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Abstract The clustering of risk factors including dyslip-
idemia, hyperglycemia, and hypertension is highly athero-
genic along with the excess of remnants from triglyceride
(TG)-rich lipoproteins. CD36 is involved in the uptake of
long-chain fatty acids (LCFAs) in muscles and small intestines.
Patients with CD36 deficiency (CD36-D) have postprandial
hypertriglyceridemia, insulin resistance, and hypertension.
To investigate the underlying mechanism of postprandial hy-
pertriglyceridemia in CD36-D, we analyzed lipoprotein pro-
files of CD36-D patients and CD36-knockout (CD36-KO)
mice after oral fat loading (OFL). In CD36-D patients, plasma
triglycerides, apolipoprotein B-48 (apoB-48), free fatty acids
(FFAs), and free glycerol levels were much higher after OFL
than those of controls, along with increases in chylomicron
(CM) remnants and small dense low-density lipoprotein
(sdLDL) particles. In CD36-KO mice, lipoproteins smaller
than CM in size in plasma and intestinal lymph were mark-
edly increased after OFL and mRNA levels of genes involved
in FFA biosynthesis, such as fatty acid binding protein (FABP)-1
and FAS, were significantly increased. These results suggest
that CD36-D might increase atherosclerotic risk by enhancing
plasma level of CM remnants due to the increased synthesis
of lipoproteins smaller than CM in size in the intestine.—
Masuda, D., K. Hirano, H. Oku, J. C. Sandoval, R. Kawase,
M. Yuasa-Kawase, Y. Yamashita, M. Takada, K. Tsubakio-
Yamamoto, Y. Tochino, M. Koseki, F. Matsuura, M. Nishida,
T. Kawamoto, M. Ishigami, M. Hori, I. Shimomura, and S.
Yamashita. Chylomicron remnants are increased in the post-
prandial state in CD36 deficiency. J. Lipid Res. 2009. 50:
999–1011.
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In recent years, the clustering of coronary risk factors
such as dyslipidemia, hyperglycemia, and hypertension re-
lated to abdominal obesity has been called the “metabolic
syndrome” (MetS) and is a problem all over the world. Re-
cently, several epidemiological studies have demonstrated
that hypertriglyceridemia is closely related to the develop-
ment of atherosclerosis (1, 2). Excess triglyceride (TG)-rich
lipoproteins (TRLs), such as chylomicrons (CMs) or VLDLs,
appear to be associated with the formation of atheroma. In
particular, partially catabolized TRLs in the form of remnant
lipoprotein particles (RLPs) are considered to be highly
atherogenic (3–5). Plasma RLP-cholesterol (RLP-C) levels
have been shown to be associated with an increased risk of
coronary heart disease and related to insulin resistance and
type II diabetes mellitus (6).

CD36, one of the class B scavenger receptors, is an 88 kDa
glycoprotein and expressed on a variety of cells/tissues, such
as platelets, monocytes/macrophages, intestinal cells, micro-
vascular endothelial cells, smooth muscle cells, adipose tis-
sues, skeletal muscles, and cardiomyocytes (7). It is well
known that CD36 binds to long-chain fatty acids (LCFAs).
CD36 is assumed to be associated with the uptake of LCFAs
because the liver fatty acid binding protein (L-FABP, FABP1)
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and intestinal fatty acid binding protein (I-FABP, FABP2) in
the small intestine are colocalized with CD36 (8).

In 1990, a patient with CD36 deficiency (CD36-D) was
found by Yamamoto et al. (7) to have a lack of antigen on
platelets; of patients who were refractory to multiple plate-
let transfusions, several with mutations in the CD36 gene
were identified in our laboratory. CD36-D is the only ge-
netic deficiency state among scavenger receptors in hu-
mans. Furthermore, evaluation of the clinical phenotypes
of patients with CD36-D indicated that they had the typical
metabolic features of MetS, such as dyslipidemia including
postprandial hypertriglyceridemia, insulin resistance, and
hypertension (9, 10). These phenotypes have also been ob-
served in CD36-KO mice (11, 12). Furthermore, we reported
that plasma apolipoprotein B-48 (apoB-48) levels in the post-
prandial state were elevated with accumulation of TRL in
patients with CD36-D (10), which might be one of the ge-
netic models for MetS with hypertriglyceridemia (7).

Recently, several groups evaluated the mechanism of
postprandial hyperlipidemia in CD36-KO mice (13, 14).
Drover et al. (13) reported that the intestinal uptake
of LCFA was not impaired in CD36-KO mice and that
lipid droplets were extremely evident in the intestines of
CD36-KO mice fed a high-fat diet ad libitum. Furthermore,
they showed that after an oral loading of fat containing [3H]
labeled TG, the radioactivity of lymph drained from the in-
testine was lower in CD36-KO mice compared with wild-type
(WT) mice. They concluded that the postprandial hyperlip-
idemia in CD36-KO mice was caused by impaired clearance
of intestine-derived TRLs from the peripheral tissue even
though the TG secretions from the intestine were decreased.
Moreover, Goudriaan et al. (14) speculated that the im-
paired clearance of TRLs in CD36-KO mice might be due
to the inhibition of lipoprotein lipase (LPL) by high concen-
trations of FFAs. Their results could explain one aspect of
the postprandial hyperlipidemia in CD36-KO mice; how-
ever, when we evaluated the postprandial lipid profiles of
the intestine-derived lymph, we got the opposite result that
TG level of the intestinal lymph in CD36-KO mice was more
increased after OFL compared with WT mice and hypothe-
sized that the intestinal TG production was not impaired,
but rather increased in CD36-KO mice.

Although we have clearly demonstrated the accumu-
lation of TRLs in patients with CD36-D, the underlying
mechanism for postprandial hypertriglyceridemia has not
yet been clarified. In this study, we examined fasting and
postprandial lipid profiles in patients with CD36-D. Fur-
thermore, in CD36-KO mice, we examined plasma lipid
profiles after OFL, hepatic VLDL production, and intes-
tinal CM production, and the gene expression involved
in the intestinal biosynthesis of FFAs and lipoproteins.

MATERIALS AND METHODS

Evaluation of metabolic phenotypes of patients
with CD36-D

Among patients whose hearts were evaluated by single photon
emission computed tomography at Osaka University Hospital and

related hospitals, 40 patients without myocardial accumulation of
an LCFA analog, 123I-b-methyl-p-iodophenyl-pentadecanoic acid
(123I-BMIPP), and with the absence of CD36 antigen on mono-
cytes or platelets, as determined by flow cytometry analysis per-
formed after informed consent, were diagnosed with type I
CD36 deficiency (CD36-D). Normal healthy volunteers (n 5
84) matched for age, sex, and body mass index (BMI) served as
controls. Each subject gave written informed consent before par-
ticipating in the study, and the ethics committee of the Osaka
University Hospital approved the study design. All samples were
collected in accordance with the Helsinki Declaration. Blood
pressure was determined in the sitting position, and peripheral
venous blood was drawn while subjects were fasting. Serum total
cholesterol (TC), TG, HDL-cholesterol, and fasting plasma glu-
cose levels were measured by the enzymatic method; HbA1c
levels were measured by the HPLC method (Dai-ichi Pure
Chemicals, Chiba, Japan); and plasma adiponectin levels were
determined using a human adiponectin ELISA kit (Otsuka
Pharmaceuticals, Tokyo, Japan). Features of MetS were de-
fined according to the Japanese guidelines for the diagnosis of
MetS (15); 1) fasting serum TG > 150 mg/dl and/or fast-
ing HDL-cholesterol level ,40 mg/dl; 2) systolic blood pres-
sure > 130 mmHg and/or diastolic blood pressure > 85 mmHg;
3) fasting serum glucose > 110 mg/dl. The number of features
of MetS was counted and compared.

