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Abstract

Ischemic injury is associated with acute myocardial infarction, percutaneous coronary
intervention, coronary artery bypass grafting and open heart surgery. The timely re-establishment
of blood flow is critical in order to minimize cardiac complications. Reperfusion after a prolonged
ischemic period, however, can induce severe cardiomyocyte dysfunction with mitochondria
serving as a major target of ischemia/reperfusion (I/R) injury. An increase in the formation of
reactive oxygen species (ROS) induces damage to mitochondrial respiratory complexes leading to
uncoupling of oxidative phosphorylation. Mitochondrial membrane perturbations also contribute
to calcium overload, opening of the mitochondrial permeability transition pore (mPTP) and the
release of apoptotic mediators into the cytoplasm. Clinical and experimental studies show that
ischemic preconditioning (ICprg) and postconditioning (ICposT) attenuate mitochondrial injury
and improve cardiac function in the context of I/R injury. This is achieved by the activation of two
principal cell survival cascades: 1) the Reperfusion Injury Salvage Kinase (RISK) pathway; and 2)
the Survivor Activating Factor Enhancement (SAFE) pathway. Recent data suggest that high
density lipoprotein (HDL) mimics the effects of conditioning protocols and attenuates myocardial
I/R injury via activation of the RISK and SAFE signaling cascades. In this review, we discuss the
roles of apolipoproteinA-1 (apoA-I), the major protein constituent of HDL, and sphingosine 1-
phosphate (S1P), a lysosphingolipid associated with small, dense HDL particles as mediators of
cardiomyocyte survival. Both apoA-1 and S1P exert an infarct-sparing effect by preventing ROS-
dependent injury and inhibiting the opening of the mPTP.
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1. INTRODUCTION

A principal function of HDL is to mediate reverse cholesterol transport, a process by which
excess cholesterol is removed from non-hepatic tissues and transferred to the liver for
metabolism and excretion into the bile (1,2). HDL also possesses anti-inflammatory and
antioxidant properties that are attributed, in large part, to its major protein constituent apoA-
| (3-6). Helical regions of apoA-I serve as a platform for the binding of antioxidant proteins,
including paraoxonase 1 (PON1) and platelet-activating factor acetylhydrolase (PAF-AH)
(7,8). These enzymes play an important role by degrading cholesteryl esters and
phospholipids in oxidized lipoproteins. A recent study shows that the HDL proteome
consists of more than 85 proteins (9). It follows that HDL is a heterogenous particle and that
HDL subspecies may display discreet functional properties.

The lipid composition of HDL is also an important determinant of its function (10,11). Lipid
species maintain the structural integrity of HDL and regulate the activities of HDL-
associated proteins (12). Among the phospholipids, phosphatidylcholine, sphingomyelin
(SM) and sphingosine 1-phosphate (S1P) are well represented. S1P is synthesized in
hematopoietic and endothelial cells through the action of sphingosine kinase 1 (SphK1)
(13,14). HDL takes up S1P and serves as its principal carrier in plasma (15,16). Anti-
inflammatory and antioxidant properties are prominently exhibited by small, dense HDL
particles including preB-HDL and HDL3 (15). This is due, in part, to the increased ratio of
S1P to SM in HDL3 particles compared to more buoyant HDL1 and HDL2 particles.

Many of the salutary effects of HDL on cardiac and vascular function have been ascribed to
the presence of S1P in the lipoprotein particle while other responses to HDL are S1P-
independent (17,18). HDL-bound S1P is significantly reduced in patients with coronary
artery disease (CAD) compared to healthy controls (19,20). A corresponding increase in
non-HDL-bound S1P is associated with an increase in the severity of CAD symptoms (20).
In light of these findings, HDL isolated from CAD patients displays impaired S1P-
dependent signaling responses under /n vitro conditions (19). Supplementation of HDL from
CAD patients with S1P, however, effectively restores the functional properties of HDL-
bound S1P (19).

