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Abstract

CD36 is a multifunctional immuno-metabolic receptor with many ligands. One of its physiological
functions in the heart is the high-affinity uptake of long-chain fatty acids (FAs) from albumin and
triglyceride rich lipoproteins. CD36 deletion markedly reduces myocardial FA uptake in rodents
and humans. The protein is expressed on endothelial cells and cardiomyocytes and at both sites is
likely to contribute to FA uptake by the myocardium. CD36 also transduces intracellular signaling
events that influence how the FA is utilized and mediate metabolic effects of FA in the heart.
CD36 mediated signaling regulates AMPK activation in a way that adjusts oxidation to FA uptake.
It also impacts remodeling of myocardial phospholipids and eicosanoid production, effects exerted
via influencing intracellular calcium (iCa2*) and the activation of phospholipases. Under excessive
FA supply CD36 contributes to lipid accumulation, inflammation and dysfunction. However, it is
also important for myocardial repair after injury via its contribution to immune cell clearance of
apoptotic cells. This review describes recent progress regarding the multiple actions of CD36 in
the heart and highlights those areas requiring future investigation.
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1. Introduction: Diverse pathways coordinate energy regulation

At the heart of the cell's most basic functions is the need for energy and this is particularly
true of the cardiomyocyte. Numerous cellular pathways are normally dedicated to energy
procurement or usage and to regulating interactions with the extracellular environment and
other cells in order to maintain energy homeostasis. The surface receptor cluster of
differentiation 36 (CD36) has a regulatory role in energy metabolism through its ability to
recognize long chain fatty acids (FAs), promoting accumulation of intracellular free FA
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(FFAS) [2]. In addition CD36-mediated signaling facilitates, in a cell type or context
dependent manner, FA storage or usage [3]. CD36 binds multiple ligands and resides within
transmembrane or membrane-associated functional protein clusters [4-6]. Ligand interaction
with CD36 can differentially induce changes in protein-protein interactions within these
molecular clusters and consequently alter downstream signaling. This way FAs induce
CD36-mediated signals that influence FA oxidation [1] and/or raise cytosolic calcium,
triggering production of mediators that impact behavior of distant cells [7-9]. Some CD36
ligands, e.g. extracellular matrix components, influence cell-environment responses and
processes such as cell adhesion/migration and angiogenesis [5] that indirectly relate to tissue
energetics [10]. The protein is also a receptor for modified lipid moieties [11], contributing
to uptake of oxidized low density lipoproteins (oxLDL), [12] or to apoptotic cell clearance
[13, 14]. It functions as a co-receptor for Toll-like Receptors (TLRS) in recognizing
pathogen-associated lipids and facilitating the acute inflammation that is part of the innate
immune response [15]. But it also contributes to inflammation resolution [13]. This review
will focus on only those CD36-mediated processes that appear to affect heart metabolism
and function and will attempt to highlight controversy and biology that require future
investigation.

2. Heart FA uptake: Metabolic flexibility and the evolving role of CD36

Chronically active muscles including the heart utilize large amounts of ATP, much of which
is acquired from circulating lipids. Predominantly this includes FFAs associated with
albumin as well as FFAs released from very low density lipoproteins (VLDL) or from
intestinally derived chylomicrons via lipoprotein lipase (LpL)-mediated enzymatic cleavage
of the triacylglycerol (TG) ester bonds [2, 16]. During fasting, as circulating insulin
decreases, FFA levels markedly increase in the bloodstream reflecting activation within
adipocytes of two intracellular lipases, adipose TG lipase (ATGL) and hormone sensitive
lipase (HSL). Uptake of FFAs by tissues increases in parallel with the rise in FFA levels. In
particular, muscle and heart reduce their glucose use and rely primarily on FA catabolism for
energy.

