Role of CD36 in membrane transport of long-chain fatty acids

Azeddine Ibrahimi and Nada A. Abumrad

CD836 is a multispecific membrane glycoprotein that has been
postulated to have a variety of functions. Evidence generated in
isolated cells and in mice and rat models of altered CD36
expression has indicated an important role for CD36 in
membrane transport of long-chain fatty acids. The cumulative
data indicate that CD36 facilitates a major fraction of fatty acid
uptake by muscle and fat, and that CD36 deficiency is
associated with a large (60-80%) defect in fatty acid uptake by
those tissues. In humans, polymorphisms in the CD36 gene
may underlie defective fatty acid metabolism and some forms of
heart disease. Herein we review our current understanding of
the transport function and regulation of CD36. The realization
that the transport step rate limits cellular fatty acid utilization
suggests that abnormalities in CD36 expression or function may
impact on susceptibility to certain metabolic diseases such as
obesity and insulin resistance. Curr Opin Clin Nutr Metab Gare 5:189-145.
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Abbreviations

BMIPP 15-(p-iodophenyl)-3-(R,S)-methyl pentadecanoic acid
FA fatty acid

FAT fatty acid transporter

PPAR peroxisome proliferator-activated receptor

SHR spontaneously hypertensive rat
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Introduction

The mechanism of fatty acid (FA) transfer across plasma
membranes has been shown to consist of two compo-
nents: passive diffusion through the lipid bilayer [1] and
protein-facilitated transfer [2—4,5°].

The search for the membrane proteins that are involved
in facilitating FA uptake resulted in the identification of
several candidates. Among these are the membrane-
associated FA-binding protein, identified by oleate-
agarose affinity chromatography [6]; and the FA transport
protein, identified by functional expression cloning [7],
and its family [8°]. CD36 was first implicated in
membrane FA transport by the work of Harmon and
Abumrad [9], who isolated an 88-kDa membrane protein
(tetmed FA'T, fatty acid transporter) by specific labeling
with-the reactive sulfo-/V-succinimidyl derivative of oleic
acid under conditions in which FA uptake was inhibited.
The corresponding complementary DNA cloned from a
rat adipose complementary DNA library [10] encoded a
protein with 85% homology to human platelet CD36
[11]. Thus, FAT is the rat homolog of human CD36, and
the two terms are often used interchangeably in studies
that deal with FA uptake.

Evidence for CD36 function in fatty acid
uptake

Tissue distribution and regulation of CD36 expression
provided early, although indirect evidence for its role as
a FA transporter.

Tissue distribution

Distribution of CD36 was found to be consistent with its
role as a FA transporter, because it favored tissues with a
high metabolic capacity for long-chain FAs [10]. Its
concentration is high in the intestine [12-14], where it is
differentially expressed along the longitudinal and
horizontal axes of the tissue, and is most abundant in
proximal segments and in villi enterocytes, where most
lipid absorption occurs. Expression is high in adipose
tissue [10], where FAs are stored as neutral lipids, and in
the heart [10,15], which relies on energy from FA
oxidation. In skeletal muscle, CD36 is highly expressed
in muscles with a predominance of oxidative fibers, such
as the soleus, whereas expression is low in muscles with
a predominance of glycolytic fibres, such as the extensor
digitorum longus [16].

CD36 is also expressed on macrophages [17], endothelial
cells [18], platelets [19] and lung pneumocytes [20],
where it has been linked to FA uptake [20-22], to lipid
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accumulation [23] and to binding of oxidized low-density
lipoproteins [24°].

Functional expression

Expression of CD36 in fibroblasts that lack it induced
expression of a saturable, high affinity, phloretin-
sensitive component of FA uptake [25]. The contribu-
tion of this component was high at low ratios of FA to
albumin, and decreased as ratios were increased to 2.0.
At the higher ratios, more FA permeated the membrane
via the diffusion component that is constitutively present
in the cell. These data suggested that CD36 mediated
the high-affinity, saturable component of FA uptake,
which had been characterized in early studies with
isolated adipocytes [26,27]. In a complementary ap-
proach to the studies in fibroblasts, expression of the
antisense CD36 complementary DNA in preadipocytes
reduced FA uptake by those cells [28]. In addition,
expression interfered with normal differentiation of
those cells into adipocytes, illustrating the important
role of FA uptake or of CD36-mediated transcriptional
effects of FAs on the preadipocyte—adipocytetditteren-
tiation program [29].

Regulation of CD36 expression

CD36 appears to be under the control of a multitude of
factors, which is in accord with itss wide cellular
distribution and the multiple roles that this muluspecific
protein may play. CD36 is regulated during differentia-
tion and development. Its expression. is.a  prominent
marker of preadipocyte differentiation into~adipocytes
[10]. In the heart there is coregulation of the expression
of CD36 and of muscle FA-binding protein, which is
consistent with their complementary functions. Both
proteins are upregulated during heart development
when FA utilization increases [30].