OFL test of patients and controls
Four CD36-D patients and 12 normal healthy volunteers were

loaded with OFTT cream (containing 35% fat without sugar,
30 g fat/m2 body surface area, JOMO Foods, Japan) after over-
night fasting. Blood was drawn before and at the indicated
times (1–8 h) after OFL, followed by immediate serum and
plasma separation with low-speed centrifugation. Concentra-
tions of TC and free cholesterol, TG, HDL-cholesterol, FFAs,
and phospholipids (PLs) were measured by the enzymatic method;
apoAI, AII, B, CII, CIII, and E by the immunoturbidity method
(Dai-ichi Pure Chemicals Co., Ltd., Tokyo, Japan); and apoB-48
by a sandwich chemiluminescent enzyme immunoassay (Fuji
Rebio Inc., Tokyo, Japan) that we developed previously (16). For
the evaluation of changes in remnant lipoproteins, we used the
remnant lipoproteins cholesterol homogenous assay (RemL-C:,
Kyowa Medex, Tokyo, Japan), which can determine CM and VLDL
remnants with high specificity (17) and has a strong positive cor-
relation with RLP-C concentrations at fasting (6). The fasting sam-
ples and those obtained 4 h after OFL were used for determination
of free glycerol levels by the enzymatic method (Sigma-Aldrich, St
Louis, MO). For the comparison of the net postprandial changes
of these parameters, the incremental area under the curve (iAUC)
of TG, apo B-48, FFA, and Reml-C was calculated.

Lipoprotein analysis by HPLC
The lipoprotein profile of the patients (n 5 4) and controls

(n 5 12) during fasting and after OFL were analyzed by an on-
line dual enzymatic method for simultaneous quantification by
HPLC at Skylight Biotech Inc. (Akita, Japan), according to the
procedure described by Usui et al. (18). Two hundred microliters
of plasma were dissolved with the loading buffer and loaded into
TSK gel Lipopropak XL columns. The concentrations of TC and
TG in the flow-through were measured continuously and simul-
taneously (18) in the fasting state and 4 h after OFL. In the prior
investigation of lipoproteins using the HPLC method, the corre-
spondence of lipoprotein fractions (CM, VLDL, LDL, and HDL-
sized fractions) and the elution time were already confirmed
by comparing the HPLC pattern of representative lipoproteins
separated by ultracentrifugation [CM (.80 nm, fraction time:
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15–17 min), VLDL (30–80 nm, fraction time: 17–22 min), LDL
(16–30 nm, fraction time: 22–28 min), and HDL (8–16 nm,
fraction time: 28–37 min)] (18, 19). Small dense LDL (sdLDL),
one of the atherogenic lipoproteins, was detected in each sam-
ple as a smaller-sized LDL fraction (estimated lipoprotein particle
size: 16–25.5 nm, elution time: 25.2–28 min) (19). We evaluated
TG and TC concentrations of these fractions and compared the
LDL peak of TC concentration.

The flow-through was serially collected into 84 tubes accord-
ing to elution time, with 150 ml of the flow-through collected in
each tube. To confirm whether CM or its remnants were con-
tained in each fraction, apoB48 protein was detected by Western
blotting using anti-human apoB-48 antibody, which was provided
by Fujirebio Inc. (Tokyo, Japan). From the tubes that were sup-
posed to contain CM remnants (tubes No. 11, 14, 17, 20, 23, 26,
29, 32, 35), 15 ml of flow-through (containing ?10 mg protein)
was taken, subjected to 4–12% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE, TEFCO, Tokyo, Japan) and transferred onto
the Immobilon-P Transfer membrane (Millipore Corp., Billerica,
MA). This membrane was incubated with anti-human apoB-48
antibody and subsequently with anti-mouse IgG antibody (NA931V,
GE Healthcare, Backinghamshire, UK). The bands of apoB-48
were detected with the ECL Advance Detection Kit (GE Health-
care, Backinghamshire, UK). In addition, TG concentrations of
CM remnant fractions in which apoB-48 protein was detected were
measured in CD36-KO mice and WT mice.

Animals and diets
CD36-KOmice created on a C57BL6/J background were kindly

provided by Mason. W. Freeman, MD, PhD, Professor of Harvard
Medical School (20). CD36-KO and C57BL6/J mice (as WT) were
housed in a temperature- and humidity-controlled facility with a
12-h light/dark cycle and fed a normal chow diet (MF, OrientalBio
Laboratories, Chiba, Japan). All mice were male and 8–12 weeks
of age, with body weights of 18–24 g. The experimental protocol
was approved by the Ethics Review Committee for Animal Ex-
perimentation of Osaka University Graduate School of Medicine
and was conducted in conformity with the Public Health Service
(PHS) Policy on Humane Care and Use of Laboratory Animals,
incorporated in the Institute for Laboratory Animal Research
(ILAR) Guide for Care and Use of Laboratory Animals.

OFL test of CD36-KO and WT mice
After about 16 h of fasting, CD36-KO (n 5 9) and WT (n 5 8)

mice were loaded with 17 ml/g body weight of olive oil (Nacalai
Tesque, Kyoto, Japan) by gavage. Blood samples (15 ml) were
drawn from the retro-orbital plexus into EDTA-containing tubes
before and at the indicated times (1–8 h) after OFL. The plasma
levels of TG, FFA, and free glycerol were measured by enzymatic
methods. For the evaluation of the plasma lipoprotein profile of
mice, an HPLC study was also performed. From CD36-KO (n 5 6)
and WT (n 5 6) mice, 140 ml of blood was drawn from the retro-
orbital plexus during fasting and 3 h after OFL. Plasma samples
(15 ml) were injected into HPLC columns. TC, TG, and phospho-
lipids (PLs) concentrations were calculated in the same manner as
previously described.

Triton WR-1339 experiments during fasting and after OFL
and postheparin lipase activity

Triton WR-1339 is a potent inhibitor of LPL and HL. In order
to measure the secretion rate of lipoproteins from the intestines
and the liver, triton WR-1339 (Nacalai Tesque, Kyoto, Japan) was
injected during fasting (i) and after OFL (ii). CD36-KO (n 5 4)
and WT (n 5 4) mice were used for both experiments. In experi-

ment (i), we injected triton WR-1339 in the fasting state for the
evaluation of lipoprotein secretion from the liver. To the con-
trary, in experiment (ii), after the injection of triton WR-1339,
we performed OFL for the evaluation of the additional effect of
lipoproteins derived from the small intestine. These experiments
were different in the timing of triton WR-1339 injection from
the similar experiment done by Drover et al. (13); they injected
triton WR-1339 after OFL and concluded that there is little ad-
ditional inhibition when injecting triton WR-1339 in CD36-KO.
Blood was drawn from the retro-orbital plexus during fasting
and after injection of triton WR-1339 (500 mg/kg) into the tail
vein. In experiment (ii), mice were loaded with 17 ml olive oil /g
body weight within a few minutes after the injection of triton
WR-1339. Plasma TG levels were measured by the enzymatic
method. ApoB-48 levels 2 and 4 h after OFL, in experiment (ii),
were analyzed by Western blotting. Two microliters of plasma con-
taining ?10 mg protein diluted with PBS were subjected to SDS-
PAGE. ApoB-48 protein was detected using anti-mouse apoB-48/
B-100 antibody (BIODESIGN International, Saco, ME) and anti-
rabbit IgG antibody (NA934V, GE Healthcare, Backinghamshire,
UK), followed by detection with the ECL Advance Detection
Kit. Moreover, for the evaluation of LPL and HL activity, heparin
(100 U/kg BW, Mochida Pharmaceutical Co., Ltd., Tokyo, Japan)
was injected intravenously into the tail vein after 16 h fasting. Five
minutes after injection, blood was drawn for measurement of
lipase activity (21).