Cellular uptake of FFA by cardiomyocytes

FFAs can rapidly move across the plasma membrane [17] but whether this process is
sufficient to provide the high rates of FA uptake necessary for cells active in FA metabolism
has been questioned [18]. Studies in many mammalian cell types using FA complexed to
albumin at increasing molecular ratios to vary concentration of unbound FA, yielded
evidence for two distinct pathways of FA uptake, a low capacity saturable component and a
high capacity non-saturable component. The saturable pathway has kinetics consistent with
protein-facilitation: saturability, high affinity for long chain FAs (Km around 10 nanomolar
within the concentration range of unbound FA in the circulation) and sensitivity to protein
modifying agents [19]. The non-saturable pathway would operate at high ratios of FA:
albumin and unbound FA concentrations above those found in the circulation, for example
such as occurs with hydrolysis of TG-rich lipoproteins by LpL along the capillary surface or
following hydrolysis of dietary TG by pancreatic lipase in the small intestinal lumen [20,
21].
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In cardiomyocytes, high affinity saturable FA uptake supporting a protein mediated process
has been described [22-24]. One study that monitored appearance of intracellular FAs as a

function of exogenous FA levels suggested that FA uptake is an energy consuming process

that can occur against the FA concentration gradient [25].

Heart FA uptake from albumin and TG rich lipoproteins

CD36 was identified as a cellular FA transporter in 1993 based on work with isolated
adipocytes [26], and physiological relevance of this function, especially as related to heart
metabolism, has been documented by numerous studies [2, 16, 27]. CD36 was shown to
traffic between the cell surface and intracellular compartments and is recruited to the
sarcolemma by insulin and AMPK in a vesicle-mediated process [27, 28] controlled by the
Akt substrate 160 (AS160) Rab GTPase-activating protein (RabGAP AS160) and its target
GTPase, Rab8a [29].

Uptake of FFAs into the heart has been studied using isolated hearts and whole animals.
Several lines of evidence support the hypothesis that CD36 modulates cellular FFA transfer
and accumulation /n vivo. When CD36 was knocked out in mice the phenotype included
increased circulating levels of FFAs and a 50-80% reduction in heart uptake of the slowly
oxidized palmitate analog 1231-BMIPP (15-(p-iodophenyl)-3-(R, S)-methyl pentadecanoic
acid) or of iodinated (15-(p-iodophenyl) pentadecanoic acid (IPPA), both injected
intravenously. Reduced tracer accumulation was also observed in skeletal muscle and
adipose tissues but not in liver [30]. Activity of LpL in plasma was not altered but that of
heart tissue was increased indicating no defect in hydrolysis of TG from lipoproteins in
CD36 deficiency. When myocardial FA uptake from VLDL and chylomicrons was compared
in mice lacking CD36, heart LpL or both, LpL was found important for uptake from both
particle types while CD36 was only important for FA uptake from VLDL (Fig. 1). In the
case of chylomicrons, the effect of CD36 deletion on FA uptake was negligible [31]. Since
lipolysis of chylomicron TG would result in especially high local release of FFAs, these
findings are consistent with CD36 facilitation of a high affinity low capacity process that is
quantitatively marginal at very high FA levels.

In humans there are data to support existence of a higher affinity uptake process, possibly
facilitated by CD36 at lower circulating FFA levels in humans [32]. In individuals with
CD36 deficiency (2-6% prevalence in Asians and African Americans), positron emission
tomography (PET) studies usually in fasted subjects showed that myocardial accumulation
of 123]-BMIPP was undetectable while liver accumulation tended to increase [33-35]. A
recent PET study examined [11C]-palmitate uptake as a function of plasma FFA
concentration by heart, muscle and adipose tissue in individuals with either partial or total
CD36 deficiency. Two experimental protocols were used to create conditions with low
(breakfast plus glucose intake) and high (overnight fast) circulating FAs. The findings
indicated that CD36 is important for normal myocardial FFA uptake at both low and high
circulating FFA levels while it is only important for muscle and adipose tissue uptake at low
FFA levels [36]. Thus the human myocardium but not adipose tissue or muscle appears
dependent on the CD36-mediated pathway for FFA uptake under both fed and fasted states.
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Cardiac metabolic flexibility

