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The heart is a metabolic omnivore that combusts a considerable amount of energy substrates, mainly long-chain
fatty acids (FAs) and others such as glucose, lactate, ketone bodies, and amino acids. There is emerging evidence
that muscle-type continuous capillaries comprise the rate-limiting barrier that regulates FA uptake into
cardiomyocytes. The transport of FAs across the capillary endothelium is composed of three major steps—the
lipolysis of triglyceride on the luminal side of the endothelium, FA uptake by the plasma membrane, and
intracellular FA transport by cytosolic proteins. In the heart, impaired trans-endothelial FA (TEFA) transport causes
reduced FA uptake, with a compensatory increase in glucose use. In most cases, mice with reduced FA uptake
exhibit preserved cardiac function under unstressed conditions. When the workload is increased, however, the total
energy supply relative to its demand (estimated with pool size in the tricarboxylic acid (TCA) cycle) is significantly
diminished, resulting in contractile dysfunction. The supplementation of alternative fuels, such as medium-chain
FAs and ketone bodies, at least partially restores contractile dysfunction, indicating that energy insufficiency due to
reduced FA supply is the predominant cause of cardiac dysfunction.

cardiac metabolism fatty acid capillary endothelium trans-endothelial fatty acid transport

contractile function

| 1. Mechanisms of FA Uptake by the Heart
1.1. Source of Long-Chain Fatty Acids

As shown in Figure 1, FAs are supplied to the heart as either free FAs (FFAs) bound to albumin or as FAs released
from the TG contained in TG-rich lipoproteins (TGRLPS): chylomicrons (CM) that are synthesized in the intestine
from exogenous dietary fat and very low-density lipoproteins (VLDL) that are synthesized by the liver from
endogenous lipids MBI FFAs bound to albumin originate from adipose tissue lipolysis, with some derived
from “spillover” through the action of lipoprotein lipase (LPL). Both circulating FFAs and TGRLPs significantly
contribute to the overall FA supply to cardiomyocytes.
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Figure 1. Mechanisms of fatty acid uptake by the heart. (1) Lipolysis of TG contained in TGRLPs on the luminal
side of the capillary endothelium; (2) FA uptake by the plasma membrane of the capillary endothelium; (3)

intracellular FA transport through the capillary endothelium; (4) FA uptake by cardiomyocytes.

1.2. Lipolysis of TG Contained in TG-Rich Lipoproteins on the Luminal Side of the
Capillary Endothelium

LPL is an essential enzyme that hydrolyses the TG contained in TGRLPs WRIEIHA mportantly, LPL is
predominantly produced in cardiomyocytes and is transferred to the luminal side of the endothelium, where the
enzyme functions (Figure 1). GPIHBP1, a glycosylphosphatidylinositol-anchored protein 1 expressed in the
capillary endothelium, is the principal binding site for LPL on the endothelium (Figure 1). GPIHBP1 binds to LPL
from interstitial spaces and shuttles it across the endothelium to the capillary lumen. On the luminal side, its ability
to bind to both LPL and TGRLPs allows it to serve as a platform for TG lipolysis @8, The VLDL receptor,
expressed in the capillary endothelium, functions as a peripheral receptor for TGRLPs and facilitates the hydrolysis
of TG in concert with LPL BEIZIE]

1.3. Fatty Acid Uptake by the Plasma Membrane of the Capillary Endothelium (Non-
CD36-Mediated and CD36-Mediated Pathways)

There are two distinct pathways of FA uptake by the capillary endothelium E19_—a high-capacity non-saturable
pathway (Figure 1, upper left) and a low-capacity saturable pathway (Figure 1, upper right). The non-saturable
pathway operates at high ratios of FAs. CM-derived TG-FAs (high local release of FA) enter through a non-CD36-

mediated route (low affinity, high capacity, and non-saturable, presumably via the flip-flop mechanism) 19 The
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saturable pathway has kinetics that are consistent with protein facilitation, with a high affinity for long-chain FAs
(Km of approximately 10 nM). CD36, also known as fatty acid translocase (FAT), is a high-affinity receptor for long-
chain FAs (Km of 5-10 nM) and is suitable for the low levels of FFAs. Importantly, in the heart, CD36 is more
abundant in the capillary endothelium compared to cardiomyocytes 112 |t is |ikely that VLDL-derived TG-FAs
(low local release of FAs) and albumin-bound FFAs enter the cell through a CD36-mediated channel (high affinity,

low capacity, and saturable).