CD36 expression is regulated by agonists of the nuclear
peroxisome proliferator-activated receptors (PPARs), and
different PPARs mediate the regulatory effects in a
tissue-specific manner. In preadipocytes, CD36 expres-
sion is regulated by agonists of both PPAR-y and PPAR-
0 [31]. Two PPAR response elements located at — 245 to
—233 base pairs, and —120 to — 108 base pairs from the
transcription start site have been identified in the murine
CD36 promoter [32°°]. PPAR-y agonists increase CD36
messenger RNA in adipose tissue [33], and the effect
may involve recruitment of preadipocytes into adipo-
cytes because CD36 levels in mature adipocytes are not
altered by PPAR-y agonists [34,35]. Both PPAR-y [36,37]
and PPAR-6 [23] mediate upregulation of CD36 in
human macrophages. In the case of PPAR-J this is
associated with significant lipid deposition. PPAR-
agonists have also been shown to be potent regulators
of CD36 messenger RNA in keratinocytes [38]. In
muscle, CD36 expression appears to be sensitive to

regulation by agonists of PPAR-y [39] and probably of
PPAR-a, because its expression is significantly decreased
in the PPAR-o-null mouse [40]. By comparison, cardiac
CD36 expression has only been reported to be
responsive to PPAR-«, and not to PPAR-y [41]. PPAR-
7 [42] and PPAR-o also mediate regulation of CD36
expression in the liver [43].

Consistent with its role in FA transport, CD36 expres-
sion has been shown to be upregulated by long-chain
FAs in isolated cells [34] and by dietary fat in tissues
such as adipose tissue [44], intestine [12,45], mammary
gland [46] and heart muscle [47]. We have observed a
marked decrease in heart CD36 protein levels in mice
fed diets supplemented with medium- and short-chain
FAs (Ibrahimi A ez a/., unpublished data). A recent study
[48] reported that infusion of FAs into rats decreased
CD36 protein levels by more than 50%. However, Nisoli
et al. [44] found that high fat increases CD36 messenger
RNA in subcutaneous adipose tissue and Greenwalt ez a/.
[47] reported an increase in heart CD36 protein levels in
mice-maintained on high fat diet. A more systematic
approach is needed to determine the effects of dietary
fat on CD36 levels in different tissues. It is possible that
effects may depend on the type of fat used. In addition,
messenger RNA and protein levels may not be regulated
in_the same way by dietary lipid. Post-transcriptional
mechanisms may also be involved in fat regulation of
CD36; as was shown recently in the case of glucose,
whichincreases the translational efficiency of the CD36
messenger RNA[49°°].

In summary, as is the case with many other nutritionally
relevant genes, there is strong evidence for regulation of
CD36 by dietary and metabolic factors, and these effects
are likely to rimpact on the adaptive responses of
different tissues to environmental challenges.

CD36 facilitates a major fraction of fatty acid uptake
of muscle

Muscle, especially that rich in red oxidative fibers, has
high dependence on energy from FA oxidation. As a
result, it would be expected that CD36 expression in
muscle would impact on FA utilization and the ability of
muscle to perform work. Coburn ¢z /. [S0] demonstrated
that mice null for CD36 have a greater than a 60%
reduction in FA uptake by heart and red muscle. As a
resul, CD36-null mice have a decreased ability to
perform strenuous exercise. In contrast, mice with CD36
over-expression perform better than wild-type mice
(Abumrad NA ¢ /., unpublished data), which may
reflect their enhanced ability for FA oxidation in
response to contraction [51]. Bonen and coworkers
[16,52] recently documented some of the molecular
mechanisms that are involved in regulation of FA
utilization by muscular activity. The acute regulation of
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FA uptake by muscle activity involves the translocation
of CD36 from intracellular stores to the sarcolemma,
which is analogous to the regulation of glucose uptake by
membrane recruitment of glucose transporter 4 [52].
More recent data by Steinberg ez @/. [53°] demonstrate
that membrane recruitment of CD36 in muscle is
influenced by leptin and could play a role in the
peripheral effects of this hormone.

These data indicate that CD36 expression levels
significantly impact on muscle function and perfor-
mance. It would be informative to determine whether
alterations in CD36 levels brought about by genetic or
environmental factors determine muscular performance
and athletic ability in humans.

CD36 expression in the heart and tolerance
to ischemia

Studies of myocardial FA utilization in CD36_null
animals [50], in spontaneously hypersensitive rats, SHR
[54°¢], which have polymorphisms in the CD36 gene
[55] and in CD36-deficient humans (see below) were
done using the free fatty acid analogue 15-(p-iodophe-
nyl)-3-(R,§)-methyl pentadecanoic acid (BMIPP).