A feature that is characteristic of the CD36 deficient myocardium in rodents [37, 38] and
humans [39] is its increased reliance on glucose metabolism. The myocardium of the Cd36
deficient mouse does not reduce its glucose utilization during fasting as occurs with the
CD36 sufficient heart (Fig. 2). There is good evidence to support the interpretation that
CD36 is important to the ability of the heart and muscle to accomplish substrate switching.
This ability reflects the function of the protein in cellular FA uptake [2] and its role in
regulating the activation of FOXOL1 [38] and AMPK (see following sections), both important
metabolic sensors. The increased reliance of the CD36 deficient heart on glucose and
possibly ketones would help preserve myocardial energy [40]. Under baseline physiologic
conditions heart function is normal and might even be improved in aged mice that are
protected from excess lipid accumulation [41]. Based on its role in FFA uptake, targeting
CD36 has been used to reduce the myocardial accumulation of intracellular lipids and the
associated oxidative toxicity often observed in the diabetic heart. Ca36 deficiency effectively
reversed the myocyte TG accumulation and cardiac dysfunction of the MHC-PPARalpha
mouse with cardiac specific overexpression of PPARalpha [42] and a similar rescue was
observed with deficiency of cardiac LpL [43].

Tolerance to ischemia/reperfusion was studied in isolated working Cal36~~ hearts and the
seemingly contradictory outcomes observed with one study showing impairement [44] while
better recovery was observed in the second study [45] are instructive. In the latter study
which used glucose and high insulin in the perfusate, Cd36 deficiency led to reduced injury
presumably because high glucose utilization requires less oxygen to create ATP from
glucose rather than FFAs. In contrast, with more limited glucose delivery due to no insulin
inclusion Ca36 deficiency was deleterious, but injury was reduced when short chain FFAs
were supplied as an alternative energy source [44]. Which of these experiments mimic /n
vivo actions of CD36 in animals or humans is currently unclear and likely to depend on the
nutritional and/or activity state. Endogenous TG stores in the Cal36~~ heart are low and are
markedly depleted after an overnight fast when stores in the CD36 sufficient heart are
normally doubled [1, 46]. The inability of the Cd367~ myocardium to accomplish the
metabolic adpatation of switching to more FA use during fasting makes the mouse
susceptible to death when the fast exceeds 20hrs [47] or when it is combined with a brief
cold exposure [48].

CD36 and endothelial transport

The most obvious phenotype uncovered with CD36 deficiency is an increase in circulating
FFAs levels, reduced FFA uptake into heart, skeletal muscle and adipose tissues, and
enhanced cardiac glucose oxidation. While these observations support the importance of
CD36 in parenchymal FFA uptake, the rapidity of normal blood FFA clearance is consistent
with a defect in the first tissue cells required for removal of circulating FFAs. CD36 is
highly expressed in capillary endothelial cells of the same tissues noted to have uptake
defects in Ca367~ mice: heart, skeletal muscle, and adipose tissue [49], including brown
adipose. In the heart CD36 is more abundant on endothelial cells as compared to
cardiomyocytes (Fig. 3). CD36 is less abundant in large blood vessels and very low in
endothelial cells from testes and brain [50].
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How do FFAs cross the endothelial barrier in non-fenestrated capillaries?

Is this process regulated or do FFAS in the blood diffuse non-selectively out of the
vasculature? There are at least four options for this process (Fig. 3). 1) FFAs associated with
albumin could cross the endothelial barrier between cells. During intravascular lipolysis,
there is evidence that the endothelial barrier is altered and becomes more permeable [51, 52]
and the rapid local clearance of chylomicron-derived FFAs might involve movement
between endothelial cells. 2) FFAs might also partition in the membrane bilayer and be
transported into cells by lateral movement in an “interfacial continuum” of cell membranes.
When chylomicron lipolysis was allowed to proceed in non-albumin-containing buffers,
lamellar structures continuous with membrane leaflets were identified in the capillary
endothelium and extracellular space [53]. 3) FFA/albumin complexes might be internalized
into intracellular vesicles that could transfer FFAs largely unmetabolized across the
endothelial barrier [54]. 4) Receptors such as CD36 could be required to transfer FFASs into
and through endothelial cells, especially when the concentration of FFAs is low (Fig. 3).
Whether the FFAs remain associated with CD36, are CoA modified or are carried by an
intracellular FFA binding protein is unknown but it is likely that endothelial CD36 plays a
role in tissue FA uptake. Endothelial cell deletion of PPARgamma, a major regulator of
CD36 expression, reduces by ~80% endothelial CD36 mRNA and protein and associates
with dyslipidemia (high blood TG and FFA levels) that is similar to that of Ca’367~ mice
[55] possibly reflecting loss of endothelial CD36.

