1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Gastroenterology. 2006 October ; 131(4): 1197-1207.

CD36 Is Important for Chylomicron Formation and Secretion and
May Mediate Cholesterol Uptake in the Proximal Intestine

AN*DROMEDA M. NAULI, FATII;|A NASSIRi,*SHUQIN ZHENG", QING \’(ANG*, CHUN-MIN
LO", SARAH B. VONLEHMDEN", DANA LEE , RONALD J. JANDACEK", NADA A.
ABUMRAD?, and PATRICK TSO"

*Department of Pathology, Genome Research Institute, University of Cincinnati, Cincinnati, Ohio

tDepartment of Medicine, Division of Nutritional Science, Washington University School of
Medicine, St. Louis, Missouri

Abstract

Background & Aims—Studies are aimed to determine the role of CD36 in intestinal lipid
absorption.

Methods—Knockout (KO) and wild-type (WT) lymph fistula mice were used to study fatty acids
(FA) and cholesterol uptake, and chylomicron formation and secretion. Uptake of FA and cholesterol
was studied by using sucrose polybehenate and fecal dual isotope methods, respectively.

Results—The CD36 KO exhibited significant accumulation of dietary cholesterol in the intestinal
lumen at the end of 6-hour lipid infusion and significant reduction of dietary cholesterol transport
into the lymph. Fecal dual isotope studies, however, did not show any significant difference in
cholesterol uptake, suggesting that given sufficient time, the KO intestine could compensate for the
reduced cholesterol uptake observed in the acute lymph fistula studies. Recovery of dietary FA in
the intestinal lumen was comparable between WT and KO, consistent with the sucrose polybehenate
study. However, the KO mice accumulated more, albeit not significantly, dietary triacylglycerols in
the intestine, followed by a significant reduction in lymphatic transport. The ratio of intestinal dietary
triacylglycerols to FA was not higher in WT than KO, arguing against impaired lipid esterification.
It is rather a deficiency in the formation and secretion of chylomicrons, as supported by the
significantly less apolipoprotein B-48 and the smaller, albeit not significantly, lipoprotein particles
secreted into the lymph of the KO.

Conclusions—CD36 may play an important role in chylomicron formation and secretion and may
also facilitate cholesterol uptake in the proximal intestine.

The transmembrane protein CD36 is expressed in many cell types, including platelets,1
monocytes,2 capillary endothelial cells,3 erythroblasts,4 adipocytes,” and intestinal,®”
mammary, and retinal epithelial cells.? In rat intestinal epithelial cells, CD36 is localized in
the apical brush border membranes of mainly the duodenum and jejunum.G’7 Using human
intestinal tissues, Lobo et al® localized CD36 expression along the proximal brush border
membranes of the intestinal epithelium.
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CD36 binds to a wide range of ligands, such as native and modified Iipoproteins,lov11 anionic
phospholipids (PL),12 cholesterol,13 and fatty acids (FA).5 Accumulated evidence from
studies conducted both in vitrol415 and in vivol6 supports an important role for CD36 in
facilitating FA uptake by adipose and muscle tissues. Its role in intestinal lipid uptake is less
clear. In support of such a role are the high levels of CD36 and its expression pattern along the
brush border membrane of the proximal intestine, which is typical of proteins implicated in
lipid uptake.G’7

A recent study by Drover et all7 showed that CD36 knockout (KO) mice did not exhibit
reduced intestinal FA uptake, but had impairments in lymph triacylglcyerol (TG) secretion and
in clearance of blood chylomicrons. Whether or not CD36 plays a significant role in intestinal
cholesterol uptake and transport in TG-rich lipoproteins in vivo remains unknown. A role in
cholesterol uptake has been suggested by the report that CD36 bound cholesterol and that CD36
antibodies inhibited cholesterol uptake by brush border membranes.13

The goal of this study is to further study the role of CD36 in intestinal uptake and transport of
cholesterol and TG. Using the well-established conscious lymph fistula model, we explored
the effect of CD36 deficiency on formation and secretion of chylomicrons. We also examined
whether disruption of the CD36 gene would lead to an overall reduction in intestinal FA and
cholesterol uptake by using sucrose polybehenate (SPB)18 and fecal dual-isotope methods,
respectively.