Histological analysis by Oil Red O staining and electron
microscopic study

Intestinal tissues of CD36-KO (n 5 4) and WT mice (n 5 4)
were obtained during fasting and 30 and 60 min after OFL. Mice
were anesthetized by intraperitoneal injection of 1 mg pentobar-
bital sodium before the intestines were removed. The intestinal
tissues were divided into three segments, and pieces of the oral
side were washed with PBS and fixed with 4% paraformaldehyde
by overnight incubation at 4°C and then with 30% sucrose over-
night at 4°C. After segments were cryoembedded in Tissue-TeK
O.C.T. compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan),
the sections were prepared by subsequent cryostat sectioning of
5 mm thicknesses and applied to MAS-coated SUPERFROST slides
(Matsunami glass, Tokyo, Japan). The sections were stained with
Oil Red O and hematoxylin and then observed with COOLSCOPE
(Nikon, Tokyo, Japan). The intestines at the same position of Oil
Red O staining were obtained, fixed by the injection of 2% glu-
taraldehyde and 1% osmium tetroxide, and stained by uranyl ace-
tate. Ultrathin sections were made and examined with a Hitachi
H-7100 electron microscope.

Lipid and lipoprotein analysis of intestinal lymph
CD36-KO (n5 4) and WT (n5 4) mice were loaded with olive

oil (17 ml/g body weight) after 16 h fasting and anesthetized. A
needle with a polyethylene tube (PE-50), which was filled with
EDTA-treated water and hung to the floor, was cannulated into
the intestinal lymphatic trunks for 10 min at 1 h, 2 h, and 3 h after
OFL, according to the modified method described by Bollman
et al. (22). In order to ascertain whether the samples were prop-
erly collected from the intestine, the lymph from three different
origins, the hepatic lymphatic trunk, thoracic duct, and intestinal
lymphatic trunk, and plasma from the inferior vena cava as a
control were drained. One microliter of sample was subjected
to SDS-PAGE and transferred onto the membrane, which was
blocked by Blocking One (Nacalai Tesque, Kyoto, Japan). The
membrane was incubated with anti-mouse apoB antibody and
anti-rabbit IgG antibody, followed by detection with the ECL
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Advance Detection Kit. The concentrations of TG, FFA, and
glycerol in the intestinal lymph were measured at each point of
time after OFL.

At 3 h after OFL, 10 ml of intestinal lymph was diluted with
saline up to 100 ml and loaded into the HPLC columns, followed
by the simultaneous and continuous detection of TC, TG, and
PL. The flow-through was subfractioned into 84 tubes for 15 s
each, 150 ml per tube. Samples (100 ml) were taken from each
of subfraction tubes 16 to 25, which contained CM remnant-sized
fractions of intestinal lymph, mixed together, and loaded into
the tube of a centrifugal concentrator (Centricon Y-10, Amicon
Millipore Corp., Bedford, MA). Concentrated samples (50 ml) were
immunoblotted with anti apoB antibody as previously described.

Purification of total RNA from intestinal epithelium,
cDNA synthesis, and quantitative real time-PCR

The intestines of CD36-KO (n 5 6) and WT (n 5 6) mice were
removed during fasting and 3 h after OFL, divided into three
segments, and washed with PBS. Epithelial stratum was stripped
with slide glasses, collected, and stored with the RNA stabiliza-
tion reagent, RNAlater (QIAGEN GmbH, Hilden, Germany) at
4°C. After being homogenized with QIAzol lysis reagent, the total
RNA contents of the duodenum were isolated using the RNeasy
Lipid Tissue Mini Kit (cat. 70804, QIAGEN GmbH), followed by
treatment with DNase I (Cat. 79254, QIAGEN). Total RNA was
collected in 50 ml of RNase-free water and stored at 280°C.
One microgram of total RNA was primed with 50 pmol of oligo
(dT) 20 and reverse transcribed to cDNA using the SuperScript
III First Strand Synthesis System for RT-PCR (200 U, cat.18080-
051, Invitrogen Corp., Carlsbad, CA). DNA polymerase and SYBR
Green I (cat.#F-410, Finnzymes Oy, Espoo, Finland) were used in
a reaction volume of 20 ml using gene-specific primers (5 mM) on
cDNA (corresponding to ?50 ng total RNA) by an DNA engine
Opticon 2 real-time PCR detection system (Bio-Rad Laboratories,
Hercules, CA) (23). The 22DDCT method of relative gene expres-
sion was employed and a standard deviation of ct value of ,0.3
was accepted. Results were expressed as arbitrary units in compari-
son with the expression of GAPDH.

Primers for this study
The sequence data of the genes was found with GenBank and

the sequences of primers were designed with Primer3 (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). GAPDH was
used as a housekeeping gene. The sequence and information for
primers used in this study are as follows: mouse FAS (GenBank
accession number; NM 007988): 5′-gctgcggaaacttcaggaaat-3′ and
5′-agagacgtgtcactcctggactt-3′, mouse acetyl-CoA carboxylase-1
(NM 133360): 5′-gaatcctcattggcttacgatgag-3′ and 5′-caatggcccgg-
catgt-3′, mouse stearoyl-CoA desaturase 1 (NM 009127): 5′- cctt-
ccccttcgactactctg-3′ and 5′′-gccatgcagtcgatgaagaa-3′, mouse FABP1
(NM 017399): 5′-catccagaaagggaaggaca-3′ and 5′-ttttccccagtcatgg-
tctc-3′, mouse FABP2 (NM 007980): 5′-ttgctgtccgagaggtttct-3′ and
5′-gctttgacaaggctggagac-3′, mouse FABP6 (NM 008375): 5′-cacc-
attggcaaagaatgtg-3′ and 5′-caagccagcctcttgcttac-3′, mouse apoB
(NM 009693): 5′-tgggattccatctgccatctcgag-3′ and 5′-gtagagat-
ccatcacaggacaatg-3′, mouse Sar1b (NM 025535): 5′-ccgggaaaac-
aactttgcta-3′ and 5′-atggtctgcacaatccacaa-3′, mouse MTTP (NM
008642: 5′-catgtcagccatcctgtttg-3′ and 5′-ctcgcgataccacagactga-3′,
and mouse GAPDH (NM 008084): 5′-actccactcacggcaaattc-3′ and
5′-tctccatggtggtgaagaca-3′.

Statistical analysis
Data were shown as mean 6 SD. Differences between the

groups were evaluated using Studentʼs t -test, and P , 0.05 was
considered statistically significant.