Cardiac ischemia arises in response to pathological events including acute myocardial
infarction (AMI), unstable angina and thrombolysis as well as surgical procedures (21).
Reperfusion results in the activation of deleterious signaling pathways, with the
mitochondrion serving as a critical site of injury (21-23). The prompt re-establishment of
coronary blood flow is thus critically required to minimize myocardial infarct size (21,23,
24). In light of the high energy demands of the heart, ischemia/reperfusion (I/R) is
associated with degradation of mitochondrial bioenergetics. An increase in reactive oxygen
species (ROS) formation and uncoupling of oxidative phosphorylation are early events
followed by opening of the mitochondrial permeability transition pore (mPTP) (25). The
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mPTP is a high conductance channel spanning the inner and outer mitochondrial membranes
that remains in a closed state under normal conditions (23,26). mPTP opening occurs in
response to I/R injury and is associated with dissipation of the mitochondrial membrane
potential (ATm), calcium influx and the release of pro-apoptotic factors (23,26). Minimizing
mitochondrial damage is clearly an important strategy for maintaining normal cardiac
function. Ischemic pre-conditioning (ICprg) and post-conditioning (ICposT) have been
shown to reduce myocardial injury upon sustained reperfusion (22,27,28). ICpgg and
ICposT are characterized by repetitive, brief episodes of ischemia and reperfusion performed
either prior to or after a prolonged period of ischemia (27,28). Both conditioning procedures
protect the heart by activating cell survival pathways that converge at the level of the
mitochondrion. HDL has also been shown to improve cardiac function in the context of I/R
injury by preventing defects in mitochondrial function. The goal of this review is to discuss
survival pathways activated by HDL that preserve myocardial function in the context of I/R
injury.

2. MITOCHONDRIA AND CELLULAR BIOENERGETICS

Mitochondria are abundant in tissues with a high metabolic demand including cardiac and
skeletal muscle (29). These organelles are characterized by a double-membrane structure
separated by an intermembrane space. Respiratory complexes located in the inner
mitochondrial membrane utilize oxidative phosphorylation to generate energy in the form of
ATP. Nicotinamide adenine dinucleotide (NADH) initially serves as an electron donor for
complex | (NADH:ubiquinone oxidoreductase) which transfers electrons to ubiquinone (30).
Complex Il (succinate dehydrogenase) functions in parallel with complex | and transfers
electrons from succinate to ubiquinone. Electrons are subsequently shuttled from complexes
I and Il to complex 11 (CoQH2-cytochrome ¢ reductase) viacoenzyme Q and the Q cycle
(30). Cytochrome c (cyt c) is a protein located in the intermembrane space that supports
mitochondrial respiration by shuttling electrons from complex I11 to complex IV
(cytochrome c oxidase) coincident with cyt ¢ reduction (31). As oxygen is consumed at
complex 1V, cyt c is re-oxidized and water is formed. Throughout this process, hydrogen
ions derived from complexes I, 111, and IV are pumped from the matrix into the
intermembrane space. As hydrogen ions accumulate at this site, a proton gradient is
established which gives rise to AUm (32). Finally, complex V (ATP synthase) utilizes the
energy stored in the proton gradient to generate ATP. While electron transfer is tightly
regulated, some electrons may react with oxygen to form superoxide anion. Deleterious
effects of superoxide, however, are minimized by the presence of manganese superoxide
dismutase which reduces superoxide to hydrogen peroxide. Under conditions where reactive
oxygen species (ROS) are formed in excess, damage to mitochondrial structural components
and DNA occurs.

3. MITOCHONDRIAL RESPONSES TO ISCHEMIA/REPERFUSION INJURY

Mitochondrial dysfunction is a hallmark of I/R injury. Damage to mitochondria is initiated
during the ischemic period and becomes amplified during reperfusion (33-36). Recent data
suggest that the complex Il substrate succinate accumulates during ischemia, and, upon
reperfusion, electron transport operates in the reverse mode with significant quantities of
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superoxide being generated at complex | (36). Ischemic injury at the level of complex 111
also plays an important role in stimulating ROS formation at sites upstream in the electron
transport chain (31,37,38). ROS, generated in this manner, induce damage to mitochondrial
respiratory complexes, structural components and DNA (35, 39— 41). Cardiolipin and cyt ¢
are critical sites of ROS-dependent injury. Cardiolipin is a phospholipid in the inner
mitochondrial membrane that stabilizes respiratory proteins, in part, by forming a complex
with cyt ¢ (31). An increase in ROS formation induces the peroxidation of the cardiolipin-
cyt ¢ complex resulting in the release of cyt ¢ into the cytosol (31). The loss of cyt ¢
facilitates apoptosis, inhibits respiration at complex IV and stimulates further generation of
ROS (37,38,42). It follows that tissue oxygen utilization and ATP formation are severely
impaired, and apoptotic/necrotic mechanisms are activated (43).