The observations that cardiomyocyte-specific Ca36 deletion alters heart metabolism [56]
and that changes in CD36 expression modulate cardiomyocyte FFA uptake [27] are
consistent with a role of cardiomyocyte CD36 in handling of FFASs after their
transendothelial release.

3. How does CD36 facilitate FA uptake?

Two concepts are likely basic to the function of CD36 as a FA translocase in the
myocardium. First, CD36 is a high affinity receptor for long chain FAs (Km of 5-10nM)
suitable for the low levels of unbound FFAs in the circulation [57]. As FFA levels increase,
CD36 will continue to function well if metabolism is efficient in removing the FA that is
taken up. At FA levels that exceed metabolic capacity, CD36 becomes dysfunctional as
shown by its lack of internalization and persistence at the sarcolemma [27], which might
reflect altered posttranslational modification of the protein. The heart has enormous capacity
for FA catabolism, rapidly channeling ~80% of FA uptake into oxidation [16] and this large
capacity explains why the effect of CD36 deletion on reducing FA uptake is particularly
dramatic in the heart [30, 34, 36].

Second, sarcolemmal CD36 targets the FA to specific metabolic sites and consequently
influences FA utilization. This is based on studies showing that CD36 function is required
for the adaptive upregulation of mitochondrial FA oxidation [46, 58, 59] and on the evidence
for a role of CD36 mediated signaling in many aspects of cellular FA processing [3]. This
regulation fails at persistently high FA levels as recently shown [60] and as illustrated by the
finding that increases in sarcolemmal CD36, which are indicative of dysfunction in its
trafficking, are observed very early with high fat feeding; these changes precede
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abnormalities of insulin signaling, glucose or lipid metabolism by about 2 weeks [61].
Interestingly, the evidence points to association of the early CD36 dysfunction observed with
high fat feeding with an increase of postabsorptive insulin levels [60, 61]. Treatment of
isolated rat cardiomyocytes with high insulin for 48h results in insulin resistance with
persistent relocation of CD36 to the plasma membrane while inclusion of omega-3
polyunsaturated FA in the medium prevents this relocation and the onset of insulin resistance
[62]. Posttranslational regulation of CD36 includes its ubiquitination, with opposite effects
of FA and insulin [63], its glycosylation which was found altered in the heart of the
spontaneously hypertensive rat [64] as well as its acetylation, palmitoylation, etc [3]. A
better knowledge of the various factors that post-translationally regulate CD36 is needed and
would improve our understanding of why its cellular trafficking becomes dysfunctional.

Novel insight into how CD36 might function in facilitating FA uptake has been recently
generated by two key findings: The first one is the elucidation of the crystal structure of the
CD36 family member LIMP-2 [65], and the second one is the demonstration that CD36
resides within or in proximity of molecular complexes of key metabolic proteins [1, 66].