RESULTS

Components of the MetS were clustered in patients with
CD36-D

To investigate whether patients with CD36-D have phe-
notypes similar to those of subjects with MetS, we com-
pared the clinical characteristics of CD36-D patients (n 5
40) to those of age-, sex- and BMI-matched CD36-positive
healthy volunteers (n 5 84) in the fasting state. As shown
in Table 1, during fasting, higher plasma levels of TG and
glucose, lower levels of HDL-cholesterol, and higher sys-
tolic blood pressures were observed in the CD36-D pa-
tients compared with the controls. However, the plasma
levels of TC, HbA1c, and adiponectin were not signifi-
cantly changed. The number of risk factor components
of MetS was greater in patients compared with controls
(CD36-D patients vs. controls: 1.20 6 0.80 vs. 0.76 6 0.72,
P , 0.005), and the percentage of the concurrence of
more than one risk component of MetS was significantly
higher in the patients [12/40 cases (30.0%) vs. 8/84 cases
(9.5%), P , 0.01].

Concentrations of TG, apoB-48, FFAs, and Reml-C were
elevated after OFL in patients with CD36-D

We previously reported that the plasma levels of TG and
apoB-48 but not TC were higher in patients with CD36-D
in the fasting state and postprandial state than in normal
healthy subjects (9). In the current study, postprandial
plasma lipid profiles were evaluated by loading OFTT
cream after overnight fasting in patients with CD36-D and
age-, sex- and BMI- matched control volunteers. The fast-
ing levels of serum TG and apoB-48 and their postprandial
changes (iAUC-TG and iAUC-ApoB48) were significantly
increased in the patients compared with the control sub-
jects. Furthermore, the peak points of TG and apoB-48
after OFL were delayed in the patients (Fig. 1A), which
was consistent with the previous study (9). For the simul-
taneous evaluation of remnants in the course of the OFL
study, Reml-C levels were also measured. Fasting plasma
levels of Reml-C and its postprandial change (iAUC-
Reml-C) were significantly enhanced in the patients. The

TABLE 1. Metabolic phenotypes of patients with CD36-Da

CD36-D (n 5 40) Controls (n 5 84)

Age (years) 62 6 14 60 6 7
Sex (male, female) (25, 15) (63, 21)
BMI (kg/m2) 23.5 6 3.6 23.5 6 2
Total cholesterol (mg/dl) 201 6 39 205 6 32
TG (mg/dl) 178 6 89b 126 6 62
HDL-cholesterol (mg/dl) 46 6 15b 61 6 11
FPG (mg/dl) 110 6 22b 95 6 18
HbA1c (%) 6 6 1.1 5.5 6 1.3
Adiponectin (mg/ml) 5.9 6 3.0c 7.2 6 2.9d

Systolic BP (mmHg) 135 6 18b 115 6 15
Diastolic BP (mmHg) 80 6 10 77 6 18

CD36-D, CD36 deficiency; TC, total cholesterol.
a Values are the mean 6 SD.
b P , 0.01.
c n 5 5.
d n 5 12.
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peak point of Reml-C was delayed more than 6 h in the
patients, in accordance with the postprandial patterns of
TG and apoB-48 (Fig. 1A). On the contrary, plasma levels
of other apolipoproteins (apoAI, AII, B-100, CII, CIII, and
E) were not significantly changed after OFL (data not
shown), suggesting that the assembly of VLDL and HDL
in the liver was not influenced by OFL. The further in-
crease of Reml-C after OFL might be due to increases in
CM remnant or VLDL remnants. Plasma CM remnants,
but not VLDL remnants, were expected to increase in
the patients because plasma apoB-48 levels increased re-
markably in the patients and there was no change in the
postprandial levels of other lipoproteins containing apoB-
100 (data not shown). Plasma concentrations of FFA and
free glycerol were significantly higher in the patients not
only during fasting but after OFL than those of the con-

trols (2-fold higher in CD36-D patients during fasting
and after OFL) (Fig. 1B). These increases in TG, apoB-48,
Reml-C, FFAs, and free glycerol after OFL might be the re-
sult of either overproduction or decreased clearance of CM
and CM remnants from the intestines (Fig. 1A and B).

HPLC analysis of plasma lipoproteins after OFL in
CD36-D patients

In our previous studies, the midband in polyacrylamide
gel electrophoresis was observed and intermediate density
lipoprotein cholesterol was increased in the fasting state
in CD36-D patients compared with controls (9). For the
analysis of postprandial lipoprotein profile in patients with
CD36-D, HPLC analysis of plasma was performed during
fasting and 4 h after OFL (Fig. 2A). Chromatographic pat-
terns of TG in fasting state analysis showed that peaks of

Fig. 1. The oral fat loading (OFL) test in patients
with CD36 deficiency (CD36-D). Patients with CD36-D
(n 5 4, closed squares) and healthy controls matched
for age, sex, and body weight (n 5 12, open squares)
were loaded with OFTT cream (containing 35% fat
without sugar, 30 g fat/m2 body surface area) after
overnight fasting. Blood was drawn during fasting
and 1, 2, 3, 4, 6, and 8 h after OFL, and serum and
plasma were separated immediately. A: Triglyceride
(TG), apolipoprotein B-48 (apoB-48), and Reml-C
levels were measured, and the incremental area under
the curve (iAUC) of each of these parameters was
calculated. * P , 0.05 vs. controls. B: Free fatty acid
(FFA) levels were measured at indicated times, and
free glycerol levels were determined during fasting
and 4 h after OFL. * P , 0.05, ** P , 0.0005 vs.
controls. All values are the mean 6 SD.
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VLDL-sized and LDL-sized fractions were higher in pa-
tients (black line) compared with controls (gray line)
(TG concentration in the VLDL-sized fraction: 128.5 6
72.3 vs. 60.9 6 16.6 mg/dl, P 5 0.037; LDL: 50.9 6 29.0
vs. 29.3 6 8.8 mg/dl, P 5 0.03). After OFL, the peak of
CM was enhanced further in the patients compared with
controls (TG concentration in the CM fraction: 18.2 6
9.8 vs. 3.7 6 2.4 mg/dl, P 5 0.04). The TG levels of

VLDL-sized and LDL-sized fractions were increased more,
and the new peak (elution time: 20.8 minutes) was ob-
served in the patients (TG concentration in the VLDL-
sized fraction: 212.6 6 62.7 vs. 83.3 6 20.7 mg/dl, P 5
0.037; LDL-sized fraction: 63.1 6 23.5 vs. 30.0 6 8.3 mg/dl,
P 5 0.06) (Fig. 2A). In the controls, apoB-48 protein was
detected in the narrow range between the VLDL-sized and
the LDL-sized fractions, while in the patients, apoB-48 was
detected in the wide range (in all lanes) (Fig. 2A). The
apo-B48 mass was huge in the new peak in VLDL-sized frac-
tions. The TG concentrations of apoB-48–containing frac-
tions (elution time: 19–22 min) were higher during fasting
in the patients (P 5 0.019) and in the postprandial state
(P 5 0.010) compared with the controls (Fig. 2B).

The change in the sdlDL subclass after OFL was also
evaluated. The cholesterol levels of the sdlDL subclass did
not significantly change either during fasting (35.16 6.2 vs.
42.4 6 13.2 mg/dl, P 5 0.17) or after OFL (35.3 6 4.7 vs.
41.4 6 13.9 mg/dl, P 5 0.11). However, the peak of LDL
was moved to the right, with smaller LDL-sized fractions
in the patients after OFL (elution time: 23.27 6 0.08 vs.
23.15 6 0.14 min, P 5 0.03), while there was no difference
in the fasting state (elution time: 23.13 6 0.18 vs. 23.14 6
0.13 min, P 5 0.46), suggesting that the sdlDL particle
might be increased after OFL in the patients. Further-
more, TG levels of the sdlDL subclass were higher during
fasting and increased after OFL in CD36-D patients com-
pared with controls (Fig. 2B).