The ability of mitochondria to respond to fluctuations in cytosolic calcium (Ca2™*)
concentration is an important indicator of mitochondrial quality (44,45). Healthy
mitochondria take up calcium viathe uniporter located on the inner membrane and release
calcium under normal conditions v/a the Na*/Ca2* antiporter. However, this pathway is
vulnerable to bioenergetic dysfunction and can result in accumulation of mitochondrial
calcium. During reperfusion, mPTP opening is stimulated by numerous factors including
ROS, calcium overload and dissipation of A¥m (46). Induction of mPTP results in calcium
release, mitochondrial swelling and apoptotic cell death (44,46-51). These responses are
negatively correlated with cardiomyocyte survival (49).

4. PRE- AND POST-CONDITIONING ATTENUATE ISCHEMIA-REPERFUSION

INJURY

ICpre and ICppsT describe intermittent episodes of I/R prior to sustained ischemia and
reperfusion, respectively (27,28). The reduction in cardiomyocyte injury in response to
ICprE and ICppsT has been linked to the activation of two principal survival pathways: The
Reperfusion Injury Salvage Kinase (RISK) pathway and the Survivor Activating Factor
Enhancement (SAFE) pathway (22,49,52,53). The RISK cascade includes the pro-survival
kinases phosphatidylinositol 3-kinase (PI3K), protein kinase B (Ak?) and extracellular
regulated kinase 1/2 (ERK1/2) (22,49,52,53). These enzymes phosphorylate multiple
substrates in the cell that converge to inhibit opening of mPTP (49,52-54). Glycogen
synthase kinase 3 beta (GSK3p) is thought to play an important role in RISK-dependent
cardiomyocyte survival (49,55). Phosphorylation of GSK3p abolishes its enzymatic activity.
In this inactivated form, pGSK3p reduces I/R injury by three mechanisms. First, pGSK3p
fails to phosphorylate Bcl-2 resulting in an increase in Bcl-2 anti-apoptotic activity. Second,
pGSK3p inhibits the translocation of pro-apoptotic Bax to the outer mitochondrial
membrane. Finally, pGSK3 stabilizes the mPTP regulatory protein cyclophilin D, thus
preventing mPTP induction (49,56).

The Survivor Activating Factor Enhancement (SAFE) cascade represents a second survival
pathway activated by ICprg and ICposT (22,57). The SAFE pathway paradoxically utilizes
tumor necrosis factor alpha (TNFa) as a cardioprotective mediator. Reperfusion injury, in

the absence of conditioning, is associated with the release of a high concentration of TNFa
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which mediates cardiotoxic effects viathe TNF receptor type 1 (TNFR1) (22,58,59). In
contrast, release of low amounts of TNFa are associated with ICpgg and ICppost. Under
these conditions, TNFa binds to the TNF receptor type 2 (TNFR2) (22,58). ICprg ina
rodent model of coronary I/R injury reduces infarct size (60). The importance of TNFa in
this response is underscored by the observation that administration of soluble TNFa receptor
abrogated the effects of ICprg (60). Lacerda and colleagues showed that administration of
TNFa at the beginning of reperfusion mimics the protective effect of ICpogT 0On infarct size
(57). This was characterized by a reduction in infarct size in wildtype and TNFR1~~ mice
but not in TNFa ™/~ and TNFR2™/~ mice (57). Similarly, administration of low doses of
TNFa to mouse hearts ex vivo mimicked cardioprotective effects of ICprg (61). Pro-survival
mechanisms activated by TNFR2 engagement include the induction of Janus kinase (JAK)
which, in turn, phosphorylates/activates the signal transducer and activator of transcription 3
(STAT3) (22). ICpRE in the pig was shown to reduce infarct size by a mechanism involving
increased STAT3 phosphorylation and inhibition of mPTP opening (62). While the RISK
and SAFE pathways activate distinct signaling cascades in cardiomyocytes, it is likely that
the protective mechanisms underlying ICprg and ICpogT are due to cross-talk between the
pathways (22). Convergence of these survival cascades at the level of the mPTP has been
suggested (57).