1.4. Intracellular Fatty Acid Transport through the Capillary Endothelium

Following FA uptake via the plasma membrane, intracellular FA transport is performed by cytosolic proteins. Fatty
acid-binding proteins 4 and 5 (FABP4/5), abundantly expressed in the capillary endothelium in the heart, are
potential candidates for transport (Figure 1) L2145 Cytoplasmic FABPs (FABP1-FABP9) are a family of 14-15
kDa proteins that bind to long-chain FAs with high affinity. Among them, FABP4/5 have a redundant function in the
capillary endothelium. As lipid chaperones, FABP4/5 appear to facilitate the intracellular FA transport to the
abluminal side of the capillary endothelium. Fatty acid transport proteins 3 and 4 (FATP3/4), which are induced in
the capillary endothelium in response to an increase in vascular endothelial growth factor-B (VEGF-B) secreted

from cardiomyocytes, are other candidates for intracellular FA transport (Figure 1) (18],

1.5. Fatty Acid Uptake by Cardiomyocytes

Following TEFA transport (lipolysis, FA uptake by the plasma membrane, and intracellular FA transport), FAs are
bound by albumin (300 uM) in the interstitial space of the heart (Figure 1) RIL7. Circulating albumin is internalized
by fluid-phase uptake by the capillary endothelium and transferred to the interstitial space by transcytosis 18191,
The trans-sarcolemmal uptake of FA by cardiomyocytes may be facilitated by membrane-associated proteins.
Similar to the capillary endothelium, the main membrane-associated protein might be CD36 in cardiomyocytes

(Figure 1), although the expression of CD36 in cardiomyocytes is much lower than that in the capillary endothelium
[11][12][20]

2. Molecular Mechanisms Underlying the Induction of Genes
Associated with Trans-Endothelial Fatty Acid Transport

Recent studies have revealed that the expression of genes associated with TEFA transport is regulated by several
ligands, receptors, and transcription factors (Table 1) [21l22]123124] |t js Jikely that these systems can be roughly
divided into two groups according to their target genes. One includes the peroxisome proliferator-activated receptor
y (PPARY), mesodermal homeobox-2/transcription factor 15 (Meox2/Tcf15), Notch signaling, and the apelin/apelin
receptor (APLNR), and it mainly controls the expression of CD36, FABPs, and GPIHBPL1. The other is a group that
includes the VEGF-B/VEGF receptor (VEGFR), angiopoietin-like 2 (ANGPTL2), and 3-hydroxyisobutyrate (3-HIB),
and it regulates the expression/function of FATP3/4 (Table 1). Although impairments of the systems influence both
local and systemic metabolism, cardiac metabolism seems to only be affected by PPARy, Meox2/Tcfl5, Notch
signaling, and VEGF-B/VEGFR (Table 1) [21[22l23124] The trans-endothelial transport of other substrates and
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molecules (e.g., lipoproteins, lipoprotein lipase, glucose, and insulin) and endothelium-derived metabolic regulators

(e.g., nitric oxide, extracellular matrix proteins, hormones, growth factors, and enzymes) is described elsewhere [21]
[22]24]

Table 1. FA handling genes regulated by the indicated system in capillary endothelium.

Target

Target Genes Tissues

Receptor/Transcription

Ligand Reference
ol PPARy CD36FABP4FABP5LPLGPIHBP1ANGPTLALIPGFATP3FATR4 Nfluenced by
the System Curr.
heart, skeletal
PPARY o o o muscle, [25][26][27]
adipose
tissue
appan,
Meox2/Tcf15 o o o o ° o heart 28] le
Dil4 Notchl/N1-ICD/Rbp-jk  independent o o o . o heart, skeletal g3y
muscle
) APLNR/phosphorylation skeletal 3
AL of FOXO1 ¢ muscle )phyS.
heart, BAT,
VEGF-B VEGFR/NPR1 o o skeletal (el
muscle 3Cid
subcutaneous
ANGPTL2 integrin a5p1 o ) adipose 22
tissue
ealth
3-HIB o o skeletal 33]

muscle
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hyperchylomicronemia after olive oil gavage and higher levels of circulating FFAs during fasting, results that are
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PPARy, CD36, FABP4/5, LPL, and GPIHBP1, to facilitate FA uptake and transport across the capillary endothelium
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acid-binding protein. Circ. Res. 1997, 81, 297-303.
18-31Neteh Signaling,ai, A.: wang, X.; Larsson, E.; Huusko, J.; Nilsson, I.: van Meeteren, L.A.:
Samen, E.; Lu, L.; Vanwildemeersch, M.; et al. Vascular endothelial growth factor B controls
Notch si nallngI is not only a master regulator_of ang|L<1)§Le1m£easlls7 bgtzeilso a regulator of TEFA transport. The inhibition

endothelia fatt%/ acid uptake. Nature 2010, o _
of endothelial Notch signaling in the adult heart leads to reduced FA transport, resulting in heart failure and
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lipa8@@&-8Adothelial type (LIPG) and by suppressing angiopoietin-like 4 (ANGPTL4), a well-characterized inhibitor