LIMP-2 structure showed the existence of a large tunnel that traverses the entire length of
the molecule and that is predicted by homology modeling to be present in CD36. This tunnel
would function to deliver the lipid ligand to the outer leaflet of the bilayer [65]. Modeling of
CD36 structure suggests that the FA binding cavity on the surface of the protein [67]
provides access to the intramolecular tunnel [3]. Conceivably CD36 would deliver FA via its
tunnel to the bilayer and to FA processing enzymes associated with the inner leaflet.
Alternatively the protein might internalize together with the FA directing its intracellular
trafficking [1, 68]. Both pathways are likely to occur and might contribute to the different
fates of internalized FA. There is strong evidence for CD36 induced internalization with
oxLDL binding and recent reports indicate that the FA binding site on CD36 involves amino
acid residues important for oxLDL uptake. CD36-mediated oxL DL uptake is also
suppressed by the FA uptake inhibitor sulfosuccinimidyl oleate (SSO) [67]. Furthermore, FA
binding to CD36 increases oxLDL uptake suggesting that both ligands might internalize
together and it was postulated that the FA opens up the protein conformation facilitating
oxLDL binding [69]. There is evidence that FA binding induces CD36 internalization,
although it does not always result in measurable changes in membrane CD36 content since
the protein is constantly recycling between intracellular stores and the cell surface. Addition
of FA associates with CD36 ubiquitination in C2C12 muscle cells [63] and enterocytes [60].
In myotubes, FA induce internalization of CD36 into vesicles rich in the AMPK kinase
LKB1 within 15 min of FA addition [1], but whether these vesicles contain the FA remains
to be determined. Overall the data available so far suggest that CD36 recognizes the FA at
low concentration and targets it to a metabolic fate that is likely to depend on the cell type
and cellular context. In the heart CD36 would primarily target the FA to beta oxidation as
discussed in the following section.

4. Sarcolemmal CD36 targets FAs to metabolic sites

It has been well documented that CD36 is important for optimal FA oxidation in muscle and
heart tissues. CD36 overexpression in muscle enhances by >3 fold the response of FA
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oxidation to contraction [58] while Cd36 deletion reduces FA oxidation during exercise and
exercise duration [59, 70]. In the isolated working heart, the deletion reduces FA oxidation
by 40 and 60%, respectively at low (0.4mM) and high (1.2 mM) perfusate FA [45]. While
the CD36 sufficient working heart upregulates palmitate oxidation as workload is increased
(from 5 to 35mmHg) this is not observed in the CD36 deficient heart [47].

CD36 association with mitochondria

It has been proposed that the importance of CD36 for FA oxidation might relate to its
functioning in transfer of FAs into the mitochondria. Presence of CD36 in purified
mitochondria and co-immunoprecipitation (co-1P) of CD36 with carnitine
palmitoyltransferase | (CPTI) were reported. In addition increased mitochondrial CD36
content paralleled upregulation of FA oxidation [70-72]. Association of CD36 with
mitochondria could not be observed in one study that used both biochemical fractionation
and imaging and tested co-localization of CD36 with the mitochondrial protein MitoNeet
[73]. This discrepancy might reflect the possibility that CD36 association with the
mitochondria is dynamically regulated and could reflect a CD36 pool in mitochondria-
associated membranes. Our own observations identify CD36 in isolated heart mitochondria
and show a fasting-induced increase in mitochondrial CD36 content that parallels the
increase in sarcolemmal CD36 (Fig. 4, Top) In Hela cells expressing CD36 we observe
areas where it co-localizes with the outer mitochondrial voltage-dependent anion channel
(VDAC) (Samovski D, unpublished observations) (Fig. 4, Bottom).

CD36 association with mitochondria in skeletal muscle might be regulated by Ca2* flux via
the Cavl.1 channel which activates CaMKIIl and eNOS. The Cav1.1/CaMKI1/eNOS
pathway was shown to influence both FA oxidation by muscle fibers and CD36 proximity to
mitochondrial proteins such as CPT1 and long-chain acyl-CoA synthetase 1 (ACSL1) [66].
It is not clear if this pathway would apply to the heart, however altered regulation of
cytosolic calcium is observed in CD36 deficient cardiomyocytes as described below. The
association between ACSL1 and CD36, documented using the ligand proximity assay, is
particularly interesting since ACSL1 has been reported to target the FA to mitochondrial
oxidation in the myocardium [74].

CD36 also targets FFA to esterification and/or to packaging into lipoproteins as reviewed
elsewhere [3]. Recent studies in HEK293 cells with or without CD36 expression showed
that intracellular FA and diglycerides (DG) decrease more rapidly in cells expressing the
protein as levels of TGs increase. The authors proposed that CD36 enhances FA
esterification by a mechanism that does not involve faster FA transfer across the membrane
[69]. A similar lipid profile is observed in hearts of the CD36~/~ mouse administered 123]-
BMIPP; lower label recovery in FA and TG while label in DG is increased [30].