5. STAT3-DEPENDENT MECHANISMS OF CARDIOPROTECTION

The JAK-mediated phosphorylation of STAT3 occurs at two major sites (51, 63).
Phosphorylation of tyrosine residue 705 is generally associated with translocation of STAT3
to the nucleus (64). STAT3-mediated nuclear transcription results in up-regulation of anti-
apoptotic Bcl-2 and the antioxidant genes MnSOD and metallothionein while inhibiting pro-
apoptotic Bax/Bad expression (22,65). Phosphorylation of serine residue 727 directs STAT3
to the mitochondrion where it has been shown to regulate the electron transport chain
(64,65). pSTAT3 thus regulates gene expression and directly modulates mitochondrial
respiration (65). Data suggest, however, that mitochondrial STAT3-dependent cytoprotection
occurs on a time scale that precludes the STAT3-mediated transcription of nuclear genes
(64,65). Mitochondrial STAT3 is therefore likely the principal mediator of cell survival in
response to I/R injury.

GRIM-19 (gene associated with retinoid interferon induced cell mortality 19) acts as a
chaperone to recruit serine phosphorylated STAT3 into mitochondria where it binds to
complex | (51). Other data suggest that STAT3 inhibits complex | and Il respiration during
ischemia and thus inhibits ROS formation (65). This is supported by the observation that
overexpression of STAT3 reduces electron flow through complex I, prevents ROS formation
and inhibits the release of cyt ¢ (65). Further, ICprg studies show that mitochondrial STAT3
preserves complex | activity and mitochondrial respiration upon reperfusion. (62). It is
proposed that STAT3 protects mitochondria during ischemia by uncoupling electron flow
between respiratory complexes and preventing mPTP induction (65,66). Under these
conditions, ROS formation is reduced. This uncoupling of electron transport is reversible
and, upon reperfusion, mitochondrial respiration can proceed normally.
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The importance of the SAFE pathway and STAT3 activation in limiting cardiac injury in I-R
models has been revealed by studies using inhibitors of JAK. Treatment with the JAK
inhibitor AG-490 reduces STAT3 phosphorylation in rats undergoing coronary ligation/
reperfusion (67). Additional consequences of JAK inhibition include a reduction in
cardiomyocyte viability and an increase in proapoptotic caspase-3 activity and Bax
expression (67). AG-490 similarly reduces the phosphorylation of Ak, ERK2 and GSK3
and cardiac contractility in isolated rodent hearts exposed to anoxia-reoxygenation (68). This
observation again supports crosstalk interaction between the RISK and SAFE pathways.

6. CARDIOPROTECTIVE RESPONSES TO HDL

HDL possesses functions that extend beyond its ability to mediate reverse cholesterol
transport (69,70). Protein and lipid components of HDL both act as mediators of the
cardioprotective response to HDL. The HDL-associated protein PON1 performs an
important antioxidant function by hydrolyzing cholesteryl esters and phospholipids in
oxidized lipoproteins (71). Glycosylated and oxidized LDL carry peroxides that stimulate
ROS formation and impair oxygen consumption at respiratory complexes I, 1l/111, and IV
resulting in mitochondrial dysfunction (71— 73). PON1 may thus indirectly preserve
mitochondrial function by degrading oxidized lipid species. In contrast, a direct role for
apoA-I and S1P in mediating cardiomyocyte survival has been proposed (63, 74-77).
Knockout of apoA-I significantly increases infarct size in mice undergoing coronary artery
ligation/reperfusion compared to control C56BL/6 (78). This defect was associated with a
reduction in Coenzyme Q (CoQ) in mitochondria isolated from apoA-1~/~ mice. CoQ
deficiency resulted in a 67% decrease in electron transfer from complex Il to complex 11
(78). Intraperitoneal administration of CoQ restored mitochondrial CoQ levels and reduced
infarct size in apoA-1~~ mice (78). Results of this study indicated that apoA-1 plays a
critical role in maintaining the effective coupling of electron transport proteins. The
molecular mechanism by which apoA-1 influences the delivery of CoQ to mitochondria is
unknown at this time.