Materials and Methods

Materials

Animals

SPB Method

Triolein, cholesterol, egg phosphatidylcholine (PC), and sodium taurocholate (NaTC) were
purchased from Sigma (St. Louis, MO). The radioactive [9,10-3H(N)] triolein (labels were on
the 3 FA molecules, not on the glycerol moiety) and [4-14C] cholesterol were purchased from
New England Nuclear (Boston, MA). Silica gel 60 plates were purchased from Fisher Scientific
(Pittsburgh, PA) and were activated before use.

CD36 wild-type (WT) and KO mice were generated as described previously.17 Animals were
maintained on regular chow diet under a 12-hour light/12-hour dark cycle at the University of
Cincinnati Laboratory Animal Medical Services. Only 4- to 12-month-old male animals were
used in our studies.

The SPB method was developed and validated by Jandacek et al.18 It is a noninvasive method
for studying the uptake of FA. The animals are fed a diet containing TG and other essential
nutrients. The method relies on measuring the ratio of fecal FA versus fecal nonabsorbable fat
marker. In this study, the uptake of total dietary FA (mass) was measured against olestra, the
nonabsorbable fat marker. Therefore, our SPB study here measured the uptake of overall
dietary FA.

Fecal Dual Isotope Method

To compare intestinal cholesterol uptake between the CD36 WT and KO mice (n =7 in each
group), each mouse was first adapted in individual cage for 1 week before study. Each mouse
was then gavaged with 200 uL of 20% Liposyn Il intralipid (Abbott Laboratories, Chicago,
IL) added with 0.35 mg cholesterol, 0.5 uCi [4C] cholesterol, and 5 uCi [3H] sitosterol. Fecal
samples from each mouse were collected 24 hours postgavage. Mice were allowed to eat ad
libitum (regular chow diet), and food intake was monitored for the period of 48 hours after
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gavage. Fecal samples (about 200 mg) were saponified by heating them at 80°C for 5 minutes
in 4 mL of 0.5 N NaOH in methanol. After allowing the solution to cool, 2 mL of saturated
saline and 10 mL of hexane were added, and the solution was mixed and organic layer extracted.
The extracted organic layer was allowed to evaporate under a gentle stream of nitrogen.
Radioactivity was determined by the scintillation counter after mixing the dried organic layer
with 10 mL of scintillation fluid. Cholesterol uptake was determined by calculating the
disintegration per minute (dpm) fractions of 14C and 3H from the homogenous gavage solution
and the extracted fecal samples:

([140/3 Hlgavage - (43 H]fecal) e Hlgavage > 100 %

Lymph and Duodenal Cannulation

Intestinal lymph ducts of anesthetized (ketamine, 80 mg/kg and xylazine, 20 mg/kg) mice were
cannulated with polyvinyl chloride (PVC) tubing (inner diameter [ID], 0.20 mm; outside
diameter [OD], 0.50 mm) as described by Bollman et al® with the following modifications.
Suture of the lymph cannula was replaced by application of cyanoacrylate glue (Krazy Glue,
Itasca, IL); in addition, a PVC tube (1D, 0.5 mm; OD, 0.8 mm) was inserted into the duodenum
through a fundal incision of the stomach and secured by a purse-string. Following the surgery,
mice were infused with 5% glucose in saline (145 mmol/L NaCl, 4 mmol/L KCI, and 0.28 mol/
L glucose) at a rate of 0.3 mL/h. The glucose/saline solution was replaced with the prepared
lipid infusate the next morning.

Lipid Infusate Preparation

Triolein, [3H] triolein, cholesterol, [#C] cholesterol, and PC were dissolved in chloroform.
The chloroform content was evaporated under a steady stream of nitrogen. The chloroform-
free lipid mixture was then emulsified with 19 mmol/L NaTC in phosphate-buffered saline
(PBS; [(in g) 0.958 NapHPQy, 2.277 NaH,POy4, 6.8 NaCl, and 0.2982 KCI/L H,0] at pH 6.4.)
and sonicated with 1 second on/1 second off pulse until the solution appeared homogenous.
The homogeneity of the emulsion was checked by taking samples from the top, the middle,
and the bottom of the emulsion and radioactivity determined. We considered the emulsion to
be homogenous if the counts did not vary >1%.

The lipid emulsion was infused for 6 hours. The hourly infusate contained 4 umol triolein with
atrace mass of [3H] triolein, 0.78 umol cholesterol with a trace mass of [14C] cholesterol, 0.78
umol egg PC, and 5.7 umol NaTC in PBS.

