleate into the light OptiPrep fractions
consistent with the distribution of CEV.

We next asked what percent of the 3H-oleate in intestinal cytosol was associated with the
CEV. To answer this question we immuno-depleted caveolin-1 from cytosol derived from
enterocytes absorbing oleate using our rat intestinal sac model. When caveolin-1 immuno-
depletion was nearly complete, 91% of the oleate had been removed from the cytosol (Fig.
6A, Caveolin-1). By comparison, similar immunodepletion of caveolin-2 removed only 22%
of the oleate (Fig. 6A, Caveolin-2). Although caveolin-1 is thought to be required for
caveolin-2 to localize to the apical membrane [47], these two caveolins may be separate [48]
as well as having different functional effects [49]. Similarly, 3 rounds of caveolin-3
immunodepletion removed only 17% of the oleate (Fig. 6A, Caveolin-3). These data suggest
the possibility that most of the dietary oleate in intestinal cytosol is linked with caveolin-1
associated CEV. The percentage of caveolin-1, caveolin-2, and caveolin-3 remaining in the
cytosol after each immunodepletion as judged by immunoblot is shown in Fig. 6B. From 10
to 26% of the caveolins remained after 3 rounds of immunodepletion.

Since FAT/CD36 and IAP were also present in the CEV, we questioned how much oleate
could be removed by immuno-depleting these proteins from similarly treated cytosol.
However, immuno-depletion of both FAT/CD36 (filled circles) and IAP (filled triangles)
only reduced the cytosolic oleate by 55% and 58% respectively (Fig. 6C). Immuno-
depletion of similarly treated cytosol using anti-IgG (open squares) and anti-clathrin (open
triangles) antibodies reduced cytosolic oleate by 12 and 21% respectively (Fig. 6C). These
latter data suggest that the CEV containing the absorbed oleate are not predominantly in
clathrin coated endocytotic vesicles in agreement with Fig. 1B.
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We next wished to test if the proteins associated with CEV were attached to the vesicle
electrostatically or not. To assess this possibility, we compared the distribution of CEV
associated proteins in the OptiPrep gradient either before or after adjusting CEV containing
cytosol to 2M KC1. When washed with high salt, FAT/CD36 was completely displaced to
the more dense fractions indicating its removal from the CEV suggesting that its attachment
to the vesicle was by electrostatic forces (Fig. 7A). By comparison, the 2M KC1 wash did
not significantly affect the distribution of caveolin-1 or IAP in the gradient (Fig. 7A) as
expected [50]. These data suggest that both caveolin-1 and IAP were integrated into the
vesicle. The salt wash did not greatly change the oleate distribution in the OptiPrep gradient
(Fig. 7B) suggesting that the oleate remained with the CEV, at least in part, under these
conditions.

We next questioned if the cytosolic 3H-oleate was present predominantly in the protein or
lipid fractions in the cytosol. TCA precipitation of proteins before and after high salt
treatment resulted in only 1 ± 0.2% and 2 ± 0.3% of the total oleate present being
precipitated respectively. By contrast, if the oleate were bound to albumin, treated or not
with high salt, and then precipitated by TCA, 19 ± 2% and 17 ± 3% of the oleate was found
in the precipitate respectively. These data suggest that most of the oleate was bound to the
lipid portion of CEV rather than the protein component.

Because the proteins present in CEV are associated with lipids or lipid transport, we wished
to determine if the proteins were interactive or were merely co-incidentally present in the
same column or OptiPrep gradient fractions. To answer this question we performed a series
of immuno-precipitations using rat cytosol and antibodies to the 3 known vesicle proteins
(Fig. 8). Antibodies against each of the CEV associated proteins, caveolin-1, IAP, and FAT/
CD36 were able to co-immuno-precipitate each of the other two as identified by
immunoblot. By comparison, antibodies to IgG were unassociated with any of the 3 proteins
(data not shown). These data suggest that not only were the proteins found together in the
sanjgin vitro fractions but that caveolin-1, FAT/CD36, and IAP were interactive in vivo as
well.