CD36 regulates AMPK activation by influencing assembly of pathway proteins

The role of CD36 in enhancing FA oxidation appears linked to CD36 AMPK inter-
regulation. AMPK functions as an important energy sensor and metabolic regulator in the
heart and when activated from its normally quiescent state by rising energy demand, it
functions to upregulate nutrient uptake and catabolism [75]. AMPK enhances FA oxidation

Biochim Biophys Acta. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abumrad and Goldberg Page 8

by reducing malonyl-CoA levels via phosphorylation and inactivation of acetyl-CoA
carboxylase (ACC) [76]. AMPK activation induces sarcolemmal recruitment of CD36 and
[27] on the flip side CD36 regulates AMPK activation as recently reported in work that
included myotubes [1]. CD36 was shown important for coordinating the dynamic protein
interactions within a molecular complex consisting of the CD36 partner tyrosine kinase Fyn,
the AMPK kinase LKB1 and AMPK. CD36 expression maintains AMPK quiescent by
allowing Fyn to access and phosphorylate LKB1, promoting its nuclear sequestration away
from AMPK (Fig. 5). Palmitate binding to CD36 within minutes activates AMPK via its
ability to dissociate Fyn from the complex as CD36 is internalized into LKB1-rich vesicles
(Fig. 5, inset). Thus while CD36 keeps AMPK inhibited, palmitate binding acts to reverse
this inhibition activating AMPK (Fig. 6). This dual effect would serve to adjust the capacity
for FA oxidation to match FA availability and explains earlier observations in
cardiomyocytes where both sarcolemmal CD36 recruitment and AMPK activation were
shown important for FA oxidation [77, 78]. Furthermore, dysregulation of AMPK signaling
[79] or CD36 deletion [38, 47] associates with metabolic inflexibility evidenced by a
diminished capacity to adjust FA oxidation to FA availability. In summary, similar to its
effects on innate immunity or inflammation, the metabolic effects of CD36 involve its ability
to function within different molecular complexes of functional proteins.

5. CD36 regulates cytosolic calcium and myocardial phospholipid
metabolism

There is evidence for involvement of CD36 in the regulation of store operated Ca2* channels
(SOC) and for activation of Ca2* dependent phospholipases A, that cycle polyunsaturated
FA into phospholipids [7, 8, 80]. Membrane SOCs (Orai protein multimers) are activated by
the ER Ca2* sensor STIM1 following ER CaZ* depletion in response to inositol 1,4,5-
trisphosphate (IP3) or as a result of inhibition of the Sarco/Endoplasmic Reticulum Calcium
ATPase (SERCA). SOC calcium entry replenishes ER Ca2* and can lead to a sustained
increase in cytosolic Ca2* that drives or modulates many basic functions in non-excitable
and also in excitable cells [81]. SOC Ca2* is important for myocardial health because of its
contribution to the replenishment of Ca2* stores and to the long term maintenance of cellular
Ca?* levels. SOC function also modulates excitation coupled gene transcription and
abnormal SOC signaling and is implicated in hypertrophic cardiac remodeling for example
in response to pressure overload [82].

Knockdown of CD36 in cardiomyocytes delays clearance of cytosolic Ca2*. Consistent with
this, Cd36 deficient hearts have a marked compensatory increase in levels of SERCA2
mRNA and protein and display altered expression of a number of Ca2* homeostasis genes.
Fasting the mice for 20 hours prolongs Ca2* transients and action potential but these
electrical changes are more pronounced in Cd36 deficient hearts resulting in conduction
anomalies such as severe atrioventricular block and bradycardia that can result in the
animal's death [47]. Myocardial remodeling is apparent with significant changes in Ca2*
dependent phospholipid metabolism involving FA cycling and acyl composition that reflect
influence of CD36 in regulating phospholipase activation [8]. The Cd36 deficient genotype
in the heart associates with increases in the amount of lysophospholipids and in the content
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of phospholipid species containing DHA [47]. In addition it is characterized by increases in
the content of several classes of eicosanoids, including prostaglandins and the hydroxy
(HETE) and epoxy (EET) derivatives (Unpublished observations).