[29][30 ) . . . . .
1‘§.LIEL5‘ng,LKJ.Y.Y.; Fairn, G.D.; Lee, W.L. Transcellular vesicular transport in epithelial and endothelial

cells: Challenges and opportunities. Traffic 2018, 19, 5-18. _ N
Table 2. Cardiac metabolism and performance in vivo in the indicated knockout mice under unstressed condition.

19. Minshall, R.D.; Sessa, W.C.; Stan, R.V.; Anderson, R.G.; Malik, A.B. Caveolin regulation of
VLDL- Contractile
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[37]
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[38]
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[39][40][41]
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H.; Syamsunarno, M.R.; et al. Peroxisome proliferator-activated receptor-gamma in capillary
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137, 2592-2608.
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2.5.Angiopoietin:Like 2/integrnin, abB1Liu, L.; Chan, M.C.; Rhee, J.; Hoshino, A.; Kim, B.;
Ibrahim, A.; et al. A branched-chain amino acid metabolite drives vascular fatty acid transport and

ANggJégsiﬁﬁﬁﬁW%ig%c%quéﬁ %&?Z%Gﬁyfpi}fﬁﬁtféfm a5B1 signaling activates FA transport into

subcutaneous adipose tissue via the induction of CD36 and FATP3 in the capillary endothelium, which suggests
3a4di&%Wg’—&o%thgl'ﬁpgmékidﬁ{any’ Z. PGC-1 coactivators in cardiac development and disease. Circ.

Res. 2010, 107, 825-838.

3265 FH Y AOXYISOMBYIBL® o1y system in cardiac physiology and disease. Cardiovasc. Res.

2007, 73, 269-277. ] ) ) , ) ] a3
3-HIB is a catabolic intermediate of a branched-chain amino acid valine and is secreted from skeletal muscle B2,

36 HuRas B isetly, DBy iNatelsarreeapiosrsigraling@ing cardinc gopagktida.d3mst-Rasi 4] 8Fsct on
FABES-epdBFATP4. Increased 3-HIB was found to promote lipid accumulation in muscle, leading to insulin

resistance. This is the first reported evidence that metabolites can also modulate TEFA transport.
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cardiac glucose metabolism and heart dysfunction. J. Biol. Chem. 2006, 281, 8716-8723.

3.1. Limitation of Experiments with Ex Vivo Perfused Hearts _ o
38. Noh, H.L.; Okajima, K.; Molkentin, J.D.; Homma, S.; Goldberg, I1.J. Acute lipoprotein lipase

He&lEIRERDB MNAIHASTRE HRBAS RIS IR PSR Pafudys HaGHO TR Mhabriayeint &rHecpRlach
incIMﬁta{lﬂeZQQﬁEyz%’ﬂélgﬁn%g@y monitor the oxidation of energy substrates (catabolism) and control
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HOWRYSEIGNIKIBPEIRACH hat 2 WEHERRTHE BUREEAY RS ne Aftiied FUHRIBR PRIy strRance dtyadigart
In e rRPBHE CXYIETKIPERBPNREIETRIC FSRANSE JEEauTDIspidak perfused hearts have a lower oxygen-