HDL has also been shown to mimic cardioprotective effects of ICpre and ICpgosT by
inducing RISK and SAFE survival pathways (79). Kalakech and colleagues reported that
apoA-I, administered /n vivo prior to coronary artery occlusion, attenuates morphologic
changes associated with ischemic injury (myofibril tears, interstitial edema and leukocyte
infiltration) and reduces infarct size (79). This infarct-sparing response was equivalent to the
cardioprotection provided by ICpge. In related experiments, administration of purified
apoA-l was preceded by administration of inhibitors of Akf, ERK1/2 and JAK/STAT. The
ability of apoA-I to reduce infarct size was attenuated under these conditions (79).
Consistent with known targets of the RISK and SAFE signaling cascades, apoA-I treatment
increased the phosphorylation of Akfand GSK3p. These data suggested that the inhibitory
effect of apoA-1 on myocardial infarct size was due to activation of both RISK and SAFE
survival pathways.

Chem Phys Lipids. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

White et al.

Page 7

7. SPHINGOSINE 1-PHOSPHATE AND CARDIOPROTECTION

Multiple mechanisms have been proposed to explain the cardioprotective effects of S1P.
Apolipoprotein M (apoM) is a member of the lipocalin protein family (80,81). It associates
with approximately 5% of HDL particles and is thought to play a major role in attenuating
atherogenesis by stimulating prep-HDL formation, facilitating macrophage cholesterol
efflux and inhibiting LDL oxidation (81-86). ApoM also binds S1P and facilitates its
incorporation into HDL particles (19,80, 86,87). HDL from apoM ™~ mice does not contain
S1P, while the S1P content of transgenic apoM (apoM-TG) mice is significantly increased
(87). Accordingly, HDL from apoM-TG mice stimulates S1P—dependent signaling
mechanisms in endothelial cells while HDL from apoM null mice does not (87). The
relationship between apoM expression and S1P-mediated cardioprotection has been recently
evaluated in wildtype and transgenic mice undergoing coronary artery ligation and
reperfusion (88,89). Plasma S1P levels were increased in apoM-TG mice by approximately
250% compared to wildtype mice. This was accompanied by a significant reduction in
myocardial infarct size and neutrophil accumulation (88). A link between apoM and S1P as
mediators of cardioprotection /n vivo was thus established. /n vitro analyses of neonatal rat
ventricular cardiomyocytes showed that S1P induced phosphorylation of Connexin43
(Cx43) and reduced gap junctional communication between cardiomyocytes (88). It was
proposed that S1P protects the heart against I/R injury by inhibiting cell-cell coupling
(88,89). In this manner, the passage of death signals through gap junctions is reduced,
resulting in attenuation of I/R-induced cardiomyocyte injury (89).

HDL-associated S1P has also been shown to act as an inducer of both the RISK and SAFE
pathways (63,90,91). Cardiomyocyte responses to S1P actions are mediated by multiple
receptor isoforms (S1P1, S1P2 and S1P3) (18,70,90,92). Exposure of neonatal rat cardiac
cardiomyocytes to native HDL or purified S1P activates S1P2 receptors resulting in the
phosphorylation of STAT3 on serine 727 followed by tyrosine 705. Reconstituted HDL that
was devoid of S1P failed to support STAT3 phosphorylation (93). Inhibition of PI3K with
wortmannin did not influence STAT3 phosphorylation induced by either HDL or S1P
suggesting the specific activation of the SAFE cascade (93).

HDL treatment prior to hypoxia-reoxygenation improves the viability of mouse
cardiomyoctyes (18). HDL activated Aktand ERK1/2 pathways v/a distinct S1P receptors.
S1P1 binding activated ERK1/2 while S1P3 induced Akt activation. The phosphorylation of
GSK3, a known inhibitor of mPTP opening, was shown to be a major downstream effector
of HDL. These responses were blocked by treatment with S1P receptor inhibitors as well as
the PI3K inhibitor wortmannin. It was concluded that HDL-associated S1P improves
cardiomyocyte viability in the context of hypoxia-reoxygenation by activating the RISK
pathway (18).

In vivo studies recapitulate cardioprotective effects of S1P in the context of I/R injury and
heart failure (17,18,90,94,95). Somers and colleagues have assessed cardioprotective
responses to S1P in hearts isolated from wildtype, TNFa ™~ and cardiomyocyte-specific
STAT3™~ mice. Hearts were subjected to global ischemia followed by reperfusion. While
S1P administration at the beginning of reperfusion reduced infarct size in wildtype hearts,
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this response was absent in hearts from STAT3™/~ and TNFa ™~ mice (92). Addition of the
JAK inhibitor AG-490 to wildtype mice prior to reperfusion reduced the nuclear
translocation of STAT3 and abolished the effect of S1P on infarct size, supporting a role for
S1P in the induction of the SAFE survival pathway. Pre-treatment of hearts with the PI3K
inhibitor wortmannin also abolished the infarct-sparing effect of S1P, suggesting that the
RISK pathway may also be activated by S1P (92). Mechanistically, it was shown that the
S1P-dependent activation of PI3K/Aktwas associated with the phosphorylation/inactivation
of GSK3p and inhibition of cyt C release in mitochondria isolated from murine
cardiomyocytes (96).