Defect in fatty acid utilization and myocardial
hypertrophy in animal models

CD36 null (CD367/7) mice exhibited between 60 and
80% reduction in BMIPP [50] uptake by heart tissue,
which was similar in magnitude to/that observed in CD36-
deficient humans [56]. Lipid incorporation of BMIPP was
severely altered in hearts of CD36-null mice, with a 20-
fold increase in the ratio of diglyceride to triglyceride.
"This indicated a block in the conversion of diglyceride to
triglyceride resulting from the defect in supply of FAs and
FA-acyl coenzyme A for the enzyme diglyceride acyl-
coenzyme A transferase. Hearts of SHRs exhibited similar
but less pronounced defects in FA uptake and .in
conversion of diglycerides to triglycerides [54°°].

CD36 '~ mice have heart hypertrophy [57], as do SHRs
[58]. Supplementation of the diet with short-chain FAs,
which do not require CD36-facilitated transport, elimi-
nated heart hypertrophy in SHRs [54°°]. These data
indicated that lack of metabolic energy resulting from
deficient FA uptake is the primary defect that underlies
myocardial heart hypertrophy in the SHR.

Under normal physiologic conditions optimal cardiac
work is dependent on FA oxidation [59]; because the
heart must often respond to changes in the workload, FA
metabolism must be regulated in such a manner as to
allow rapid adaptation. Energy from FA metabolism is
also believed to play an important role in ischemic
tolerance [60]. We recently examined whether alteration
in expression of CD36 influences heart function during

normal perfusion conditions and in ischemia/reperfusion
using the isolated working heart preparation (Ibrahimi A
et al., unpublished data). Our studies showed an increase
in end-diastolic pressure in CD36-null hearts under
normal perfusion conditions, possibly suggesting a
structural change in myocardial tissue. Tolerance to
ischemia was significantly impaired as compared with
wild-type mice, and rescuing CD36 expression reversed
the impairment. In accord with this, CD36 over-
expression in the heart appeared to be cardioprotective.
A diet supplemented with short- and medium-chain FAs
improved ischemic tolerance in CD36-null mice, but did
not reverse the increase in end-diastolic pressure
(Ibrahimi A er a/., unpublished data). This supports the
interpretation that energy from FA oxidation is impor-
tant for ischemic tolerance and that FA provision may
improve myocardial survival from ischemic episodes.

CD36 deficiency in humans

CD36 deficiency on platelets is present in 5-10% of the
Asian, African and African-American populations, and in
approximately 0.3% of the white population [61,62].
Recent analyses of genetic abnormalities identified muta-
tions that cause CD36 deficiency type I in Japan [63,64].
This deficiency is linked to a single nucleotide insertion
[63,64] and leads to a frameshift and appearance of a
premature _stop. codon. In the case of type II CD36
deficiency, the mutation is a substitution, yielding an
incompletely glycosylated protein that is not inserted in
the membrane and is degraded in the cytoplasm [65,66].

The role of CD36 deficiency in the pathogenesis of
cardiomyopathies in humans was investigated vigorously
once evidence generated 7z vitro and later in laboratory
animals documented the role of CD36 in FA utilization.
Most of rthe studies were conducted in Japan, where
BMIPP is available commercially and used for clinical
evaluation of cardiac FA metabolism by noninvasive
imaging techniques [67]. Patients with CD36 deficiency
show reduced FA uptake in the heart [67,68], as
visualized by scintigraphy using iodinated BMIPP. The
deficiency may underlie some cases of cardiac hyper-
trophy [62,63,69°°], and incidence of CD36 deficiency in
patients with heart disease exceeds that in the general
population [67]. Thus, studies conducted in humans
document a strong association between CD36 defi-
ciency, defective myocardial FA uptake, and some forms
of heart hypertrophy. The increasing size of the
population sample studied, together with the data
generated in mice and rats, establish that the association
is in fact a cause—effect relationship.

Role of CD36 in insulin resistance and
diabetes

The first link between CD36 and diabetes was reported
with the SHR model of human insulin-resistance
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syndromes. Quantitative trait loci for SHR defects in
glucose and FA metabolism map to a single locus on rat
chromosome 4 [55]. The use of complementary DNA
microarrays identified CD36 as a defective gene in SHR
at the peak of linkage to these quantitative trait loci. The
SHR-CD36 gene contained multiple sequence variants
and the CD36 protein was undetectable in SHR
adipocyte plasma membrane [55]. A congenic line,
SHchr4, in which a piece of chromosome 4 with CD36
was integrated into the SHR genome [55], and later
transgenic rescue of CD36 in SHR [70°*] normalized
blood lipids and insulin responsiveness, but hyperten-
sion was only marginally improved. These results
suggested that CD36 deficiency underlies defective FA
metabolism and hypertriglyceridemia in the SHR, and
may be important in the pathogenesis of insulin-
resistance in this animal model. In accord with this,
feeding the SHR a diet supplemented with medium-
and short-chain FAs reversed the hyperinsulinemia
[54°*] by providing tissues with energy from FA
oxidation, because uptake of these FA is independent
of CD36 [27].