We next wished to confirm the presence of CEV in cytosol by visualizing them using
negative staining electron microscopy (EM). We used cytosol derived from sacs treated with
oleate or not. In the non-oleate exposed cytosols, a large number of rounded, vesicular
appearing structures of varying size were seen (Fig. 9A) which averaged 57.4 24 nm
diameter ( 1 SD of 227 vesicles counted). Vesicles in cytosol from oleate-exposed
enterocytes were of similar but more uniform size (av. diameter 55.4 3.0 nm [ 1 SD of 250
vesicles counted]) (Fig. 9B). By contrast, the number of vesicles per photograph at 20,000 X
magnification on oleate feeding was significantly greater than found in the absence of oleate
(44 ± 6.2 vs. 14 ± 3, p < 0.001 vesicles per portion of the grid examined, 15 and 7 grids
examined respectively).

To clarify if the vesicles seen in Fig. 9A and 9B contained caveolin-1, we employed
immuno-EM using anti-caveolin-1 antibodies. The antibody identified many labeled vesicles
in cytosol derived from cells not exposed to oleate (Fig. 10A, compare with IgG antibody,
Fig. 10B) and from cells exposed to oleate (Fig. 10C, compare with IgG antibody, Fig.
10D).

3.17 To confirm the role of caveolin-1 in CEV formation, we turned to the caveolin-1 knock
out mouse. In the WT mouse, we found that the vesicle size in the cytosol of enterocytes
derived from non-oleate fed cells was the same as the rat (av. 60.7 ± 25 nm in diameter, 63
vesicles examined) and, similar to the rat, the size of the vesicles was unchanged in response
to exposure to oleate (av. 57.4 ± 23 nm in diameter, 182 vesicles examined). Also similar to
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the rat, the number of vesicles per 20,000 X photograph was greatly increased on oleate
feeding (3 ± 1.5 vs. 14 ± 2.9, p < 0.027). Electron microscopic images of the vesicles from
non-oleate fed and oleate fed WT intestinal sac enterocyte cytosol are shown in Fig. 11A
and B respectively). By contrast, in the caveolin-1 KO mouse, no vesicles were seen
irrespective of oleate feeding (Fig. 11 C and D respectively).

3.6 Caveolin-1 KO mice have an impaired uptake of FA by the intestine, a reduced weight
gain, and more steatorrhea on a high fat diet than do WT mice

The total data would suggest that the caveolin-1 KO mouse would have a reduced ability to
absorb dietary FA as compared to WT mice. To test this possibility, we gavaged 0.2 ml corn
oil supplemented with 3H-oleate into WT and KO mice. 30 min post gavage we harvested
the stomach, intestinal contents, the intestine, and cecum from each mouse. Analysis of the
gastric contents showed that an equivalent (p = 0.28) amount of corn oil-oleate left the
stomach after 30 min. (Fig. 12A, stomach). By contrast, 4.5 fold more oleate was found in
the intestinal lumen of the KO mice vs. the WT mice suggesting impaired uptake of the
oleate presented to the intestine for absorption in the KO mice (Fig. 12A, Lumen).
Equivalent amounts of oleate remained in the intestine of both genotypes (Fig. 12A,
intestine). Consistent with the intestinal luminal data, more oleate was present in the cecal
contents of the KO mice as compared to the WT mice (Fig. 12A, cecum) although the
amount of oleate present was small due to the short time period of observation.

Consistent with these data, on a high fat diet (23%, w:w), caveolin-1 KO mice had a reduced
weight gain compared to WT controls (data not shown) in agreement with the work of
Razani et al. [12]. By contrast, mice of either genotype fed the chow diet (4% fat diet)
gained equal amounts of weight. Finally, we next questioned if the reduced weight gain in
the KO mice on the high fat diet as compared to the WT mice were due to their impaired
ability to absorb dietary fat as suggested in Fig. 12A. To test this potential, we measured the
fat in the stool of both the WT and KO mice on the chow and the fat supplemented diet. On
the chow diet, the WT and KO mice both excreted 8 mg of fat per day in their stool (Fig.
12B). On the fat supplemented diet, the WT mice had 14 mg fat in their stool, a significant
increase over the chow diet. However, the KO mice on the high fat diet had double the
amount of fat in their stool (28 mg) as the WT mice (Fig. 12B). These data suggest that the
excess steatorrhea found in the KO mice vs. the WT mice contributed to their reduced
weight gain. The differences in fat excretion between the WT and KO mice cannot be
explained on the basis of a differential intake of diet, each of 2 WT mice ate 42 g food in 2
weeks and each of 2 KO mice ate 38 g food in two weeks. Because we measured total stool
lipid and not specifically triacylglycerols as did Razani et al. [12], we were able to show a
difference in stool lipids between genotypes on the high fat diet. This is because most stool
lipid is present as FA [51] as was the case here (98% of the stool fat was FA when the stool
fats were separated by thin layer chromatography). Further, our results may have been
influenced by the amount of milk fat used in our high fat diet (21% of 23% (w:w) dietary fat
was milk fat). Since the sn-3 position of milk fat is C1O and is water soluble, we may have
overestimated the ability of the KO mice to absorb dietary fat.