Cardioprotective responses to HDL and S1P are ultimately mediated at the level of the
mitochondrion. Frias and colleagues have shown that administration of HDL during the
reperfusion period reduces infarct size in a concentration-dependent manner (97). This
response was associated with induction of STAT3 phosphorylation in both the cytosol and
mitochondria and inhibition of mPTP opening. Survival mechanisms induced by HDL were
abolished in TNFa ™~ and cardiomyocyte-specific STAT3™~ mice, suggesting induction of
the SAFE pathway (97).

Forkhead box O-1 (FOXO-1) is a transcription factor that is known to increase ROS
formation and apoptosis in the non-phosphorylated state (98). While the RISK pathway and
PI3K/Aktactivation are classically associated with the inactivation of FOXO-1, data suggest
that the SAFE survival pathway also modulates FOXO-1 activity (92,98). S1P stimulated the
nuclear phosphorylation/inactivation of FOXO-1 in a manner that was blocked by both a
JAK/STAT3 and PI3K inhibitor (92). This result suggests that the S1P-dependent
phosphorylation of FOXO-1 may represent a point of convergence for the RISK and SAFE
survival cascades (92,98).

The presence of sphingosine kinase 2 (SphK2) in mitochondria represents an alternate
pathway for S1P production and action in cardiomyocytes (63). Ludovic and colleagues
demonstrated that ICprg in mice followed by I/R activated SphK1 to increase cytosolic
levels of S1P (99). It was proposed that S1P utilizes an “inside-out” signaling mechanism
whereby S1P released from the cell bound to cell surface S1P receptors (99,100). Receptor
binding then activated signaling pathways culminating in an increase in mitochondrial
SphK2 activity and S1P formation (99). Mitochondrial S1P was shown to regulate complex
IV assembly and cellular respiration v7a interaction with mitochondrial prohibitin-2 (PHB2)
(99,101). The principal role of PHB2 is to act as a scaffold providing structural stability for
the inner mitochondrial membrane (102). Deletion of mitochondrial SphK2 abolished the
cardioprotective response to ICprg as reflected by a decrease in oxidative phosphorylation
and opening of mPTP (99,101). These data suggest that mitochondrial S1P and PHB2
stabilize complex IV thus reducing ROS formation while also supporting oxidative
phosphorylation (99).

8. AUTOPHAGY AS A CELL SURVIVAL MECHANISM

ATP depletion, ROS formation and mPTP opening are characteristic responses to I/R that
are also associated with the induction of autophagy (103,104). Autophagy is a process by
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which cell death is minimized via removal of protein aggregates and damaged organelles
(105,106). A specialized form of autophagy known as mitophagy arises in response to mPTP
induction and a decrease in AUm and is associated with the localization of mitochondria in
autophagosomes (107). Ischemia and nutrient deprivation initiate autophagy by inducing the
de-phosphorylation and inactivation of the mammalian target of rapamycin (mTOR) which
normally acts as a suppressor of autophagy (108). Concurrently, an increase in the ratio of
AMP/ATP induces AMP-activated protein kinase (AMPK) which stimulates autophagy
through multiple mechanisms. The vacuolar protein sorting-34 (Vps34), a class 111 P1-3
kinase, plays an important role in the initiation of phagophore formation through its
association with beclinl (108). This pre-autophagosomal structure engulfs cytoplasmic
components, including damaged mitochondria. Phosphatidylethanolamine (PE) and
microtubule associated protein light chain-3 (LC3 1) interact to form the conjugated product
LC3 II. LC3 Il and the adaptor protein p62 are recruited to yield the mature autophagosome
(108). The autophagosome then fuses with a lysosome where lysosomal hydrolases digest
the contents.