Greenwalt er a/. [47] documented several fold increases
in myocardial CD36 in genetically diabetic KKA(y) and
NOD mice. These changes may result to some extent
from the hyperglycemia of diabetes. We found that
muscle CD36 protein levels were significantly increased
in streptozotocin diabetic rats, and that the magnitude of
the increase correlated well'with the severity of diabetes
as assessed by the degree ' of /hyperglycemia (Fig. 1;
Ibrahimi A ez a/., unpublished data). The effect appeared
to reflect changes at the post-transcriptional level,
because CD36 messenger RNA expression was not
altered (not shown). As mentioned above, Griffin e a/.
[49°°] established that high glucese upregulates €CD36
by increasing translation efficiency of the messenger
RNA.

Other evidence for a role of CD36 in insulin
responsiveness comes from studies conducted in mice
with muscle over-expression of CD36 [51] and in
CD36-null mice (Hajri T e «/., unpublished data).
These studies indicate that CD36 expression level
strongly impacts on muscle glucose utilization and
insulin sensitivity. For example, transgenic mice that
over-express CD36 (6-8 months) show increases in
plasma glucose and insulin levels. On the other hand,
CD36-null mice are hypoglycemic [71], hypoinsuline-
mic, and more insulin sensitive than the wild-type
mice, but they show reduced tolerance to fructose
induced insulin resistance (Hajri T e «/., unpublished
data). Further studies should help to document the
role of FA utilization in insulin resistance and allow a
better understanding of the molecular mechanisms
involved.

Figure 1. Correlation between muscle CD36 expression and blood
glucose levels in streptozotocin treated rats

CD36 protein 40

SIQnaI. Blood glucose 77 95 207 260 300 313 378 460
(densitometry (mg/dl)
units) 88 kDa — -

1 1 1 T
100 200 300 400 500
Blood glucose (mg/dl)

Sprague—-Dawley male rats (approximately 200 g) were fasted for 12-14
h-before receiving an intraperitoneal injection of streptozotocin (STZ; 85
mg/kg body weight). Rats (n = 4) were killed at days O, 1, 2, 4,5, 7, 8
and 10 after STZ injection. Plasma glucose was measured and
membrane proteins were prepared from muscle tissue as previously
described [25]. Triton solubilized membrane proteins (60 mg) were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and blotted to nitrocellulose for immunodetection using enhanced
chemiluminescence (ECL, Amersham, Piscataway, NJ, USA). Signal
for CD36 protein was scanned by densitometry and plotted as a function
of blood'glucose.

Data linking CD36 deficiency and insulin resistance in
humans are currently limited and controversial [72-76].
Miyaoka er a/. [73] studied a limited number of CD36-
deficient patients using the cuglycemic hyperinsulin-
emic clamp technique and documented abnormalities of
glucose metabolism in all cases [72]. However, conclu-
sions-from this study were not supported by the findings
of Yanai and coworkers [77,78] who reported that young
CD36-deficient patients showed no sign of insulin
resistance. As Chiba ¢ a/l. [76] suggested, the data
obtained by Miyaoka ¢ @/. might reflect the older age of
the CD36-deficient patients studied (over 64 years old
versus 60 vyears old for control individuals), who
exhibited other abnormalities such as hypertension,
hyperlipidemia and hyperglycemia. Our data with
CD36-null mice (Hajri T ¢# a/., unpublished data) are
more consistent with the findings of Yanai and coworkers
[77,78]. Based on our findings, our current interpretation
is that the effect of CD36 deficiency on insulin
responsiveness is strongly dependent on diet, and
consideration of this interaction could help reconcile
some of the divergent effects in humans.

Conclusion
Over the past several years, the identification of CD36 as
a long-chain FA transporter has significantly contributed
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to our understanding of the regulation of FA uptake and
utilization. It will be important to gain a better under-
standing of the interactions between defects in CD36
expression or function and abnormalities in other
proteins that are important for FA or glucose utilization.
It is clear that most metabolic diseases are not caused by
defects in a single gene, but probably involve a set of
interactions between various genes, and these are in turn
modulated by environmental factors. A better knowl-
edge of the metabolic role of CD36 and of the tissue-
specific alterations in its expression brought about by
hormonal or nutritional factors should contribute valu-
able insight into the set of conditions that result in
metabolic pathology. CD36 studies will probably make
an important contribution to our ability to evaluate the
role played by lipid metabolism in the etiology of
diseases such as obesity, insulin resistance, heart
hypertrophy and possibly heart failure.