4. DISCUSSION
The results of this study support the thesis that the mechanism by which enterocytes absorb
dietary FA is by associating with BB caveolae. The data further suggest that the FA
containing CEV are endocytic products of BB caveolae and potentially deliver their FA
cargo directly to the ER (not shown here). This thesis is supported by our findings that both
the DRM of BB and CEV concentrate absorbed oleate, contain proteins associated with lipid
rafts (caveolin-1, FAT/CD36, IAP), and exclude clathrin suggesting that the CEV are
derived from BB. Using CEV as cytosolic dietary FA carriers could enable the transport of
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large amounts of FA from the apical membrane to the ER in a controlled environment
avoiding the known membrane disruptive effects of FA [1].

The amount of caveolin in intestinal BB is controversial. Some investigators have found
little [33, 52] whereas others have found it to be present in abundant amounts [8 secretory
vesicles, cytoplasm or mitochondria, 34, 35]. Our data support the presence of caveolin-1 in
BB both by immunoblot and by experiments using caveolin-1 gene disrupted mice that
suggested a functional role for caveolin-1 in BB. The caveolin-1 KO mice were not able to
take up as much FA into their intestinal BB, on a high fat diet not able to gain as much
weight and had more steatorrhea in comparison to WT mice.

Once FA are absorbed, there is considerable both direct and indirect evidence that FABP1
and FABP2 function to transport FA within enterocytes as summarized by Storch [36, 53].
In support of this thesis, FABP2 has been shown to redistribute from the apical membrane to
the cytosol in response to fat feeding [54]. However, the amount of absorbed FA bound to
FABP1 and FABP2 was found to be only 10 fmol and 2 fmol/mg cytosolic protein
respectively [54]. By contrast, in our rat enterocytes the FA concentration measured by the
specific activity of the 3H-oleate was 1.6 µmol/mg cytosolic protein. The actual oleate
concentration is likely to be twice as much due to dilution of the radiolabel with endogenous
FA [55]. These data should also be compared to the FABP concentration in intestinal cytosol
(2.9 nmol/mg cytosolic protein, FABP1 + FABP2) [4]. Since FABP1 can only bind 2 mol
FA per mol of FABP1 and FABP2 can bind 1 mol of FA per mol FABP2 [53], it is evident
that most of the absorbed FA in intestinal cytosol is not bound to either FABP. These data
suggest that other binding mechanisms might exist in intestinal cytosol. The accuracy of our
FA data may be somewhat reduced by the fact that some of the FA could have partitioned
into cellular membranes and/or solubilized in the Triton X-100.

Important for the current report, caveolin-1 is localized to the cytosolic side of the apical
membrane [45, 50] where it associates with the lipid components of the raft, cholesterol and
sphingomyelin. In addition, the C terminus contains multiple positively charged amino acid
residues to which FA could potentially bind. However, TCA precipitation of 1% Triton
X-100 solubilized BB contained only 1–2% of the total BB oleate implying that most of the
oleate was associated with the lipid components of the caveolae.

Although it is well recognized that caveolin-1 is associated with FA binding at the cell
surface of multiple cell types [9–11] including the intestine [34] and specifically human
intestine [33, 34], to our knowledge this is the first study to suggest that most of the
absorbed dietary FA remain associated with caveolin-1 containing CEV in the cytosol
although others have suggested that some may be present [20]. The endocytic vesicles
described by Danielsen’s group contain not only IAP as we confirm here, but also clathrin
[56]. We were unable to identify clathrin either in the oleate containing Triton X-100
resistant portion of the BB or in CEV, findings supported by studies showing the absence of
clathrin in caveolae [57–59].