6. CD36 and cardiovascular disease; role in inflammation and its resolution

CD36 has been characterized as a multi-ligand receptor capable of inducing macrophage
inflammation and foam cell formation. As noted above, among its ligands is oxLDL and
uptake of oxLDL is often viewed as the source of cholesterol that accumulates in arterial
wall macrophages [83]. CD36 also appears to form a complex with TLR4 [84]. Finally,
CD36 was reported to be important for the nucleation and accumulation of cholesterol
crystals within macrophages resulting in lysosomal disruption and activation of the NLRP3
inflammasome [85], possible atherogenic events.

Despite these potentially atherogenic processes, the in vivo evidence of a role of CD36 to
promote vascular disease is less secure. In part, the complexity and redundancy of the
inflammatory response may limit the ability to detect the contribution of a single molecule in
knockout mice whose lesions are driven by supra-physiologic levels of circulating
apolipoprotein B-containing cholesterol particles. Initial studies performed crossing Cd367/~
mice with apoE deficient mice showed a reduction of atherosclerosis [30] while other studies
found that Cad36loss did not affect atherosclerosis generation [86]. A possible reason for
these differences is the use of different lines of knockout mice and breeding issues, e.g. if
another atherosclerosis altering allele is close to CD36. A more likely explanation is that
scavenger receptors, including CD36, have dual roles and could have either pro- or anti-
atherosclerotic effects; more macrophage lipid removal would reduce disease while in other
situations macrophage lipid uptake could increase foam cell formation and inflammation
[87].

The role of macrophage CD36 in mounting acute inflammation for host defense against
pathogens is well established [15, 88]. In low glucose, LpL and presumably FFA supply to
macrophages enable these cells to maintain phagocytosis, a condition that might mimic what
occurs in an abscess cavity [89]. However, macrophages can be both inflammatory as well as
assist with inflammation resolution when alternatively activated, a process that is induced by
lipid uptake. It was noted in earlier work that macrophage-mediated lipolysis of VLDL
liberates ligands for PPARgamma which reduces the inflammatory state of the macrophage
[90]. More recently, the conversion of macrophages to the alternatively activated anti-
inflammatory phenotype was shown to require CD36-mediated lipoprotein uptake followed
by lysosomal hydrolysis [91]. In addition to its role in mounting inflammation, there is good
evidence that CD36 is important for resolving inflammation by contributing to clearance of
apoptotic neutrophils, which promotes tissue repair [13]. In the heart CD36 may be
important for resolution of cardiac inflammation after injury by contributing to monocyte
clearance of apoptotic cells [14, 92]. These dual actions of CD36 in helping mount and
resolve inflammation would be consistent with the concept that normally inflammation is
tightly controlled, being self-limited and programing its own resolution [93, 94].
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7. Summary and future directions

As with many biological processes, those mediated by CD36 are complex and include
modulation of FA metabolism, calcium homeostasis, and cellular inflammation. Our tools of
using non-physiologic /n vitro systems and gross genetic modifications of mice may fail to
identify all the players involved in physiologic processes that often have redundancy or are
highly context dependent. Insight has been recently obtained regarding the role of CD36 in
the heart both under homeostatic or pathological conditions but many questions remain
unanswered. What role does endothelial CD36 play in myocardial FA uptake and is its
function altered in disease? What are the posttranslational modifications responsible for the
early dysfunctional CD36 persistence at the sarcolemma under conditions of
hyperinsulinemia? Can the lipid abnormalities be improved by preventing or reversing these
modifications? Would enhancing CD36 expression in the myocardium be beneficial in
helping resolve injury after infarct and how will this impact metabolic reprograming? In
addition to these questions there are directions that are emerging where much more needs to
be done. The action of CD36 to coordinate protein interactions within molecular complexes
of metabolic proteins opens a new perspective regarding its metabolic functions. Identifying
the molecular partners and interactions that define each regulatory effect would provide
great insight into potential therapeutic targets. It is highly likely that the ability of CD36 to
regulate cellular metabolism is not limited to lipid uptake and utilization. Finally much
progress is needed in translating research approaches to humans where common variants in
the CD36 gene impact its level often in a tissue specific manner [95]. The human gene is
complex having multiple promoters and transcripts with tissue or cell specific distribution
[96, 97] and understanding how these transcripts are regulated is likely to have relevance to
myocardial metabolism. Also exploring potential epigenetic influences on the gene of
nutrients and other environmental factors might provide insight into the etiology of
metabolic dysfunction and the associated cardiovascular complications.
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CD36 cluster of differentiation 36