carrying capacity, regional anoxia due to arteriole constriction, a lack of compensatory energy supply from blood,
4§)ﬁduarr|1§)c ra n%ﬂron'uﬁcﬁ’ amsur ag&o[sgﬁl]@ltabashl, N.; Obinata, H.; Yamaguchi, A.; Hanaoka, H.;
Hishiki, T.; Hayakawa, N.; Sano, M.; Sunaga, H.; et al. Myocardial fatty acid uptake through CD36
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41. Nakatani, K.; Watabe, T.; Masuda, D.; Imaizumi, M.; Shimosegawa, E.; Kobayashi, T.; Sairgo1 M.;
Various phenotypic chan?(es in metabolism have been reported in both humans and mice when FA catabolism is
Zh ; Okada, T.; Kawase, R.; et al. M%/ocar_dla energy provision is preserved by increased
genetjcally. disru ted. Defective FA oxidation at.a mitochondrial level leads to severe impaifments in local and
utilization of glucose and ketone bodies in CD36 knockout mice. Metab. Clin. Exp. 2015, 64 _
systlelmég nwlelt%tzlollsm, including hypoketotic hypoglycemia, liver dysfunction, myopathy/rhabdomyolysis, arrhythmia,
and cardiomyop'athy, which frequently causes sudden infant death syndrome in humans B354l |n comparison,
4db@enen, pikeFriaiaidwstBennathherNagendsanorkiiXopndh M dtcnMishatakis aEnldddoly ketddBlic
phenBIpeeXPrassieaLRNHMEES Inagasitdhgaencarslivsny apathyrinalyicRyElbis Uikioigh0Bdy bkperience

locaJa3R-AbfeMmic alterations in their metabolism. Table 2 summarizes the metabolic and cardiac phenotypes of
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ph%%ﬁﬁﬁ%t%{-wgﬁ& R SEHE MNP S RRYATHC RO N B IS Y P ORP RO ti- B fofor
CORBRRRL U RS T hFAYLIRBVerioaded hearts: Evidence from fatty acid-binding protein-4 and

-5 knockout mice, Cardiovasc. Res. 2018, 114, 1132-1144. .
3.3.In V%vo Carélac Meta olgm i%q CD36 KO Mice under Unstressed Conditions

44. Schaap, F.G.; Binas, B.; Danneberg, H.; van der Vusse, G.J.; Glatz, J.F. Impaired long-chain fatty
CDggitreilifrefion vyl ddbatpocly BeiRisldteddfomnmirairriskiisgund hiwrhepe 8P dcmdsmamgdant
in tHeofawpiligehendaieeRes caparegsio3phengell types, including cardiomyocytes [L1[12] " Endothelial-specific
CD36 KO mice have shown reduced FA uptake with compensatory %cose use in the heart, which recapitulated

1

R Thatonc phaholype o whdle C38 KA e (Tabie o) LaBnabr R e ment f9f the Roart R ¥as

acid binding protein in cardiac fatty acid utilization. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol.
KO m%ce were gt%wn to exh(l;git no aTter tion (ljn t%e uptape of FA and glucose, although lipid accumuflation was

reduicetin the Roar T
46. Sung, M.M.; Byrne, N.J.; Kim, T.T.; Levasseur, J.; Masson, G.; Boisvenue, J.J.; Febbraio, M.;
3.5)n\Vive Contragtile:Dysfunctionidn Mice withReduced TranscEnsothelial Fatty
Acighiranspertaundenan tingreased Aftenleadum. J. Physiol. Heart Circ. Physiol. 2017, 312,

H552—-H560.
Cardiac contraction is mostly preserved in mice with a genetic deletion of genes associated with FA uptake, as

previously described. However, contractile function is significantly suppressed by an increased afterload in LPL KO
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ISeases, esity an ancer. YySIO
alternative fuels 22!, Pool size also appears to be a useful marker of the energy status in the KO hearts in vivo.
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corﬂ{gﬁtgm/_[Pﬁgmme hearts of mice with reduced FA uptake, ES was found to be lower than that in wild-type (WT)
hearts, which caused a reduced pool size in the TCA cycle. However, the reduced ES was found to be sufficient for
52. Schenkman, K.A.; Beard, D.A.; Ciesielski, W.A.; Feigl, E.O. Comparison of buffer and red blood
basal cardiac functl?n because the required EE was also Small. When the EE is elevated bd/ an increased
cell perfusion of guinea plt%heart Qx%_/genatlon. Am. J. Physiol. Heart Circ. Physiol. 2003, 285,
workload, such as transverse aortic constriction (TAC), the ES is simultaneously enhancedto meet energy demand
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in the WT heart. However, in the hearts of mice with reduced FA uptake, limited FA uptake was shown to result in
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(total intermediates) in the TCA cycle 2923l "which ‘could result in accelerated glycolysis. Even in a streptozotocin

(STZ)-induced type | diabetes model, a compensatory increase in glucose uptake was not suppressed 8 which
strongly suggests that enhanced glucose uptake is independent of insulin and the insulin-induced translocation of

GLUT4, but it does depend on energy insufficiency.
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