In support of the thesis that caveolae promote FA absorption in cells, the expression of
caveolin-1 [10] or caveolin-3 [45] in HEK293 cells both stimulate entry of FA into the cells
and in the case of caveolin-3 results in increased TAG synthesis. These data parallel the
pathway suggested for cholesterol absorption across the apical membrane and delivery to the
ER [34]. In both studies, however, the mechanism by which cholesterol is transported in the
cytosol was not directly addressed. Our proposed model for absorbed FA transit through the
cytosol may also be relevant to cholesterol and operative in other cell types such as the
adipocyte where large amounts of FA flux through the surface membrane [14, 60].
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In further support of the thesis that caveolae provide the absorptive surface for dietary FA
rather than specific transport proteins, intestinal cells exposed to FA in bile salt micelles
show increased FA in the apical membrane as compared to other cell constituents [56]. Pulse
chase studies using BODIPY labeled FA confirm these findings [20]. Taken together, the
data suggest that the absorbed FA accumulate in an FA interactive environment rather than
being specifically bound to transport proteins that could only provide small amounts of FA
binding on a molar basis. This thesis is supported by data in HEK293 cells in which CD36
and FATP4 were shown not to participate in FA uptake across the cellular membrane
whereas caveolin-1 did [10]. In addition, the increased FA suggested to be in BB-caveolae
potentiate the endocytosis of the caveolae [61] providing a mechanism for increasing CEV
in the cytosol in response to lipid feeding as shown here.

Our data are not necessarily in conflict with those of Chow and Hollander [62] who
proposed simple or facilitated diffusion of FA depending on the FA concentration because
the kinetics of the flux of FA into caveolae could appear compatible with either
interpretation. Further, the saturation kinetics proposed by Murota and Storch to indicate
protein mediated absorption [63] could be the result of only a certain amount of FA able to
be absorbed by the caveolae.

By contrast to the data in caveolin-1 KO mice showing reduced FA absorption, cholesterol
absorption is not affected in the same genetically modified mice [32]. Further, caveolin-1
KO mice are fully sensitive to ezetimibe, an inhibitor of NPC1L1, the protein associated
with cholesterol absorption. In addition, NPC1L1 is endocytosed via a clathrin associated
mechanism [64]. As we show here, CEV do not contain clathrin. Finally, cholesterol is taken
up by the BB of the caveolin-1 KO mice at a rate similar to its uptake in WT mice BB. The
total data suggest that the pathways of cholesterol and FA absorption from the apical
membrane are different.

FAT/CD36 is a transmembrane protein [65] whose transport to the apical membrane of
intestinal cells requires caveolin-1 [11]. However, CD36 may not be integrated into
endocytosed caveolae in cytosol in a manner similar to its orientation in membranes. This
suggestion is supported by our data showing that high salt treatment redistributes CD36
from CEV to the denser regions an OptiPrep gradient, in contrast to caveolin-1 and IAP that
remain with the more buoyant fractions.

IAP has long been known to be associated with lipid absorption [21] but more recent data
has suggested otherwise [22, 23]. Our data show that IAP is interactive with caveolin-1, as
well as FAT/CD36, and like caveolin-1, is not displaced from the light to the denser portions
of the OptiPrep gradient by high salt suggesting its robust integration into CEV.

By contrast to the caveolin-1, CD36, and IAP data, immunodepletion of clathrin from the
cytosol does not affect the cytosolic oleate content. These data are consistent with the fact
that endocytosed clathrin coated pits are in separate vesicles from endocytosed caveolae
[66].

Our data are consistent with the hypothesis that most absorbed dietary FA are associated
with caveolae in the apical membrane and remain with caveolin-1 associated CEV on
endocytosis. The CEV-FA offers a pathway keeping dietary FA in a physico-chemically
inert structure so that the FA do not disrupt cellular membranes prior to their incorporation
into TAG in the ER. This thesis is also consistent with the pinocytotic pathway of lipid
absorption suggested by Palay and Karlin [67]. Although it is attractive to consider that the
CEV have a targeting mechanism to the ER, our data do not directly address this issue but
are consistent with this thesis. Current work in our laboratory is directed at testing this
model.
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Highlights

1. Caveolin-1 knock out mouse apical brush border membranes do not take up
oleate.

2. Absorbed oleate is in detergent resistant fractions in intestinal apical brush
borders.

3. 91% of absorbed oleate in intestinal cytosol is in caveolin-1 containing vesicles.