Postprandial increase of plasma TG levels in CD36-KO
mice, not associated with LPL activity

Figure 3A shows the result of the OFL test in CD36-KO
(n 5 8) and WT (n 5 8) mice loaded with 17 ml/g BW of
olive oil by gavage. During the fasting state, plasma TG
levels were significantly higher in CD36-KO mice com-
pared with WT mice (CD36-KO vs. WT mice; 51 6 6 vs.
91 6 30 mg/dl, P 5 0.010). Two peaks of plasma TG levels
(2-fold higher at 3 h and 6 h after OFL) were observed in
CD36-KO mice, similar to the pattern in the OFL test in
patients with CD36-D. Postprandial plasma lipoprotein
profiles were analyzed by HPLC in both CD36-KO and
WT mice. Fasting TG contents of the VLDL-sized fraction
were higher in CD36-KO mice compared with WT mice
(VLDL: 93.8 6 30.8 vs. 66.7 6 20.1 mg/dl, P 5 0.05),
while there was no difference in the LDL-sized fraction
(LDL: 17.4 6 2.5 vs. 17.6 6 3.9 mg/dl, P 5 0.46). After
OFL, the TG contents of CM, VLDL, and LDL in CD36-
KO mice were much higher compared with WT as well
(CM: 110.9 6 46.0 vs. 11.0 6 8.3 mg/dl, P 5 0.005; VLDL:
236.6 6 51.8 vs. 77.1 6 18.6 mg/dl, P 5 0.012; LDL:
44.0 6 10.2 vs. 22.3 6 2.4 mg/dl, P 5 0.006). The peak
of the VLDL-sized fraction was higher and shifted toward
larger particle size, as observed in patients after OFL. Fur-
thermore, plasma levels of FFA and free glycerol were mark-
edly increased in CD36-KO mice after OFL (Fig. 3B).

The secretion of CM from the intestine and VLDL from
the liver in CD36-KO mice was examined with lipoprotein
lipolysis blocked by the LPL inhibitor triton WR-1339
(Fig. 3C). After overnight fasting, CD36-KO and WT mice

Fig. 2. Analysis of fasting and postprandial lipoprotein profiles by
an HPLC method and Western blotting. Two hundred microliters
of plasma were loaded into TSK gel Lipopropak XL columns. The
concentrations of total cholesterol (TC) and triglyceride (TG) in
the flow-through were measured continuously and simultaneously
both during fasting and 4 h after oral fat loading (OFL). A: Rep-
resentative chromatographic patterns of TG during fasting and at
4 h after OFL in patients (black line) and controls (gray line) are
shown. Postprandial plasma was subfractionated into 84 tubes by
HPLC, and 15 ml of flow-through was taken from each tube, which
was expected to contain chylomicron (CM) remnants. ApoB-48
proteins were detected in samples from the controls (upper) and
patients (lower) by anti-human apoB-48 antibody. B: TG concentra-
tions in fractions of CM remnants and small dense LDL (sdLDL)
during fasting and after OFL. TG concentrations of CM remnants
and sdlDL fractions were calculated by the area under the chro-
matographic patterns by the detection of TG at fasting and 4 h
after OFL. * P , 0.01 vs. controls. All values are the mean 6 SD.
CD36-D, closed squares; controls, open squares.
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were injected with triton WR-1339 in the fasting state.
Plasma TG levels were increased after injection, but there
was no difference between them. These results suggested
that there might be no difference in the hepatic produc-
tion of VLDL between CD36-KO and WT mice. On the
contrary, we performed OFL in WT and CD36-KO mice
after the injection of triton WR-1339. Plasma TG levels
were remarkably higher in CD36-KO mice compared with
WT mice, along with the increase of apoB-48 (Fig. 3C).
The postprandial TG increase in CD36-KO mice might
be caused by the increase of lipoprotein production (CM
or CM remnants) from the intestine. This possibility was
supported by the increase of plasma apoB-48 mass after
OFL in CD36-KO mice. Furthermore, there was no signifi-
cant difference in LPL and HL activity between CD36-KO
mice and WT mice (LPL activity: 126 6 65 vs. 135 6
28 nmol FFA/ml/min, P 5 0.41; HL activity; 72 6 20
vs. 76 6 16 nmol FFA/ml/min, P 5 0.38). These data

supported the hypothesis that lipoprotein synthesis in
the small intestine was enhanced in CD36-KO mice, com-
pared with WT mice after OFL.

Histological analysis of postprandial lipid absorption in
CD36-KO mice

In order to histologically evaluate the dynamic change
of intestinal lipid contents during fasting and after OFL,
the small intestines of CD36-KO mice were stained with
Oil Red O (Fig. 4A–F) and studied by electron microscopy
(Fig. 4G–J) in the fasting state and after OFL. In the earlier
histological assessment of the small intestines in CD36-KO
mice by Drover et al. (13), they showed that the intesti-
nal epithelium in CD36-KO mice fed a high-fat, high-
carbohydrate diet ad libitum was rich in oil droplets. They
also showed that the intestinal lipid contents were increased
in CD36-KOmice after a long spell on a Western diet. In the
present study, we investigated the short-term lipidmovement

Fig. 3. OFL test in wild-type (WT) and CD36-KO
mice CD36-KO and WT (C57BL6/J) mice, which
were male and 8–12 weeks of age, with body weights
of 18–24 g, were prepared after overnight fasting
(more than 16 h). A: The OFL of mice using olive
oil (17 ml/g body weight). TG levels of CD36-KO
(n 5 9) and WT (n 5 8) mice were measured be-
fore and 1, 2, 3, 4, 6, and 8 h after OFL. * P , 0.05,
** P , 0.01, # P , 0.001 vs. WT mice. B: Postpran-
dial changes of FFAs and free glycerol in mice. FFA
and free glycerol levels of CD36-KO (n 5 6) and
WT (n 5 6) mice were measured during fasting
and 3 h after OFL. * P , 0.05 vs. WT mice. C: Triton
WR-1339 experiments with and without OFL. After
overnight fasting, two groups of CD36-KO (n 5 6)
and WT (n 5 6) mice were injected with triton WR-
1339 (500 mg/kg) intravenously. (i) OFL (2) experi-
ment: after the injection, TG levels were measured at
0, 2, and 4 h without OFL. (ii) OFL (1) experiment:
mice were loaded with 17 ml olive oil/g body weight
within a few minutes after the injection of triton
WR-1339, TG levels were measured at 0, 2, and 4 h
after OFL. (iii) ApoB-48 mass of OFL (1) experi-
ment. The apoB-mass of plasma samples at 2 and
4 h after OFL was compared between CD36-KO
(n 5 4) and WT (n 5 4) mice. The same dose of
plasma samples (1 ml of plasma diluted by PBS) was
subjected to SDS-PAGE, and apoB-48 proteins were
detected using anti-mouse apoB-48/B-100 antibody.
Values are the mean 6 SD.
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in the intestinal epithelium after OFL in CD36-KO mice.
During fasting, almost no deformity and no lipid droplets
were observed in the intestine along the gastro-colic and
crypt-to-villus axes in both groups (Fig. 4A, D). After OFL,
numerous lipid droplets were observed in the intestinal epi-
thelium of CD36-KO more than WT mice during the early
stage of the OFL (Fig. 4B, E), and the lipid droplets moved
to the vasolateral side (Fig. 4C, F). In the electron micro-
scopic study, there was no apparent difference in the struc-
ture and number of lipid droplets in the fasting state
(Fig. 4G, I). After OFL, the number of lipid droplets was
markedly increased in the vasolateral side of the intesti-
nal epithelium of CD36-KO mice compared with WT mice
(Fig. 4H, J). These data suggest that production of lipids is
faster and increased in the small intestine in CD36-KOmice.