FFA unesterified fatty acids

TG triglycerides

LpL Lipoprotein lipase

VLDL very low density lipoproteins

1231.BMIPP 15-(piodophenyl)-3-(R, S)-methyl pentadecanoic acid
AMPK adenosine monophosphate-activated protein kinase
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Highlights
. Importance of CD36 for cardiac metabolic flexibility
. CD36 maintains AMPK quiescent
. Fatty acid uptake signals to upregulate fatty acid oxidation
. Cytosolic calcium and myocardial phospholipid metabolism
. CD36 contributes to inflammation and its resolution in the heart
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Fig. 1. Model for heart FFA uptake

FFAs carried by albumin or generated from VLDL lipolysis by LpL enter the heart via
CD36 while FFAs generated from chylomicrons enter mostly via non-CD36-mediated

DGAT
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mechanisms. FFAs induce CD36 internalization possibly via promoting its ubiquitination
(red tags). The FAs might internalize within CD36-rich vesicles. LpL also creates remnant
particles that bind to lipoprotein receptors for uptake of core lipids.
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Fig. 2. Cardiac metabolic flexibility is lost in Cd36KO mice
2-[18F]fluorodeoxyglucose (FDG) uptake by the heart is rapidly reduced by fasting in WT

mice but not in Cd36KO mice. Hearts were harvested for counting at 0, 6 and 16h after start
of fasting. **p<0.001

Biochim Biophys Acta. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Abumrad and Goldberg

[¢]
\ FA  Fa
' FA
Q? ;L \ FA fa Q?
GPIHBP | HSPG CD36
- o~ = N
FA @
FABPs & FATPs = A
fA FA FA
FA Endothelial Cell
VAFTERYER
¥ ¥ A CD36 §
(TR = <
FA
™ WA A
P FABPs&FATPs e Culliocs

Page 21

Fig. 3. Heart CD36 is likely to function in FFA transfer both at the level of endothelial cells and

cardiomyocytes
FABP: FA binding protein, FATP: FA transport protein, HSPG: Heparan sulfate

proteoglycan, GPIHBPL1: glycosylphosphatidylinositol anchored high density lipoprotein

binding protein 1.
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Fig. 4. CD36 association with Top mitochondria
Top. Hearts of 16h fasted mice have higher CD36 content in sarcolemma (left) and in

isolated mitochondria (right), *p<0.05. Bottonr. Hela cells expressing CD36 (green) show
areas of CD36 co-localization with the mitochondrial anion channel VDAC (red), (40X,
Axiovert 200M) (Samovski D, unpublished data).
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CD36 Overlay

Fig. 5. CD36 inhibits LKB1 and this is reversed by palmitic acid
Top: LKB1 (green) is mostly in the nucleus in CD36 (red) expressing myotubes (BSA

control). Bottom: Palmitic acid (300 uM, 2:1 with BSA, for 15 min) relocates LKBL1 to
cytosolic CD36-positive vesicular structures (inset, arrows point to overlap between CD36
and LKB1). From Samovski D et al. 2015 [1]
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Fig. 6. AMPK regulation
CD36 is in a molecular complex in proximity to Fyn, LKB1 and AMPK. CD36 suppresses

AMPK keeping it quiescent by allowing Fyn inhibition of LKB1. This inhibition is reversed
by CD36 ligation of palmitic acid (PA), which activates LKB1 and AMPK by dissociating
Fyn.
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