4. No cytosolic oleate containing vesicles are found in caveolin-1 knock out
cytosol.

5. Caveolin-1 knock out mice have a reduced weight gain and more stool fat.
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Fig. 1.
Oleate uptake by intestinal brush border membranes is caveolin-1 dependent and is in
detergent resistant membranes. A. BB from WT (WT) and KO (KO) mice were prepared
and incubated with 3H-oleate bound to albumin (Methods). The percentage of 3H-oleate
taken up by both sets of BB is shown on the ordinate. The BB from both mouse genotypes
were depleted of cholesterol (WT-dep) and (KO-dep) (Methods) and tested for albumin
bound 3H-oleate uptake. The percentage of 3H-oleate taken up by both BB preparations is
shown on the ordinate. The data are the mean ± SEM (N = 4). The p value tests the
differences between the means of the native WT and KO BB preparations. B. The
distribution of oleate in an OptiPrep gradient when incubated with (WT or KO) BB or
without BB. 3H-oleate was incubated either with 1 mg prot WT-BB (closed squares), KO-
BB (open circles), or by itself (open squares) at 37°C for 30 min. The brush borders were
washed twice, re-isolated by centrifugation, and dissolved in 1% Triton X-100. The resulting
mixture was placed at the bottom of an OptiPrep gradient and centrifuged for 20h
(Methods). The gradient was resolved, 1 ml fractions collected (9 ml total volume), and the
total 3H-oleate-dpm determined. C. Immunoblots (50 (µg prot) for caveolin-1, CD36,
intestinal alkaline phosphatase (IAP), and clathrin are shown for each OptiPrep fraction. BB
is the brush border fraction. E is empty lane.
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Fig. 2.
Caveolin-1 is expressed in the BB of rat and WT mouse intestinal cells but absent in
caveolin-1 KO mice. A. An immunoblot using anti-caveolin-1 antibody was performed on
rat intestinal BB, whole cell homogenate, and cytosol separated by SDS-PAGE (35 µg prot).
Lane 1 is BB (BB), lane 2 is whole cell homogenate (WH), and lane 3 is cytosol (Cyto). B.
Immunoblots using caveolin-1 antibodies were performed using 35 (µg protein separated by
SDS-PAGE of mouse BB from WT mice (WT-BB) (Lane 1), caveolin-1 KO mice (KO-BB)
(Lane 2) and whole cell homogenates from WT mice (WT-WH) (Lane 3) and caveolin-1
KO mice (KO-WH) (Lane 4). C. Rat cytosol (30 µg) immunoblotted using anti-caveolin-1
antibodies (Lane 1), anti-caveolin-1 antibodies pre-treated with caveolin-1 immunogenic
peptide (Lane 2), anti-caveolin-1 antibodies pretreated with Sarlb immunogenic peptide
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(Lane 3). The protocol provided by Santa Cruz Biotechology was used for the addition of
the peptides. Immunoblots were detected by ECL.
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Fig. 3.
A. Cytosol derived from enterocytes from rat intestinal sacs exposed to 3H-oleate (Sacs,
closed squares) or 3H-oleate alone (open squares) were treated withl% Triton X-100 and
chromatographed over a Sephacryl S-100 HR column equilibrated with Triton X-100.
Fractions of 1 ml were collected from the column and oleate-dpm determined. B. Below the
graph is shown immunoblots (50 (µg prot) for Rabl 1, caveolin-1, FATP4, FABP1, and
CD36 from fractions 1 to 8 (fraction 8 is a combination of fractions 8 to 11) as indicated to
the right of the blots. Immunoblots for each protein in native cytosol was also performed
(Cyto). FABP1 and rab11 appeared in fractions 15– 18 (not shown). The data are
representative of 3 trials.
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Fig. 4.
Absorbed 3H-oleate is in a detergent resistant membrane fraction as shown by an OptiPrep
gradient. A. Intestinal sacs were exposed to [3H]oleate and the cytosol fraction prepared
from enterocytes isolated from the sacs (Methods). Cytosol (1 mg) was treated with 1%
Triton X-100 and placed at the bottom of a centrifuge tube containing an OptiPrep gradient
(Methods). The gradient was centrifuged for 20 h and 1 ml fractions collected from the top
of the gradient. The dpm were determined in each fraction (filled circles). Glyceryltri- 3H-
oleate (open squares) and 3H-oleate (open circles) were separately dissolved in 1% Triton
X-100, centrifuged, the gradient resolved, and the [3H]-dpm determined for each fraction.
The data are representative of 3 trials. B. Immunoblots (50 (µg prot) of each fraction from
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the OptiPrep gradient were performed for the indicated proteins as shown to the right of the
blots (Caveolin-1, Caveolin-2, and Caveolin-3, IAP, CD36, FATP4, FABP1, and FABP2). E
indicates an empty lane.
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Fig. 5.
OptiPrep gradient distribution of absorbed oleate in the cytosol of WT and caveolin-1 KO
mice. Cytosol was isolated from mouse intestinal sacks after incubation with 3H-oleate for 2
min at 37°C (Methods). The cytosol was dissolved in 1% Triton X-100 and placed at the
bottom of an OptiPrep gradient. The gradient was centrifuged for 20h and 1 ml fractions
collected. WT is the cytosol preparation from wild type mice and Cav-KO from caveolin-1
gene disrupted mice. The data are the mean of 3 trials.
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Fig. 6. Immunodepletion of caveolins and other proteins from the cytosol of enterocytes results in
removal of absorbed [3H]oleate. A. Enterocytes from intestinal sacs exposed to 3H-oleate were
collected, disrupted, and cytosol prepared (Methods). Cytosol (1 mg) was immuno-depleted of
caveolin-1 (filled circles), caveolin-2 (open diamonds), and caveolin-3 (open squares) three times
as indicated using specific antibodies bound to beads. After each round of immuno-depletion, the
remaining 3H-oleate was determined. The data are presented as a percentage of the 3H-oleate at
the start of the experiment and are representative of 3 trials. B. The optical density of the
immunoblot band for Caveolin-1 after each round of immuno-depletion was determined
(Methods) and the data presented as a percentage of the Caveolin-1 in native cytosol (filled
circles). The band density of the immunoblots for Caveolin-2 (open diamonds) and Caveolin-3
(open squares) were measured after each round of immuno-depletion and the data expressed as
a percentage of the amount present in native cytosol. Equal amounts of protein (50 µg) were
loaded onto the gel. The data are representative of 3 experiments. C. Immunodepletion of
various proteins from cytosol derived from intestinal sacs fed [3H]oleate results in the partial
removal of the 3H-oleate. Enterocytes from intestinal sacs exposed to [3H]oleate were collected,
disrupted, and cytosol prepared (Methods). Cytosol (1 mg) was immuno-depleted of IgG (open
squares), clathrin (open triangles), CD36 (filled circles), and IAP (filled triangles) three times
using specific antibodies bound to beads. The remaining 3H-oleate was determined after each
round of immuno-depletion and the percent 3H-oleate remaining as compared to the 3H-oleate-
dpm at the start of the experiment shown on the ordinate. After 3 rounds of immuno-depletion,
nearly all of each protein was removed from the cytosol (IgG, 92 %, clathrin, 96%, CD6, 100%,
IAP, 93%). Equal amounts of protein (50 µg) were loaded onto the gel. The data are
representative of 3 trials.