Lipoprotein secretion into the intestinal lymph in
CD36-KO mice

After OFL, the intestinal lymphatic trunks in CD36-KO
(n 5 4) and WT mice (n 5 4) were cannulated as de-

scribed in Materials and Methods. As shown in Fig. 5A,
only apoB-48, but not apoB-100, was present in the col-
lected lymph from the intestinal lymphatic trunks. Thus,
lipoproteins derived from the intestine (contained in the
intestinal lymph) could be either CM or HDL but not
apoB-100–containing lipoproteins (VLDL, intermediate
density lipoprotein, or LDL). In our study, the intestinal
lymphatic fluid was collected into tubes for only 10 min,
not by the continuous cannulation of tubes in the intesti-
nal lymphatic trunks as performed in other studies (12,
13), to protect the small intestine from surgical invasion
and malfunction of lipid absorption. The TG levels of the
intestinal lymph in CD36-KO mice were significantly in-
creased at 3 h after OFL compared with WT mice (Fig. 5B).

Postprandial HPLC chromatographic patterns of the in-
testinal lymph were compared by the detection of TG and
PL between CD36-KO (n 5 4) and WT (n 5 4) mice, and
representative patterns of both groups of mice are shown
in Fig. 5C. There was no remarkable change in TG and PL
patterns between the two groups in the fasting state (data

Fig. 4. Histological study of mouse intestine during fasting and after OFL. Fasting and postprandial lipid
contents of the intestinal epitherium were compared. CD36-KO and WT mice were fed a normal chow diet
and fasted overnight. A–F: Oil Red O and hematoxylin staining. Three groups of mice (CD36-KO, n 5 4,
WT, n 5 4) were prepared, matched by age and body weight. The animals were anesthetized and the small
intestines were removed during fasting in the first group, 30 min after OFL in the second group, and 1 h
after OFL in the third group. The intestines were divided into three parts, after which the oral part was
washed with PBS, fixed with 4% paraformaldehyde, and incubated with 30% sucrose overnight at 4°C.
Intestinal samples were cryoembedded in Tissue-TeK O.C.T. compound and applied to slides after the sub-
sequent cryostat sectioning, followed by staining with Oil Red O and hematoxylin. Intestines of WT mice
during fasting (A), at 30 min after OFL (B), and at 1 h after OFL (C). CD36-KO mice during fasting (D),
at 30 min after OFL (E), and at 1 h after OFL (F). G–J: Electron microscopic analysis. Two groups of mice
(CD36-KO, n 5 4, WT, n 5 4) were prepared, matched by age and body weight. The first group of mice
(CD36-KO mice, n 5 4 and WT mice, n 5 4) was anesthetized in the fasting state and their intestines are
fixed by the intraventricular injection of 2% glutaraldehyde; the second group was treated in the same way
30 min after OFL. The small intestines were removed for sections in the same position as in the Oil Red O
study. The intestines were fixed with 1% osmium tetroxide and stained by the uranyl acetate. Ultrathin sec-
tions were analyzed using a Hitachi H-7100 electron microscope. Intestines of WT mice during fasting (G),
at 30 min after OFL (H); intestines of CD36-KO mice during fasting (I) and at 30 min after OFL ( J).
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not shown). At 3 h after OFL, three peaks were observed
in the HPLC patterns by the detection of TG, located in the
CM-sized, VLDL-sized, and HDL-sized fractions. ApoB-100
was not present in the intestinal lymph (Fig. 5A), suggest-
ing that peak of lipoproteins in VLDL-sized fractions
might be intestine-derived lipoproteins smaller than CM
in size, but not VLDL or LDL, since we compared the frac-
tion range of these lipoproteins with those of human plasma
lipoproteins (Fig. 2A). The TG contents of these lipoprotein
fractions were remarkably higher in CD36-KO compared
with WT mice (362.2 6 34.6 vs. 254.7 6 28.4, P 5 0.0017),
with the higher peak (elution time: 20.5 min) corresponding
to the peak of CM remnants in the patients with CD36-D
(Fig. 2A). Furthermore, the PL contents of these fractions
were significantly higher in CD36-D mice compared with
WT mice (115.9 6 16.9 vs. 42.2 6 4.8 mg/dl, P 5 0.001),
along with the higher ratio of PL/TG (0.322 6 0.052 vs.
0.166 6 0.019, P 5 0.005) (Fig. 5C). The apoB-48 mass of
these lipoproteins of CD36-KO was also higher than that of
WT mice (Fig. 5D). Lipoproteins smaller than CM in size
produced in the intestinal lymph was significantly en-
hanced in CD36-KO mice, along with increases of TG
and PL contents, compared with WT mice. FFA and free

glycerol levels secreted in the intestinal lymph at 3 h after
OFL were also higher in CD36-KO mice compared with
WT mice (Fig. 5E), while there was no difference in the
fasting state.

MRNA levels of genes involved in the biosynthesis of FFA
and the assembly of CM

The total mRNA of the epithelial intestinal cells of CD36-
KO (n 5 6) and WT mice (n 5 6) during fasting and after
OFL was isolated and transcribed to cDNA. Subsequently,
the expression levels of mRNA of nine genes in the intes-
tinal epithelial cells were evaluated (Fig. 6). The mRNA
levels of FAS, an enzyme involved in the biosynthesis of
FFA, were significantly higher in CD36-KO mice in the fast-
ing state, and the increase of FAS mRNA levels continued
during postprandial states compared with WT mice. The
mRNA level of SCD1, a lipogenic enzyme in the biosynthe-
sis of monounsaturated fatty acids [mainly oleate; (C18:1)
and palmitoleate (C16:1)], was not different in the fasting
state but increased significantly in CD36-KO mice in the
postprandial state. On the other hand, there was no sig-
nificant difference in acetyl-CoA carboxylase-1 (an enzyme
that converts acetyl CoA to malonyl CoA) mRNA levels