Collection of Lymph, Intestinal Lumen, and the Small Intestine

Lymph samples were collected hourly. At the end of the 6-hour infusion period, the animals
were anesthetized with the ketamine-xylazine mixture, and stomach, small intestine, colon,
and luminal content were removed. The small intestine with intact mucosa and muscular layers
(unscraped) were then cut into 4 equal segments, and herein referred to as M1-M4 (M1 being
the most proximal and M4 being the most distal). We did not scrape the mucosa because it is
quite thin in the mouse and, depending on the strength one applies during scraping, there could
be considerable variation from experiment to experiment in the amount of mucosal scraping.
Tissue samples were homogenized using a Polytron homogenizer, and radioactivity of each
sample was measured. In addition, lipid fraction of M1-M4 were immediately extracted using
the Folch method?0 for further lipid analysis. Lymphatic TG mass was determined usinga TG
kit from Randox (Crumlin, United Kingdom) as previously described.21

Thin-Layer Chromatography Analysis of M1-M4

Lipids extracted from M1-M4 were separated on silica gel 60 plates using a solvent system of
petroleum ether/ethyl ether/glacial acetic acid with 25:5:1 volume ratio. After visualizing the
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samples and the comigrating reference standards by staining with iodine vapor, samples were
scraped into scintillation vials, and 1 mL of absolute alcohol was added to scintillation liquid
(Opti Fluor for aqueous samples) for counting of radioactivity.

Lipoprotein Particle Size Analysis

Carbon-coated formvar film on a 400-mesh copper grid (Electron Microscopy Sciences,
Hatfield, PA) was floated on a drop of the lymph sample. The grid was dried with filter paper
and briefly added with 2% phosphotungstic acid (pH 6.0). For lipid-feeding lymph samples,
5- and 6-hour lymph samples were pooled and diluted with sterile water 1:4 vol:vol before
being used for negative staining. Fasting lymph samples (collected 1 hour prior to lipid
infusion) were not diluted and were added on grids as described. Standard beads (200 nm) were
used for calibration (Duke Scientific Corp, Fremont, CA). The samples were examined and
pictures were taken immediately by using the JEOL JEM-1230. The size of the lipoprotein
particles was measured by using Adobe Photoshop and software from Reindeer Graphics. An
average of 800 particles were sized per lymph sample. A previous pilot study showed that the
manual and the digital counting methods agreed closely (data not shown).

Chylomicron Composition

To determine the lipid composition of chylomicron in the lymph, equal aliquots of lymph
samples were layered under 0.15 mol/L NaCl and subjected to centrifugation for 30 minutes
at50,000 rpm in MLA-130 rotor in a table top ultracentrifuge (Beckman Instruments, Fullerton,
CA). Chylomicrons were removed, and lipid composition was determined as described by
using kits from Wako chemicals.

Enzyme-Linked Immunosorbent Assay Analysis of Apolipoproteins

High-binding 96-well plates were precoated overnight at 4°C with 100 pL/well of 1:300 rabbit
anti-rat apolipoprotein A-1, A-1V, or B in coating buffer (0.014 mol/L Na,CO3 and 0.035 mol/
L NaHCOg3, pH 9.6). Each well was then washed 3 times with PBS-T (0.5% Tween-20in 0.01
mol/L PBS) and blocked with 270 uL of blocking buffer (1% bovine serum albumin in 0.01
mol/L PBS-T) for 2 hours at 4°C. After removing the blocking buffer, 100 uL of either
standards or samples were added and incubated overnight at 4°C. Purified rat apolipoprotein
A-1, A-1V, or B were used as standards (the linear range of each standard curves were
determined in pilot studies). Samples were either from lymph collected 1 hour before lipid
infusion (fasting) or from lymph collected during the 3rd—4th hour lipid infusion (feeding; the
3rd hour lymph and 4th hour lymph were pooled). For measuring apolipoprotein A-I, samples
were diluted to 1:100; A-1V 1:100; and B 1:400 (sample dilution was determined in pilot
studies). Each well was washed 3 times as before and incubated with 100 uL of 1:3000 goat
anti-rat apolipoprotein A-1, A-1V, or B in blocking buffer for 2 hours at room temperature. The
antibodies were washed 3 times and incubated with 100 uL of 1:500 horseradish peroxidase—
linked rabbit anti-goat antibodies in blocking buffer for 1 hour at room temperature. The
secondary antibodies were washed as before, and 200 pL of o-phenylenediamine
dihydrochloride substrate (Sigma) were added to each well. After 15 minutes, the reaction was
stopped by adding 50 pL of 3 mol/L HCI, and the absorbance was read at 490 nm by Synergy
HT plate reader (BioTek, Winooski, VT). Samples were measured in triplicate.