Siddiqi et al. Page 25

Biochim Biophys Acta. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
2M KC1 treatment of cytosol results in re-distribution of CD36 from the CEV to the DSF
but caveolin-1 and IAP remain with the CEV. A. Cytosol from enterocytes isolated from
intestinal sacs exposed to 3H-oleate was treated with 2 M KC1. The cytosol (1 mg) was
separated on an OptiPrep gradient and 1 ml fractions collected from the top of the gradient.
Each fraction (50 µg prot) was immunoblotted for Caveolin-1, CD36, and IAP as shown. B.
Intestinal cytosol (1 mg) from enterocytes isolated from intestinal sacs exposed to 3H-oleate
was made 2M with respect to KC1 or not and Triton X-100 added to a concentration of 1%.
The treated cytosol was separated on an OptiPrep gradient and fractions (1 ml) collected
from the top of the gradient. The 3H-oleate dpm was determined for each fraction (Native
cytosol [Control], open circles and 2 M KC1 treated cytosol [2 M KC1], open squares). The
data are representative of 3 trials.
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Fig. 8.
Caveolin-1, IAP, and FAT/CD36 are interactive in intestinal cytosol as shown by co-
immuno-precipitation. Intestinal cytosol was incubated for 4h at 4 °C with rabbit anti-
caveolin-1 or FAT/CD36 antibodies or goat anti-IAP antibodies bound to agarose beads.
The beads were washed to remove unbound proteins (Methods), boiled in Laemmli’s buffer,
and the proteins separated by SDS-PAGE. The proteins were transblotted and immunoblots
performed using the indicated antibodies. IgG bound to beads was used as a control (IgG).
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Fig. 9.
Electron micrograph of native cytosol isolated from enterocytes from rat intestinal sacs after
exposure to no oleate (A) or 1 mM oleate bound to albumin (B). The negative staining
technique was used and the grids examined using a JEOL electron microscope with an
original magnification of 20,000 X (Methods). The bar at the bottom of the figure represents
500 nm.