Fig. 5. Lipoprotein analysis of mouse intestinal lymph
after OFL. Intestinal lymph was collected during fasting
and after OFL using the modified method of Bollman,
Cain, and Grinlay (22). A: Identification of the intesti-
nal lymph. Lymph was drained from three different
trunks, the hepatic lymphatic trunk (lane H), thoracic
duct (lane T), and intestinal lymphatic trunk (lane I).
Lymph fluids were collected in the same amount,
diluted with PBS, and loaded onto SDS-PAGE along
with plasma in the same amount as a positive control
(lane P). ApoB-48 and apoB-100 protein were detected
using anti-mouse apoB-48/B-100 antibody. During
fasting and at 30 min and 2 and 3 h after OFL, CD36-
KO (n 5 5) and WT (n 5 5) mice were anesthetized,
and intestinal lymph was collected for 10 min from
the intestinal lymphatic trunk. B: TG levels of the in-
testinal lymph after OFL. TG levels of the intestinal
lymph were measured at the indicated time by the en-
zymatic method. *P, 0.001, vs. WT. Tenmicroliters of
the intestinal lymph at 3 h after OFL were subjected to
anHPLC column. TG and phospholipids (PL) concen-
trations of the flow-through were continuously mea-
sured. C: Representative chromatographic patterns of
the intestinal lymph. By the detection of TG and PL at
3 h after OFL, HPLC patterns were shown in CD36-KO
(solid line) and WT (gray line) mice. D: The apoB-48
mass of CM remnant-sized fractions. CM remnant-sized
fractions were deduced to be present by the detection
of apoB within the flow-through of mouse intestinal
lymph. The flow-throughof these fractions was concen-
trated and subjected to SDS-PAGE (WT mice, n 5 4,
CD36-KO mice, n 5 4), and apoB-48 proteins were
detected using anti-mouse apo B-48/B-100 antibody.
E: Postprandial changes of FFA and free glycerol levels
of the intestinal lymph. Concentrations of FFA and
free glycerol were measured by the enzymatic method
in CD36-KO (n 5 4, closed squares) and WT (n 5 4,
open squares) during fasting and 3 h after OFL. * P,
0.05 vs. WT. Values are the mean 6 SD.
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between them. Among other families of FABPs, FABP-1 is
abundantly expressed in the small intestine. The mRNA
level of FABP-1 was higher during fasting and increased
more after OFL in CD36-KO mice. There was no signifi-
cant difference in the mRNA levels of apoB and micro-
somal TG transfer proteins between CD36-KO and WT
mice both in the fasting state and after OFL. The mRNA
expression of Sar1b, which is the gene responsible for
CM-retention disease, was relatively lower in CD36-KO
mice compared with WT mice, but the difference was not
statistically significant.

DISCUSSION

In the present study, we clarified that 1) metabolic dis-
orders in CD36-D were independent of visceral fat accu-
mulation and CM remnants were increased in patients in
the postprandial state along with an increase of sdlDL par-
ticles, 2) the production of lipoprotein smaller than CM in
size into the intestinal lymph was increased in CD36-KO
mice along with high levels of FFA and free glycerol, and
3) increase of lipoproteins smaller than CM in size might
be associated with the increase of endogenous FA secre-
tion from the intestine. These results suggested that the
postprandial characteristics of lipoprotein metabolism in
CD36-D might be related to their atherogenicity.

Metabolic disorders in CD36-D were independent of
visceral fat accumulation and CM remnants were
increased in patients in the postprandial state along
with an increase of sdlDL particles

Although our earlier studies showed that metabolic dis-
orders such as dyslipidemia, hypertension, and hypergly-
cemia are clustered in patients with CD36-D (9, 10), its
underlying mechanism has not yet been clarified. There-
fore, in the present study, we investigated the causes of
clustered metabolic disorders, in particular, the cause of
the postprandial hyperlipidemia in CD36-D. As shown in
Table 1, we re-examined metabolic disorders in patients
with CD36-D. The patients (n 5 40) were not obese (BMI;
23.3 6 2.9); their plasma adiponectin levels were not lower
compared with the controls. Some participants in this
study received an abdominal CT scanning test for the
measurement of visceral fat area; there was no significant
difference patients and the controls. Therefore, the meta-
bolic phenotypes of CD36-D might be independent of
visceral fat accumulation.

In our previous studies, two independent risk factors for
atherosclerotic disease, insulin resistance and postprandial
hypertriglyceridemia, were observed in CD36-D (9, 10). In-
sulin resistance and postprandial hypertriglyceridemia are
influenced by the impaired catabolism of TRL (6). More-
over, the postprandial accumulation of TRL was associated
with the development of atherosclerotic disease (24). Thus,
we assumed that the metabolic disorders in patients with

Fig. 6. Quantitative PCR of genes expressed in the
intestinal epithelium The intestinal epithelia of CD36-
KO (n 5 6, closed square) and WT (n 5 6, open
square) mice during fasting and 3 h after OFL were
stripped; total RNA was isolated and transcribed to
cDNA; and the mRNA levels of genes were evaluated
by real-time quantitative PCR, as described in Mate-
rials and Methods. The relative abundances of genes
were calculated by comparison with mRNA levels of
GAPDH. * P, 0.05 vs. WT. Values are the mean6 SD.

1008 Journal of Lipid Research Volume 50, 2009

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


CD36-D might be closely related to the impaired metabo-
lism of TRL and RLP and independent of visceral fat accu-
mulation. In the previous study, we found an accumulation
of remnants in fasting serum of patients as a midband of
polyacrylamide gel disc electrophoresis and high levels of
intermediate density lipoprotein-cholesterol (10). We as-
sessed the hypothesis that the impaired metabolism of
TRL and remnants was one of the important causes of the
metabolic disorders in patients with CD36-D. In this study,
fasting levels and postprandial increases of Reml-C were
significantly higher in patients with CD36-D (Fig. 1A).
These changes were in parallel with those of TG and
apoB-48, suggesting that the postprandial increases of
Reml-C were due to the accumulation of CM remnants.
We examined the HPLC patterns of plasma from the
patients and the controls along with detecting apoB-48
proteins by Western blotting. An increased peak of lipo-
proteins in the size of VLDL was observed after OFL in
CD36-D patients (Fig. 2A). ApoB-48 mass and TG contents
of these lipoproteins were increased in the patients during
fasting and in the postprandial state (Fig. 2A, B). However,
the concentrations of apoB-100 did not change during
fasting and after OFL; the increase of TG content in lipo-
proteins in size of VLDL was mainly due to the increase of
intestine-derived lipoproteins (CM or CM remnants). FFAs
and free glycerol levels, which are among the catabolized
products from CM and CM remnants, were increased in
patients after OFL (Fig. 1B). In the previous study, we
measured the activity of HL and LPL and found there
was no difference (10). However, in patients with CD36-D,
decreased rates of CM clearance cannot be ruled out as
this was not directly measured. Besides the increase of
CM remnants, we found the increase of sdlDL particles,
which is an independent risk factor of atherosclerosis
(25).The genesis of sdlDLwas suggested tobe associatedwith
the impaired postprandial clearance of TRL by enhancing
the transfer of TG to LDL in conjunction with the reverse
transfer of cholesteryl esters from HDL mediated by cho-
lesteryl ester transfer protein and the subsequent hydrolysis
of core TG to sdlDL by HL (26, 27).

Taken together, in patients with CD36-D, high levels of
TG, apoB48, FFA, and free glycerol in the fasting state,
postprandial increase of CM or CM remnants and the
presence of sdlDL were observed. However, the metabolic
abnormalities were not clearly distinguished whether the
metabolic abnormalities were a primary effect due to CD36-D
or were due to insulin resistance, which is accompanied
by CD36-D.

The production of lipoproteins smaller than CM in size
were increased in the small intestine

Previously, Drover et al. (13) and Goudriaan et al. (14)
evaluated postprandial hypertriglyceridemia in CD36-KO
mice. They confirmed by examinations in vitro and in vivo
that the intestinal uptake of FFAs was not impaired in
CD36-KO. Histologically, a large number of lipid droplets
was observed in the intestinal epithelium of CD36-KO mice
fed a high-fat diet ad libitum (13), and the recovery of [3H]
labeled TG loaded orally into the intestinal lymph was

lower in CD36-KO mice compared with WT mice (14).
They concluded that the postprandial increase of TG was
due to the feedback inhibition of LPL by the high concen-
tration of plasma FFA and apoC-III after OFL (13, 14).
Their conclusions could explain one aspect of the mecha-
nism of postprandial hyperlipidemia in CD36-KO mice.