Mitochondrial damage induced by I/R injury releases apoptotic factors that, in turn, damage
neighboring mitochondria. It has been proposed that autophagy serves a cytoprotective role
by clearing damaged mitochondria and limiting potentially deleterious effects on
neighboring organelles. Induction of autophagy has been shown to reduce myocardial injury
induced by I/R. Decker and Wildenthal reported that cardiac contractility was sustained in
reperfused rabbit hearts that were exposed to short periods (20-40 minutes) of hypoxia
(109). This was ascribed to induction of a cellular repair process that was characterized by
an increase in lysosomal autophagy. In contrast, exposure to hypoxia for longer time periods
resulted in irreversible cardiomyocyte injury (109). Other studies show that coronary I/R
induces autophagy proteins in the heart that attenuate post-infarction cardiac remodeling
(110).

Inhibitors of autophagy promote ROS formation and aggravate mitochondrial injury in
response to I/R (111). Treatment of mice with an inhibitor of the autophagy protein Atg5
was shown to ablate the infarct-sparing effect of ICpgg. It follows that cytoprotection
associated with ICprg has been linked to activation of the autophagy pathway (112,113). In
this respect, it is thought that autophagy improves cardiomyocyte survival by removing
damaged mitochondria while leaving behind a mitochondrial population that is more
resistant to mPTP opening (104). The role of S1P in the inhibition of MTOR activity and
activation of autophagy has been recently reviewed (114,115). Data suggest that SphK1
plays an important role in this response since pharmacological blockade of the enzyme was
shown to reduce S1P levels and inhibit autophagy (116). As the principal carrier of S1P,
HDL may induce autophagy as a cell survival mechanism. Recent supportive data show that
HDL inhibits mTOR activity, stimulates the expression of LC3 1l and induces the formation
of autophagosomes in enterocytes (117). To date, however, no studies have specifically
tested whether HDL reduces myocardial I/R by activating autophagy.

Chem Phys Lipids. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

White et al. Page 10

9. CONCLUSION

A reduction in plasma HDL concentration is a strong, independent predictor of
cardiovascular risk (118). A low baseline HDL concentration (<33mg/dL) prior to
percutaneous coronary intervention is associated with a significant increase in one-year
mortality (119). Similarly, low baseline HDL is a predictor of recurrent cardiovascular
events in patients with acute coronary syndrome (120). In addition to changes in HDL levels,
the lipoprotein may also undergo changes in its functional properties. Under pathological
conditions, HDL can be converted to an acute phase lipoprotein that is depleted of apoA-I
and displays pro-inflammatory properties (121-123). The formation of dysfunctional HDL
is associated with alterations in both the protein and lipid content of the particle (124,125).
With respect to protein composition, reductions in both apolipoproteins and accessory
proteins that regulate lipid metabolism have been reported. The loss of apoA-I and PONL1 is
associated with a decrease in the anti-inflammatory and antioxidant properties of HDL
(126). Alterations in the S1P/SM ratio also influence the anti-inflammatory effects of HDL-
associated S1P (15). Small, dense HDL3, characterized by an elevated S1P/SM ratio, is anti-
inflammatory and anti-apoptotic. In contrast, enrichment of HDL2 with SM and a reduced
S1P/SM ratio negatively impact HDL surface fluidity and lecithin-cholesterol
acyltransferase (LCAT) activity (15). Lipoprotein oxidation is also associated with a
significant reduction in S1P levels and accumulation of the pro-inflammatory lipid species
lysophosphatidylcholine in HDL particles (127). It has become clear that HDL is not just a
passive mediator of cholesterol transport but is an active signaling particle that, depending
on its composition, exerts either anti-inflammatory or pro-inflammatory effects. Therapeutic
strategies that raise circulating HDL and its functional properties may therefore play an
important role in minimizing cardiac injury.