Acknowledgements
Work by the authors and cited in the present review was supported by
NIDKK Grant DK33301 to NAA and AHA grant 00303445 to Al.

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

*  of special interest

** of outstanding interest

1 Hamilton JA, Johnson RA, Corkey B, Kamp F. Fatty acid transport: the
diffusion mechanism in model and biological membranes. J Mol Neurosci
2001; 16:99-108; discussion 151-157.

2 Abumrad N, Harmon C, lbrahimi A. Membrane transport ‘of long-chain' fatty
acids: evidence for a facilitated process. J Lipid Res 1998; 39:2309-2318.

3  Abumrad N, Coburn C, Ibrahimi A. Membrane proteins implicated in long-
chain fatty acid uptake by mammalian cells: CD36, FATP and FABPm.
Biochim Biophys Acta 1999; 1441:4-13.

4 Berk PD, Stump DD. Mechanisms of cellular uptake of long chain free fatty
acids. Mol Cell Biochem 1999; 192:17-31.

5 Glatz JF, Storch J. Unravelling the significance of cellular fatty acid-binding
®  proteins. Curr Opin Lipidol 2001; 12:267-274.

Recent reference, which reviews current knowledge related to membrane proteins
implicated in FA transport and to cytosolic FA-binding proteins. Evidence
suggesting interaction between the membrane and cytosolic proteins is reviewed.

6 Berk PD, Wada H, Horio Y, et al. Plasma membrane fatty acid-binding
protein and mitochondrial glutamic-oxaloacetic transaminase of rat liver are
related. Proc Natl Acad Sci USA 1990; 87:3484-3488.

7  Schaffer JE, Lodish HF. Expression cloning and characterization of a novel
adipocyte long chain fatty acid transport protein. Cell 1994; 79:427-436.

8 Stahl A, Gimeno RE, Tartaglia LA, Lodish HF. Fatty acid transport proteins: a
*  current view of a growing family. Trends Endocrinol Metab 2001; 12:266-273.
This review is a good reference for the FATP-related family of membrane proteins.

9 Harmon CM, Abumrad NA. Binding of sulfosuccinimidyl fatty acids to
adipocyte membrane proteins: isolation and amino-terminal sequence of an
88-kD protein implicated in transport of long-chain fatty acids. J Membr Biol
1993; 133:43-49.

10 Abumrad NA, el-Maghrabi MR, Amri EZ, et al. Cloning of a rat adipocyte
membrane protein implicated in binding or transport of long-chain fatty acids
that is induced during preadipocyte differentiation. Homology with human
CD36. J Biol Chem 1993; 268:17665-17668.

11 Greenwalt DE, Lipsky RH, Ockenhouse CF, et al. Membrane glycoprotein
CD36: a review of its roles in adherence, signal transduction, and transfusion
medicine. Blood 1992; 80:1105-1115.

12 Poirier H, Degrace P, Niot |, et al. Localization and regulation of the putative
membrane fatty-acid transporter (FAT) in the small intestine. Comparison with
fatty acid-binding proteins (FABP). Eur J Biochem 1996; 238:368-373.

13 Chen M, Yang Y, Braunstein E, et al. Gut expression and regulation of FAT/
CD36: possible role in fatty acid transport in rat enterocytes. Am J Physiol
Endocrinol Metab 2001; 281:E916-E923.

14 Lobo MV, Huerta L, Ruiz-Velasco N, et al. Localization of the lipid receptors
CD36 and CLA-1/SR-BI in the human gastrointestinal tract: towards the
identification of receptors mediating the intestinal absorption of dietary lipids.
J Histochem Cytochem 2001; 49:1253-1260.

15 Luiken JJ, Schaap FG, van Nieuwenhoven FA, et al. Cellular fatty acid
transport in heart and skeletal muscle as facilitated by proteins. Lipids 1999;
34(suppl):S169-S175.

16 Bonen A, Dyck DJ, Ibrahimi A, Abumrad NA. Muscle contractile activity
increases fatty acid metabolism and transport and FAT/CD36. Am J Physiol
1999; 276:E642-E649.

17 Tontonoz P, Nagy L. Regulation of macrophage gene expression by
peroxisome-proliferator-activated receptor gamma: implications for cardio-
vascular disease. Curr Opin Lipidol 1999; 10:485-490.

18 Rader DJ, Dugi KA. The endothelium and lipoproteins: insights from recent
cell biology and animal studies. Semin Thromb Hemost 2000; 26:521-528.

19 Yamamoto N, lkeda H, Tandon NN, et al. A platelet membrane glycoprotein
(GP) deficiency in healthy blood donors: Naka-platelets lack detectable GPIV
(CD36). Blood 1990; 76:1698-1703.