Statistical Analysis

The data shown are mean values + standard errors (SE). To compare groups throughout the 6-
hour infusion, 2-way repeated measures analysis of variance (ANOVA) with Tukey as a

posttest analysis was used. For comparison of data that have 2 independent variables, 2-way
ANOVA was used. A t-test was used for the rest of the data analyses (comparing only 2 groups).
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Statistical analyses were performed using Sigmastat (SPSS Inc., Chicago, IL), and were
considered significant if P < .05.

The SPB method allows for the analysis of FA uptake in mice fed ad libitum by determining
the content of excreted FA relative to the content of a nonabsorbable marker in their fecal
samples. Both CD36 WT (h = 4) and KO (n = 4) mice showed a 91% overall uptake of dietary
FA mass (P = .91; Figure 1A), suggesting that ablation of CD36 is not sufficient to reduce
overall FA uptake. (Note that because enterocytes do not take up TG but FA from digested
TG, we prefer the term FA uptake to TG uptake.)

Cholesterol Uptake

Using the fecal dual isotope method, we examined if the absence of CD36 caused a change in
cholesterol uptake by the intestine. As depicted in Figure 1B, the cholesterol uptake of both
WT and KO mice was about 85% (P = .90). These numbers agree well with those obtained by
other investigators.22 Food intake of WT and KO mice did not show any significant difference
during this study (data not shown).

Both the SPB method and the fecal dual isotope method could not determine the rate and the
site of dietary FA and cholesterol uptake and subsequent packaging into chylomicrons for
secretion. Also, both methods are influenced by variation in stomach emptying. To more
directly determine the uptake and lymphatic transport of TG and cholesterol, we employed the
conscious lymph fistula model.

Analysis of Lymphatic Transport of TG and Cholesterol by the Small Intestine

To further determine whether CD36 plays a role in TG and cholesterol transport by the small
intestine, we analyzed the lymphatic output of CD36 WT and KO mice. (Note that because FA
taken up by the enterocytes needs to be converted to TG for transport into chylomicrons, we
prefer using the term TG transport to FA transport.) CD36 KO mice had a significant reduction
in lymphatic output of both TG (Figure 2A) and cholesterol (Figure 2C). The reduction in
lymphatic radioactive TG output (P <.001) was evident as early as the first hour of infusion
(Figure 2A), reaching only 25% of the hourly infused TG as compared to 50% in the WT mice.
The total TG mass (Figure 2B) in the lymph of the CD36 KO mice was also lower (P =.003)
than that of CD36 WT mice throughout the entire 6-hour study. About 80% of the lymphatic
TG mass output was calculated to be derived from the infused (exogenous/dietary) TG in both
the CD36 WT and KO mice. CD36 KO mice also showed a reduction (P = .002) in lymphatic
transport of the dietary cholesterol, reaching only 10% of the hourly infused load as compared
with 30% for WT mice. This decrease was significant from the third hour of infusion onward
(Figure 2C).

Fate of Dietary FA and Cholesterol at the End of 6 Hours of Continuous Infusion

Figure 3A and B show that very little of the dietary FA and cholesterol that were infused were
being excreted because only a small amount of radioactivity was recovered from the colon of
both groups of animals. Also, there was little if any reflux of infused lipids back to the stomach,
judged from the recovery of radioactive counts from the lumen of the stomach from both groups
of animals. There was a tendency for luminal [3H] counts to be higher in CD36 KO than in
WT mice, but the difference was not statistically significant (P =.1220; Figure 3A, lumen). In
contrast, lymphatic transport of TG in CD36 KO mice was significantly decreased relative to
that of the WT controls (P = .0069; Figure 3A, lymph), and the CD36 KO mice also had a
tendency to accumulate more of the infused radioactive TG in their intestine (P =.105) (Figure
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3A, intestine). In a separate acute study, we observed a similar accumulation of labeled TG in
the intestine of the CD36 KO when the emulsion was administered by gavage instead of by
constant infusion into the duodenum as in our lymph fistula mice (data not shown). Thus, the
tendency to accumulate dietary TG in the intestine of the KO was similar irrespective of
whether TG was infused at a constant rate into the duodenum or gavaged as a single meal.