In the current study, we focused on the production of
lipoproteins from the intestine in CD36-KO mice com-
pared with WT mice. TG levels were not different in both
CD36-KO and WT mice after injection of triton WR-1339
in the fasting state, suggesting that there was no apparent
difference in the production of VLDL by the liver (Fig. 2C).
This result in the fasting state was consistent with those of
Drover et al. (13) and Goudriaan et al. (14). The combina-
tion experiment of the OFL test and triton WR-1339 in-
jection was also performed by them (13, 14). The purpose
and the timepoint of OFL were different from what we
performed; they injected triton WR-1339 after OFL and
concluded that there is little additional inhibition when
adding triton WR-1339 in CD36-KO mice. To the contrary,
after we injected triton WR-1339 in the fasting state, we
performed OFL for the purpose of adding lipid production
from the small intestines. As a result, TG increase after OFL
was significantly higher in CD36-KO mice compared with
WT mice along with the increase of apoB-48 mass, which
clearly suggests that the production of intestine-derived
lipoproteins is accelerated in CD36-KO mice under con-
dition of LPL inhibition by triton WR-1339. Drover et al.
(13) pointed out that more lipid droplets were observed
in the intestinal epithelium of CD36-KO mice fed a high-
fat diet ad libitum, and supposed that these changes were
due to an impaired movement of lipids into the intestinal
lymph. To the contrary, we used fasted mice fed a normal
diet avoiding the difference of elapsed time after feeding
between individuals and found that more lipid droplets
emerged in the epithelium of CD36-KO mice in the ear-
lier stage after OFL (Fig. 4), which clearly suggested that
intestine-derived lipoproteins were produced more abun-
dantly and passed by significantly faster in CD36-KO mice
compared with WT. Moreover, we collected the intestinal
lymph from mice for only 10 min and found that TG levels
of the intestinal lymph in CD36-KO mice were significantly
higher after OFL compared with those inWTmice (Fig. 5B).
HPLC analysis showed that the increase of TG was mainly
due to an increase in lipoproteins smaller than CM in size
along with the higher content of PLs (Fig. 5C). In the present
study, the pattern of changes of TG levels in the intestinal
lymph after OFL in CD36-KO mice was opposite to that re-
ported by Drover et al. (13) and Goudriaan et al. (14). One
reason for this discrepancy might be the difference of pro-
cedure. In this study, intestinal lymph was carefully col-
lected with a less-invasive technique and drained for 10 min
for protecting the small intestine from severe surgical in-
vasion and malfunction of lipid absorption. The other re-
searchers examined intestinal TG secretion by continuous
drainage from the intestinal lymphatic trunks with con-
tinuous lipid infusion from duodenal fistula. They did not
confirm whether the experiments might be performed
without damaging the intestinal functions.
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Drover et al. (13) and Goudriaan et al. (14) showed
that, in the postprandial state, LPL activity was impaired
in CD36-KO mice because of the negative feedback of a
higher concentration of FFAs even though it was not im-
paired in the fasting state. To the contrary, we showed that
the postprandial intestinal lymph in CD36-KO mice was
rich in lipoproteins smaller than CM in size. The result
that the activity of LPL and HL was not impaired does
not necessarily imply a lack of effect on CM and CM rem-
nant clearance. A contribution to the increase of TG and
CM in CD36-KO mice after OFL on a background diet of
chow, by delayed plasma clearance of CM and CM rem-
nants, cannot be ruled out, as this was not measured in
the present study. Our finding that the production of
lipoproteins smaller in size was increased suggests one
possible mechanism in the postprandial increase of TG
in CD36-KO mice.

Increase of lipoproteins smaller than CM in size might be
associated with the increase of endogenous FA secretion
from the intestine

In CD36-KO mice, FFA and glycerol levels were in-
creased after OFL (Fig. 3B). Furthermore, we found a
higher concentration of intestine-derived FFAs and glyc-
erol in the intestinal lymph of CD36-KO mice compared
with that of WT (Fig. 5E). The results are also consistent
with increased fatty acid absorption, which was not mea-
sured in this study. Since we already showed the increase
of intestine-derived lipoproteins smaller than CM in size,
we focused on the increased synthesis of FFAs and forma-
tion of lipoproteins smaller than CM in size. The mRNA
levels of molecules involved in primary FFA biosynthe-
sis (FAS, SCD1, and FABP1) were significantly higher in
CD36-KO mice (Fig. 6). The distorted composition of FFAs
because of the impaired uptake of LCFA without CD36
might stimulate the chronic biosynthesis of endogenous
FFAs. This enhanced production of FFAs might induce
the de novo lipogenesis of TG, resulting in the increased
synthesis of intestine-derived lipoproteins. Haidari et al.
(28) showed that the de novo synthesis of FA and apoB-
48-containing lipoproteins in the intestine of fructose-fed
hamsters was increased. Even though this result was ob-
served in an animal model of insulin resistance model, it
was suggested that the endogenous production of fatty
acids might influence the apoB-48-containing lipoprotein
secretion in the small intestine. Endogenous lipids were
secreted mainly in the fasting state in the size of VLDL
(29), and almost half of total lymphatic TG was derived
from endogenously synthesized sources in the postpran-
dial state (30). It is known that PL in CM particles origi-
nates from the intestinal epithelium (31); therefore high
PL contents of lipoproteins smaller than CM in size indi-
cate that these lipoproteins might be derived from the
endogenous source. Drover et al. (13) and Goudriaan
et al. (14) suggested that high plasma FFA levels might
be caused by the prolonged and deteriorated lipolysis of
TRL and their remnants in CD36-D; however we have
suggested that the de novo synthesis of FFA in the in-
testine and the increased production of lipoproteins

smaller than CM in size were one reason for the post-
prandial hypertriglyceridemia.

Our data demonstrated the phenotypic expression of
higher FFA, TG, and TRL levels in CD36-D after OFL. Fur-
thermore, CM remnant-sized lipoproteins were increased
in CD36-D. One strain of spontaneously hypertensive rats
lacks CD36 and shows metabolic phenotypes of insulin
resistance and high FFA levels, which are ameliorated by
the transgenic overexpression of CD36 (32). Relationships
between high plasma FFA level and CD36 gene polymor-
phisms in Caucasians (33) and mutations in the Japanese
(34) have also been reported. High levels of FFAs in
plasma were demonstrated to accelerate insulin resistance
and cardiovascular risk in many epidemiological studies
(35, 36); high FFA levels in patients with CD36-D might
be one of the risk factors for atherosclerosis. In the former
studies, CD36-D has been assumed to be anti-atherogenic
since the uptake of oxidized LDL was reduced in macro-
phages from patients with CD36-D (7) and CD36-KO mice
(37). However, in our clinical experience, the patients
suffered from atherosclerotic cardiovascular diseases more
frequently and severely than controls did (unpublished
observation). In the current study, the increase in rem-
nants plasma FFA level and presence of sdlDL were
observed in patients with CD36-D; these could be risk fac-
tors for atherosclerosis.

In conclusion, we demonstrated the postprandial in-
crease of plasma CM remnants and the presence of sdlDL
with enhanced TG synthesis in the small intestine in the
CD36-D state. CD36 might play an important role in lipid
metabolism for the proper uptake and production of FFAs
(LCFA) in the intestines and for the subsequent produc-
tion of large-sized CM and catabolism of remnants. The in-
crease of TRLs and their remnants and the accumulation
of FFA might be closely associated with the development
of atherosclerosis in the CD36-deficient state.

We gratefully acknowledge Sekisui Medical Co. Ltd., Fuji Rebio
Inc., and Kyowa Medex and Skylight Biotech Inc. for tech-
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