20 Guthmann F, Haupt R, Looman AC, et al. Fatty acid translocase/CD36
mediates the uptake of palmitate by type Il pneumocytes. Am J Physiol 1999;
277:L191-L196.

21 Dutta-Roy AK. Cellular uptake of long-chain fatty acids: role of membrane-
associated fatty-acid-binding/transport proteins. Cell Mol Life Sci 2000;
57:1360-1372.

22 Kerkhoff C, Sorg C, Tandon NN, Nacken W. Interaction of S100A8/
S100A9-arachidonic acid complexes with the scavenger receptor CD36 may
facilitate fatty acid uptake by endothelial cells. Biochemistry 2001; 40:241-
248.

23 Vosper H, Patel L, Graham TL, et al. The peroxisome proliferator-activated
receptor delta promotes lipid accumulation in human macrophages. J Biol
Chem 2001; 276:44258-44265.

24 Febbraio M, Hajjar.DP, Silverstein RL. CD36: a class B scavenger receptor

* __ involved in angiogenesis, atherosclerosis, inflammation, and lipid metabolism. J
Clin Res 2001; 108:785-791.

This review summarizes findings related to the multiple functions of CD36 and

covers research areas which were not addressed by the present review, which

focuses on the role of CD36 in FA transport.

25 lbrahimi A, Sfeir Z, Magharaie H, et al. Expression of the CD36 homolog
(FAT) in fibroblast cells: effects on fatty acid transport. Proc Natl Acad Sci
USA 1996; 93:2646-2651.

26 Abumrad NA, Perkins RC, Park JH, Park CR. Mechanism of long chain fatty
acid permeation in the isolated adipocyte. J Biol Chem 1981; 256:9183-
9191.

27 Abumrad NA, Park JH, Park CR. Permeation of long-chain fatty acid into
adipocytes. Kinetics, specificity, and evidence for involvement of a membrane
protein. J Biol Chem 1984; 259:8945-8953.

28 Sfeir Z, lbrahimi A, Amri E, et al. CD36 antisense expression in 3T3-F442A
preadipocytes. Mol Cell Biochem 1999; 192:3-8.

29 Grimaldi PA, Teboul L, Gaillard D, et al. Long chain fatty acids as modulators
of gene transcription in preadipose cells. Mol Cell Biochem 1999; 192:63-
68.

30 Van Nieuwenhoven FA, Verstinen CP, Abumrad NA, et al. Putative
membrane fatty acid translocase and cytoplasmic fatty acid-binding protein
are co-expressed in rat heart and skeletal muscles. Biochem Biophys Res
Commun 1995; 207:747-752.

31 Bastie C, Luquet S, Holst D, et al. Alterations of peroxisome proliferator-
activated receptor delta activity affect fatty acid-controlled adipose differ-
entiation. J Biol Chem 2000; 275:38768-38773.

32 Teboul L, Febbraio M, Gaillard D, et al. Structural and functional characteriza-

** tion of the mouse fatty acid translocase promoter: activation during adipose
differentiation. Biochem J 2001; 360:305-312.

One of the few studies related to characterization of the FA promoter, it identifies

two PPREs, which co-operate to drive strong promoter activity in adipose cells.

33 Singh Ahuja H, Liu S, Crombie DL, et al. Differential effects of rexinoids and
thiazolidinediones on metabolic gene expression in diabetic rodents. Mol
Pharmacol 2001; 59:765-773.



144 Lipid metabolism

34 Grimaldi PA. The roles of PPARs in adipocyte differentiation. Prog Lipid Res
2001; 40:269-281.

35 Grimaldi PA. Fatty acid regulation of gene expression. Curr Opin Clin Nutr
Metab Care 2001; 4:433-437.

36 Chawla A, Barak Y, Nagy L, et al. PPAR-gamma dependent and independent
effects on macrophage-gene expression in lipid metabolism and inflammation.
Nat Med 2001; 7:48-52.

37 Chawla A, Boisvert WA, Lee CH, et al. A PPAR gamma-LXR-ABCA1
pathway in macrophages is involved in cholesterol efflux and atherogenesis.
Mol Cell 2001; 7:161-171.

38 Westergaard M, Henningsen J, Svendsen ML, et al. Modulation of
keratinocyte gene expression and differentiation by PPAR-selective ligands
and tetradecylthioacetic acid. J Invest Dermatol 2001; 116:702-712.

39 Cha BS, Ciaraldi TP, Carter L, et al. Peroxisome proliferator-activated
receptor (PPAR) gamma and retinoid X receptor (RXR) agonists have
complementary effects on glucose and lipid metabolism in human skeletal
muscle. Diabetologia 2001; 44:444-452.

40 Motojima K, Passilly P, Peters JM, et al. Expression of putative fatty acid
transporter genes are regulated by peroxisome proliferator-activated receptor
alpha and gamma activators in a tissue- and inducer-specific manner. J Biol
Chem 1998; 273:16710-16714.