As shown in Figure 3B (lumen), significantly higher luminal radioactive cholesterol counts
(P =.0073) were recovered in the null mice than the WT controls. As would be expected from
the luminal radioactive cholesterol recovery, the CD36 KO had much reduced radioactive
cholesterol output into the lymph (P = .0216; Figure 3B, lymph). There was no evidence for
more radioactive cholesterol accumulated in the small intestine of the CD36 KO relative to the
WT controls (P = .88; Figure 3B, intestine).

Distribution of Radioactive TG and Cholesterol Along the Segments of the Small Intestine

Figure 4A and B show the distribution of dietary TG and cholesterol, respectively, in the 4
equal length segments of the small intestine, M1-M4 (M1 being the most proximal and M4
being the most distal). The distribution of cholesterol in the small intestine of the KO did not
show a typical gradual decrease from M1 to M2. The low recovery of both [3H] and [*4C]
counts in the M4 segments further support our conclusion that the infused materials were either
taken up by the small intestine or remained in the lumen but were not excreted. Statistical
analysis did not show any significant difference between the WT and KO animals.

Thin-Layer Chromatography Analysis of the Lipid Fraction of the Small Intestine

To determine if the efficiency of esterification of FA and cholesterol by the small intestine was
responsible for the reduced lymphatic transport, we analyzed the distribution of radioactive
counts in the different lipid fractions separated by thin-layer chromatography. Figure 5 shows
the relative percentage of [3H] counts in the cholesteryl ester (CE), TG, diacylglycerol (DG),
and monoacylglycerol + phospholipids (MG + PL). In the proximal half of the CD36 KO small
intestine, about 40%-50% of the [3H] counts were in TG fraction (Figure 5A and B). The
differences between WT and KO were only significant in the second segment (M2) of the small
intestine; that is, significant decreases in the CE and MG/PL fractions in the small intestine of
the KO relative to those of the WT controls (P = .0345 for CE and P =.0019 for MG+PL).

Similarly, the efficiency of cholesterol esterification by the small intestine was compared
between WT and KO mice. Figure 6 shows that about 80%-90% of the [14C] counts were
recovered in free cholesterol in both CD36 WT and KO mice. No significant differences were
observed between the 2 genotypes. There was also no significant difference in FA and
cholesterol esterification between WT and KO in the M3 and M4 segments (data not shown).

Lipoprotein Particle Size Analysis

Figure 7A and B are electron micrographs showing the fasting lipoprotein particles of CD36
WT and KO mice analyzed by negative staining, respectively. Figure 7C shows the size
distribution of the fasting lymph lipoprotein particles (collected 1 hour before lipid infusion)
of the WT and CD36 KO mice. There was no statistical difference in the relative number of
very-low-density lipoprotein (VLDL) particles between WT and KO mice (P =.506) (Figure
7D). Figure 8A and B depict the images of the particles during lipid feeding stage (during the
5th—6th hour lipid infusion) in WT and KO, respectively. Figure 8C shows the size distribution
of the particles. As shown in Figure 8D, only about 42% of the particles secreted by the KO
during lipid feeding stage were chylomicrons, compared with about 75% as chylomicrons in
the WT animals. This difference, however, was not statistically significant (P = .106; Figure
8B). Nevertheless, the average size of the lipoprotein particles of the CD36 KO mice (841.5 £
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76.1A) was significantly lower (P = .0325) than that of the CD36 WT mice (1284.0 +
126.1A) during the lipid feeding stage.

Chylomicron Composition

Figure 9 depicts the chylomicron lipid composition. The chylomicrons secreted contain mostly
TG (about 88%) with small amounts of PL (about 8%) and cholesterol (about 4%).

Apolipoprotein Secretion by the Small Intestine

By using enzyme-linked immunosorbent assay (ELISA), the amounts of lymphatic
apolipoprotein A-I, A-1V, and B were determined (Figure 10A—C). The only significant
difference observed was the apolipoprotein B secretion between the WT and KO animals. The
KO mice secreted significantly less apolipoprotein B compared with the WT mice during both
fasting (glucose/saline infusion) and lipid feeding (3rd—4th hour lipid infusion) stages (2-way
ANOVA, P =.009).

Discussion

The scavenger receptor CD36 is expressed in the brush border membranes of the proximal
small intestine of both rodents®7 and humans.8 CD36 binds to a wide variety of ligands,
including Iipoproteins,lov11 anionic PL,12 and long-chain FA2 Its high expression levels and
defined localization in the small intestine together with its high affinity for lipids suggest a role
for CD36 in lipid absorption. In this study, using the CD36-deficient mouse model equipped
with lymph and intraduodenal cannulas, we directly examined the role of CD36 in uptake and
lymphatic transport of both TG and cholesterol.