Siddiqi et al. Page 28

Biochim Biophys Acta. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 10.
Immuno-electron-microscopy of native cytosol isolated from enterocytes derived from
intestinal sacs exposed to no oleate (A and B) or 1 mM oleate (C and D) using antibodies to
caveolin-1 or IgG. The negative staining technique was used and the grids examined using a
JEOL electron microscope (Methods). In A and C, the grids were exposed to anti-caveolin-1
antibodies and subsequently to anti-rabbit-antibodies bound to 10 nm gold particles. In B
and D, the grids were exposed to anti-IgG antibodies and subsequently to anti-rabbit-
antibody bound to 10 nm gold particles. In each case the grids were washed to remove
excess antibodies and then examined using the JEOL electron microscope with an original
magnification of 20,000 X (Methods).
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Fig. 11.
Electron micrographs of cytosol derived from enterocytes isolated from WT mouse sacs fed
either no oleate (A) or 1 mM oleate bound to albumin (B). Enterocytes were exposed to
either no oleate or albumin bound 1 mM oleate for 2 min and the cytosol harvested. The
cytosol was placed on a glow discharged nickel grid and photographed at 20,000 X in a
JEOL electron microscope (Methods). 3 vesicles (white arrows) are shown in A and 12
vesicles (6 identified by white arrows) are shown in B. Electron micrographs of cytosol
derived from enterocytes isolated from caveolin-1 KO mouse sacs exposed to no oleate (C)
or 1 mM oleate bound to albumin (D). No vesicles were identified either on no oleate or
oleate feeding. The bar is 500 nm. The methods utilized are the same as in Fig. 10. 4 grids of
each group were counted.
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Fig. 12.
Absorption and intestinal distribution of dietary lipid in WT and KO mice. A. 0.2 ml corn oil
supplemented with 3H-oleate (4 × 106 dpm) was administered to WT and KO mice by
gavage. After 30 min, the mice were anesthetized and the stomach, intestines and cecum
removed. The intestine was flushed with taurocholate (10 mM) to obtain the luminal
contents. The stomach and cecal contents and the whole minced intestine were separately
collected, homogenized in 10 ml PBS and 100 µl obtained to determine radioactivity. The
graph compares the 3H-oleate dpm present in wild type (WT) to those present in caveolin-1
KO mice (KO) in the stomach, intestinal lumen, the whole intestine and cecum as indicated
on the X axis. The error bars (±1 STD, N = 3) are indicated above each bar. Significant
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differences between WT and KO mice are shown by the p values above the bars. B. Stool fat
excretion in WT and caveolin-1 KO mice. 4 mice in each group were fed either a chow or a
23% fat containing diet as indicated on the X axis for 9 days. Stools were collected on the
7th to 9th day and pooled for fat analysis (Methods). The data shows the mean ± SD for each
group. The p values above the bars represent differences in the means between the chow fed
and the fat fed mice of each genetic type. The p value above the KO fat fed mice is also
applicable in comparison with the WT fat fed mice. The stool fats were separated by TLC,
stained with I2, and the stained lipids compared to standards. 98% of the stained lipids were
as FA.
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Table 1

Enzymatic Activity of Cytosol Isolated from Enterocytes

Enzyme Assayed (µmol/mg prot/min)

Enzyme
Source G-6-Pa Sucrase G-6PDb Suc-Dc

Whole homogenated 0.77±0.08 0.87±0.1 0.23±0.02 0.23±0.03

Cytosold 0 0.06±0.01 0.52±0.06 0

a
Glucose-6-phosphatase

b
Glucose-6-phosphate dehydrogenase

c
Succinate dehydrogenase

d
The data are the mean ± SEM (N = 4)
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