41 van der Lee KA, Vork MM, De Vries JE, et al. Long-chain fatty acid-induced
changes in gene expression in neonatal cardiac myocytes. J Lipid Res2000;
41:41-47.

42 Memon RA, Tecott LH, Nonogaki K, et al. Up-regulation of peroxisome
proliferator-activated receptors (PPAR-alpha) and PPAR-gamma messenger
ribonucleic acid expression in the liver in murine obesity: troglitazone induces
expression of PPAR-gamma-responsive adipose tissue-specific genes in the
liver of obese diabetic mice. Endocrinology 2000; 141:4021-4031.

43 Yu S, Cao WQ, Kashireddy P, et al. Human peroxisome proliferator-activated
receptor alpha (PPARalpha) supports the induction of peroxisome prolifera-
tion in PPARalpha-deficient mouse liver. J Biol Chem 2001; 276:42485-
42491.

44 Nisoli E, Carruba MO, Tonello C, et al. Induction of fatty acid translocase/
CD36, peroxisome proliferator-activated receptor-gamma2, leptin, uncou-
pling proteins 2 and 3, and tumor necrosis factor-alpha gene expression in
human subcutaneous fat by lipid infusion. Diabetes 2000; 49:319-324.

45 Sukhotnik I, Gork AS, Chen M, et al. Effect of low fat diet on lipid absorption
and fatty-acid transport following bowel resection. Pediatr Surg Int 2001;
17:259-264.

46 Spitsberg VL, Matitashvili E, Gorewit RC. Association and coexpression of
fatty-acid-binding protein and glycoprotein CD36 in the bovine mammary
gland. Eur J Biochem 1995; 230:872-878.

47 Greenwalt DE, Scheck SH, Rhinehart-Jones T. Heart CD36 expression is
increased in murine models of diabetes and in mice fed a high fat diet. J Clin
Invest 1995; 96:1382-1388.

48 Hevener AL, Reichart D, Janez A, Olefsky J. Thiazolidinedione. treatment
prevents free fatty acid-induced insulin resistance in male Wistar rats.
Diabetes 2001; 50:2316-2322.

49 Griffin E, Re A, Hamel N, et al. A link between diabetes and atherosclerosis:

** glucose regulates expression of CD36 at the level of translation. Nat Med 2001;
7:840-846.

This study identified a novel mechanism for posttranscriptional regulation of CD36

by glucose, which might be important in cellular adaptation to nutritional changes.

50 Coburn CT, Knapp Jr FF, Febbraio M, et al. Defective uptake and utilization
of long chain fatty acids in muscle and adipose tissues of CD36 knockout
mice. J Biol Chem 2000; 275:32523-32529.

51 Ibrahimi A, Bonen A, Blinn WD, et al. Muscle-specific overexpression of FAT/
CD36 enhances fatty acid oxidation by contracting muscle, reduces plasma
triglycerides and fatty acids, and increases plasma glucose and insulin. J Biol
Chem 1999; 274:26761-26766.

52 Bonen A, Luiken JJ, Arumugam Y, et al. Acute regulation of fatty acid uptake
involves the cellular redistribution of fatty acid translocase. J Biol Chem 2000;
275:14501-14508.

53 Steinberg GR, Dyck DJ, Calles-Escandon J, et al. Chronic leptin administration
* decreases fatty acid uptake and fatty acid transporters in rat skeletal muscle. J

Biol Chem 2001. (Not yet printed, but available online: http://www.jbc.org)
Interesting study, which documents effects of leptin in regulating CD36 and FA
transport in skeletal muscle suggesting involvement of CD36 in the peripheral
effects of leptin.

54 Hajri T, Ibrahimi A, Coburn CT, et al. Defective fatty acid uptake in the

** spontaneously hypertensive rat is a primary determinant of altered glucose
metabolism, hyperinsulinemia, and myocardial hypertrophy. J Biol Chem 2001;
276:23661-23666.

This reference documents defective FA uptake and a compensatory increase in

glucose utilization by SHR muscle tissue and discusses how they may relate to the

hyperinsulinemia and insulin resistance in this animal model of syndrome x.

55 Aitman TJ, Glazier AM, Wallace CA, et al. Identification of Cd36 (Fat) as an
insulin-resistance gene causing defective fatty acid and glucose metabolism
in hypertensive rats. Nat Genet 1999; 21:76-83.

56 Fukuchi K, Nozaki S, Yoshizumi T, et al. Enhanced myocardial glucose use in
patients with a deficiency in long-chain fatty acid transport (CD36 deficiency).
J Nucl Med 1999; 40:239-243.

57 Nicholson AC, Febbraio M, Han J, et al. CD36 in atherosclerosis. The role of
a class B macrophage scavenger receptor. Ann NY Acad Sci 2000;
902:128-131; discussion 131-133.