Previous work by Goudriaan et al23 and Drover et all’ suggests that CD36 does not function
in uptake of dietary FA. We reexamined this by using the SPB method, which measures the
mass percentage of the fecal FA excretion (combined from several different types of FA) to
the nonabsorbable lipid marker. No deficiency in overall uptake of FA mass could be detected
in CD36-deficient mice. We also examined if a particular type of FA could be less efficiently
taken up by CD36 KO mice. We compared linoleic as well as linolenic uptake between WT
and KO mice, and found that the uptake of these 2 FA was not significantly different between
WT and KO mice (unpublished data). This is also supported by the similar recovery of [3H]
counts (the [3H] was labeled on the oleic acids of the triolein) from the intestinal lumen of both
WT and KO in our studies.

Although CD36 has been well-characterized as mediating the uptake of free FA in adipose
tissue and muscle, in the intestine its deletion does not appear to cause an overall reduction in
the uptake of FA (after hydrolysis of TG to MG and FA). Our findings are consistent with
those of Drover et al.17 As a result of the high FA concentrations that occur in the intestine
during a lipid meal, it is possible that passive transport of FA may mediate most of the uptake
in this tissue, as discussed recently.24 However, the present data do not rule out the possibility
that other FA transporters could compensate for FA uptake in the absence of CD36. Such FA
transporters include FATP42% and FABPpm.26 To truly address the issue, we have to delete
these genes and then determine the effect on the uptake of FA by the small intestine. In essence,
we cannot rule out completely the possibility that CD36 mediates uptake of FA.

Although uptake of FA by the small intestine does not seem to depend on CD36, the formation
and secretion of chylomicrons appear to be, as supported by several lines of evidence. First,
lymphatic TG transport was significantly reduced in the CD36 KO mice for both the exogenous
(infused/dietary) TG and endogenous TG (originating from the FA derived from biliary PL).
Second, the recovery of dietary TG in the intestine was considerably higher, albeit not
statistically significant, in the CD36 KO than in the WT mice. Third, CD36 KO mice secreted
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significantly less apolipoprotein B and had a tendency to secrete less chylomicrons. All of these
data suggest that CD36 plays an important role in chylomicron formation and secretion.

Compared to the WT animals, the CD36 KO mice had a tendency to have higher (but not
statistically significant) dietary TG in their intestine, which localized mostly in the proximal
intestine. This is in line with normal CD36 expression being higher in proximal intestine than
the distal small intestine.®:” The high dietary TG in the lumen of the KO was not caused by a
defect in the FA esterification because the ratio of dietary TG to FA was not higher in WT than
KO intestine. As discussed, it is more likely to be a deficiency in the formation and secretion
of chylomicrons.

The intestine of the CD36 KO mice secreted less apolipoprotein B. Assuming that there is only
1 apolipoprotein B in a lipoprotein particle,27’28 our data suggest that there were fewer
lipoproteins being secreted in the KO mice. Our data also seem to indicate that CD36 interferes
with the formation of chylomicrons but not of VLDL particles, as suggested by the considerably
fewer, albeit not significant, chylomicron particles being secreted in the KO relative to the WT
controls (the average particle sizes are significantly different, however, between WT and KO).
Although chylomicrons are empirically defined as TG-rich Iipogrotein particles >800 A in
diameter in contrast to <800 A in diameter for VLDL, Tso et al 9 proposed that secretion of
both particles involve 2 different pathways. The data from CD36 KO mice support this concept.
Interestingly, our studies did not show a postprandial increase in apolipoprotein A-1V secretion,
a phenomenon well-observed in adult rats.30 Our studies of other types of mice and baby rats
also did not show any postprandial increase in apolipoprotein A-1V secretion (data not shown),
suggesting to us that this postprandial increase in apolipoprotein A-1V secretion may be absent
in small animals. This interesting observation will be validated in future experiments.

A recent study reported that CD36 was found in the Golgi apparatus of the adipocytes.15 This
finding opens up the possibility that CD36 may also act intracellularly, such as mediating the
targeting of primordial lipoprotein particles from the endoplasmic reticulum to the Golgi
compartment. This could explain why CD36 KO animals had a defect in chylomicron secretion
into the lymph. It is also possible that the MTP-mediated lipidation of prechylomicrons to form
mature chylomicrons is regulated by CD36. More studies are certainly required to help us
understand the molecular mechanism of how CD36 mediates chylomicron formation and
secretion.