58 Doggrell SA, Brown L. Rat models of hypertension, cardiac hypertrophy and
failure. Cardiovasc Res 1998; 39:89-105.

59 Lopaschuk GD, Belke DD, Gamble J, et al. Regulation of fatty acid oxidation
in the mammalian heart in health and disease. Biochim Biophys Acta 1994;
1213:263-276.

60 Belke DD, Larsen TS, Lopaschuk GD, Severson DL. Glucose and fatty acid
metabolism in the isolated working mouse heart. Am J Physiol 1999;
277:R1210-R1217.

61 Lee K, Godeau B, Fromont P, et al. CD36 deficiency is frequent and can
cause platelet immunization in Africans. Transfusion 1999; 39:873-879.

62 Tanaka T, Sohmiya K, Kawamura K. Is CD36 deficiency an etiology of
hereditary hypertrophic cardiomyopathy? J Mol Cell Cardiol 1997; 29:121-
127.

63 Kashiwagi H, Tomiyama Y, Nozaki S, et al. A single nucleotide insertion in
codon 317 of the CD36 gene leads to CD36 deficiency. Arterioscler Thromb
Vasc Biol 1996; 16:1026-1032.

64 Kashiwagi H, Tomiyama Y, Nozaki S, et al. Analyses of genetic abnormalities
in type | CD36 deficiency in Japan: identification and cell biological
characterization-of two novel mutations that cause CD36 deficiency in man.
Hum Genet 2001; 108:459-466.

65 Kashiwagi H, Tomiyama Y, Honda S, et al. Molecular basis of CD36
deficiency;- Evidence that a 478C—T substitution (proline90—serine) in
CD36 cDNA accounts for €D36 deficiency. J Clin Invest 1995; 95:1040-
1046

66 Kashiwagi H, Tomiyama Y, Kosugi S, et al. Family studies of type Il CD36
deficient subjects: linkage of a CD36 allele to a platelet-specific mRNA
expression defect(s) causing type Il CD36 deficiency. Thromb Haemost
1995; 74:758-763.

67 Hwang EH, Taki J, Yasue S, et al. Absent myocardial iodine-123-BMIPP
uptake and platelet/monocyte CD36 deficiency. J Nucl Med 1998; 39:1681—
1684,

68 Tanaka T, Okamoto F, Sohmiya K, Kawamura K. Lack of myocardial iodine—
123 15-(p-iodiphenyl)-3-R,S-methylpentadecanoic acid (BMIPP) uptake and
CD36 abnormality-CD36 deficiency and hypertrophic cardiomyopathy. Jpn
Circ J 1997; 61:724-725.

69 Tanaka T, Nakata T, Oka T, et al. Defect in human myocardial long-chain fatty
** acid uptake is caused by FAT/CD36 mutations. J Lipid Res 2001; 42:751-759.
This study documents the presence of two mutations in the CD36 gene and of
undetectable CD36 protein expression in 47 patients who showed lack of
accumulation of a radiolabeled FA analogue in the heart.

70 Pravenec M, Landa V, Zidek V, et al. Transgenic rescue of defective Cd36

** ameliorates insulin resistance in spontaneously hypertensive rats. Nat Genet
2001; 27:156-158.

This study links CD36 to the insulin resistance of the SHR, expanding on the

concepts first proposed by Aitman et al., in reference [55].

71 Febbraio M, Abumrad NA, Hajjar DP, et al. A null mutation in murine CD36
reveals an important role in fatty acid and lipoprotein metabolism. J Biol Chem
1999; 274:19055-19062.

72 Aitman TJ. CD36, insulin resistance, and coronary heart disease. Lancet
2001; 357:651-652.

73 Miyaoka K, Kuwasako T, Hirano K, et al. CD36 deficiency associated with
insulin resistance. Lancet 2001; 357:686-687.

74 lizuka Y, Gotoda T, Ishibashi S, Yamada N. CD36 deficiency and insulin
resistance [letter]. Lancet 2001; 358:243; discussion 244.

75 Petrie JR, Collison M, Connell JM, et al. CD36 deficiency and insulin
resistance. Lancet 2001; 358:242-243.



CD36 in membrane transport of long-chain FAs Ibrahimi and Abumrad 145

76 Chiba H, Yanai H, Fujiwara H, et al. CD36 deficiency and insulin resistance. 78 Yanai H, Chiba H, Fujiwara H, et al. Metabolic changes in human CD36
Lancet 2001; 358:243-244. deficiency displayed by glucose loading. Thromb Haemost 2001; 86:995-
999.

77 Yanai H, Chiba H, Morimoto M, et al. Type | CD36 deficiency in humans is
not associated with insulin resistance syndrome [letter]. Thromb Haemost
2000; 83:786.