Our studies, however, do not agree well with those of Goudriaan et al.23,31 Using an inhibitor
of intravascular lipolysis, Triton WR1339, they showed that CD36 KO and WT mice were
comparable in the plasma recovery of infused TG and FA. We cannot explain the discrepancy
between their findings and ours, but it should be noted that their plasma TG recovery was only
about 15% of the total infused by the end of 4 hours as compared with our lymphatic recoveries
of about 44% of the total infused for WT and 18% for the KO animals. The lymph fistula model
provides us with a direct measurement of the secretion of chylomicrons and VLDL by the small
intestine and our experimental model is not complicated by factors such as stomach emptying.
In contrast, in the WR1339 study, stomach emptying could potentially be a complicating factor.
In addition, we do not know if WR1339 affects the formation and secretion of intestinal
chylomicrons and VLDL, which could potentially explain the low plasma recovery in the study
reported by Goudriaan et al.23

Although our lymph cannulation studies showed a reduced cholesterol uptake by the CD36
KO mice, our fecal dual isotope data did not show a difference. We are not surprised by the
apparent different answers yielded by the 2 approaches for the following reasons. First, our
lymph cannulation studies are acute studies (only lasted for 6 hours). These type of acute studies
would allow investigators to examine the digestion, uptake, and packaging of the dietary TG
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into chylomicrons by the small intestine (probably the proximal small intestine) within a narrow
time frame. For example, a slower uptake process would be detected in an acute study, but may
not be detected in a more chronic study, such as in a fecal dual isotope study. Also, the chronic
study may involve more length of the gut, and the gut certainly has more time to take up the
luminal FA and cholesterol. Second, in our lymph cannulation studies we continuously infused
cholesterol into the intestinal lumen, bypassing the stomach. In contrast, the fecal dual isotope
method is prone to alteration in stomach emptying and/or intestinal motility to regulate the
flow of the emulsion bolus. All of these factors may affect cholesterol uptake. Therefore, we
conclude that CD36 may still mediate cholesterol uptake, but its absence can certainly be
compensated by many factors; these factors include slower gastric emptying and the presence
of other cholesterol transporters, especially the ones expressed throughout the more distal part
of the intestine, such as Niemann-Pick C1 Like 1.32

There was no difference in the amount of dietary cholesterol accumulated in the CD36 KO
versus the WT intestines. Esterification of cholesterol in the small intestine was also similar
between the CD36 KO and the WT animals. As would be expected from the reduced cholesterol
uptake, the CD36 KO mice transported significantly less cholesterol into the lymph.

It is important to point out that the lymphatic vessel that we cannulated collects lymph

transported from both proximal and distal intestine. However, the nonlymphatic route exists

for the intestine, and the relative amount of such transport could be inferred from the

unaccounted fraction of the lipid infused at the end of lymph fistula studies (% nonlymphatic

= 100% — total % that could be recovered from lymph, lumen, intestine, stomach, and colon;

Figure 3). This nonlymphatic transport, which probably reflects mostly the portal transport,
was not significantly different between the WT and KO mice (data not shown).

In conclusion, our data suggest that CD36 plays an important role in chylomicron formation
and secretion. CD36 may also play a role in cholesterol uptake, but its absence does not seem
to be sufficient to cause an overall reduction in intestinal cholesterol uptake.
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Figure 1.

Analysis of FA (A) and cholesterol (B) uptake by the small intestines of CD36 null and WT
mice. (A) A minimum of 9 fecal samples from each group were analyzed by the SPB
method18 to determine the ratio of fecal FA vs fecal nonabsorbable fat marker. (B) Mice were
gavaged with 20% intralipid containing 0.35 mg cholesterol, [14C] cholesterol, and [3H]
sitosterol. Fecal samples were collected 24 hours postgavage and analyzed. No statistical
significance was found. Values are means + SE.
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Figure 2.

(A) [BH]-TG, (B) TG mass, and (C) [*4C]-cholesterol transport into the lymph during
continuous intraduodenal lipid infusion. Mice were equipped with lymph and duodenal
cannulas, and were intraduodenally infused with a lipid emulsion containing labeled TG (the
label was on all FA molecules of the TG) and cholesterol for a period of 6 hours. Lymph was
collected hourly and analyzed. *P < .05 as determined by Tukey posttest analysis of 2-way
repeated measures ANOVA. Values are means + SE.
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Figure 3.

Fate of dietary TG (A) and cholesterol (B) at the end of 6-hour continuous infusion. Mice were
equipped with lymph and duodenal cannulas, and were intraduodenally infused with a lipid
emulsion containing labeled TG (the label was on all FA molecules of the TG) and cholesterol
for a period of 6 hours. The recovery of radioactivity in the small intestine, lymph, stomach,
intestinal lumen, and colon were determined at the end of the 6 hours by scintillation counter.
*P <.05. Values are means + SE.
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Figure 4.

Distribution of dietary TG (A) and cholesterol (B) along the segments of the small intestine.
Mice were equipped with lymph and duodenal cannulas, and were intraduodenally infused
with a lipid emulsion containing labeled TG (the label was on all FA molecules of the TG) and
cholesterol for a period of 6 hours. At the end of the study, small intestines (n = 5) were
harvested and divided into 4 equal length segments, from proximal to distal: M1, M2, M3, and
M4. The amounts of radioactivity in these segments were determined by scintillation counter.
No statistical significance was found between the WT and KO. Values are means + SE.
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Figure 5.

Thin-layer chromatography analysis of [3H]-labeled lipid fraction of the small intestine. Mice
were equipped with lymph and duodenal cannulas, and were intraduodenally infused with a
lipid emulsion containing labeled TG (the label was on all FA molecules of the TG) and
cholesterol for a period of 6 hours. At the end of the study, the small intestines were divided
into 4 equal segments. Only the analysis of the first 2 (most proximal) segments was shown
here: (A) M1 and (B) M2. Extracted lipid fraction was separated by thin-layer chromatography
into CE, TG, FA, DG, and MG+PL. CE, cholesteryl esters; DG, diacylglycerols; MG+PL,
monoacylglycerols and phospholipids. *P < .05. Values are means + SE.
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Figure 6.

Thin-layer chromatography analysis of [14C]-labeled lipid fraction of the small intestine. Mice
were equipped with lymph and duodenal cannulas, and were intraduodenally infused with a
lipid emulsion containing labeled TG (the label was on all FA molecules of the TG) and
cholesterol for a period of 6 hours. At the end of the study, the small intestines were divided
into 4 equal segments. Only the analysis of the first 2 (most proximal) segments was shown
here: (A) M1 and (B) M2. Extracted lipid fraction was separated by thin-layer chromatography
into cholesterol and CE. No statistical significance was found between the WT and KO. Values
are means + SE.
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Figure 7.

Lipoprotein particle size of the lymph of fasted mice. Lipoproteins analyzed were from lymph
collected 1 hour prior to lipid infusion (during glucose/saline infusion). Electron micrographs
of the lipoprotein particles from CD36 WT (A) and KO (B) mice, and their size distribution
(C) and relative VLDL/chylomicron ratio (D) are shown. Particles with diameters of <800 A
are considered VLDL, and >800 A are considered chylomicrons. Standard bars represent 5000
A (500 nm). No statistical significance was found in the VLDL/chylomicron ratio between the
WT and KO. Values are means + SE.
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Figure 8.

Lipoprotein particle size of lymph of lipid fed mice. Lipoproteins analyzed were from lymph
collected during the 5th—6th hour lipid infusion. Electron micrographs of the lipoprotein
particles from CD36 WT (A) and KO (B) mice, and their size distribution (C) and relative
VLDL/chylomicron ratio (D) are shown. Particles with diameters of <800 A are VLDL, and
>800 A are chylomicrons. Standard bars are 5000 A (500 nm). No statistical significance was
found in the VLDL/chylomicron ratio between the WT and KO. Values are means + SE.
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Figure 9.

Lipid composition of chylomicrons from lipid fed mice. Chylomicrons were isolated from
lymph collected during 6 hours of lipid infusion. Each chylomicron lipid, TG (white), total
cholesterol (gray), and PL (black) is expressed as a percentage of the total content. No statistical
significance was found.
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Figure 10.

Apolipoprotein secretion into lymph during fasting and lipid feeding. Fasting samples were
from lymph collected 1 hour prior to lipid infusion (during glucose/saline infusion); lipid-
feeding samples were from lymph collected during the 3rd—4th hour of lipid infusion. Amounts
of lymphatic apolipoprotein A-1 (A), A-1V (B), and B (C) were determined by ELISA. See
Methods for details. *P = .009 for the genotype factor (2-way ANOVA). Values are means +
SE.
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