ApoA-I and reconstituted HDL have been shown to reduce inflammatory tissue injury by
multiple mechanisms (128). As discussed in this review, HDL-associated proteins and lipids
reduce I/R injury by preserving mitochondrial function. The pro-survival benefits of HDL
are dependent on the composition of the lipoprotein particle. PON1 plays a role by reducing
the damaging effects of oxidized lipids on mitochondrial respiratory complexes. The
protective response to apoA-I per se may be due to multiple factors. ApoA-1 stabilizes
complex Il function by a CoQ-dependent mechanism and inhibits ROS-mediated damage to
respiratory complexes. Other data suggest that both apoA-1 and S1P induce RISK and SAFE
survival cascades that preserve mitochondrial function via activation of Akt ERK1/2 and
JAK/STAT. The effect of S1P is mediated via activation of cell surface S1P receptors while
the response to apoA-l is likely related to an interaction with ABCA1 (74,91,129). Data
discussed in this review suggest that two effector mechanisms, common to RISK and SAFE
cascades, are critically required for cardioprotection. It is proposed that survival kinases
phosphorylate/inactivate FOXO-1, thus inhibiting mitochondrial ROS formation and
apoptosis. Phosphorylated GSK3p is a second effector that also inhibits apoptotic
mechanisms but, importantly, stabilizes the mPTP regulatory protein cyclophilin D and
prevents mPTP induction. Major cellular targets of RISK and SAFE cascades are
summarized in Figure 1.
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An increase in mitochondrial ROS formation is a principal contributor to I/R injury.
Pharmacological strategies that inhibit oxidative stress, however, fail to provide therapeutic
benefit (36). The observation that apoA-1 and S1P activate signaling components of the
RISK and SAFE pathways has encouraged the development of HDL-based therapies to
attenuate I/R injury. Several studies suggest that rHDL is effective in reducing post-ischemic
cardiac injury. rHDL composed of apoA-1, S1P and phospholipid is as effective as native
HDL in reducing infarct size in a rodent model of I/R injury (130). Both native HDL and
rHDL containing S1P increased activation of pro-survival proteins Akt, STAT3 and ERK1/2
(130). This study showed that the infarct-sparing effect of rHDL was attenuated in the
absence of S1P. Mutant apoA-Imilano has also been used to test cardioprotective responses to
rHDL. Incorporation of recombinant apoA-lIpilano into rHDL particles reduces post-
ischemic cardiac dysfunction in the isolated rabbit heart (131). A complication with apoA-
Imilano-based therapy, however, is that a large amount of recombinant protein and
phospholipid are required to form rHDL particles and the procedure is costly (132). In light
of the prominent cardioprotective effects of S1P, there is strong rationale for the
development of S1P receptor agonists. FTY720 is a compound that activates multiple S1P
receptors and has been shown to attenuate I/R injury in animal models (17,133-136). The
potent immunosuppressive effect of FTY720, however, may limit its therapeutic application
(135,136). FTY720 also induces bradycardia, thus its use in patients with compromised
cardiac function is contraindicated (137). Newer S1P receptor agonists are currently
undergoing clinical evaluation.

ApoA-I mimetic peptides have been extensively studied by us and other laboratories and
have been shown to mimic several properties of apoA-1 (138-141). 4F is an 18 amino acid
peptide and, due to its amphipathic nature, it is capable of forming aggregates which mimic
those formed by apoA-1 (142). Administration of the apoA-I mimetic peptide 4F to
atherosclerosis-sensitive mice inhibits lesion formation without changing plasma cholesterol
(143). This has been attributed to formation of pref HDL particles and scavenging of lipid
hydroperoxides and ROS (144). Thus, the beneficial effect of 4F may be due to a
modification of HDL properties or to a direct effect on cells, as described above for apoA-I.
HDL has been shown to activate JAK in macrophages by binding to the ATP binding
cassette transporter subfamily A member 1 (ABCA1) (145). The apoA-I mimetic peptides
2F, 4F, L-37pA, and D-37pA form amphipathic helices that interact with ABCAL to
stimulate JAK2 autophosphorylation (146). Recent data show that L-37pA and D-37pA form
HDL-like particles that reduce post-ischemic cardiac contractile dysfunction and creatine
kinase release in a rat heart model of I/R (147). L-37pA and D-37pA complexes were as
effective as rHDL containing apoA-I in reducing cardiac injury. The cytoprotective response
to 4F has also been tested in animal models of I/R. Pre-treatment with L-4F was shown to
normalize left ventricular function and increase fractional shortening in diabetic mouse
hearts that were subjected to I/R injury (148). A separate study reported that D-4F
significantly improves the infarct-sparing effect of anesthetic preconditioning (149). These
data suggest that apoA-I mimetic peptides show strong potential for reducing myocardial
injury associated with I/R injury.
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Highlights

. HDL mimics the cardioprotective effects of ischemic pre- and post-
conditioning.

. HDL-associated S1P is associated with preservation of mitochondrial
function.

. HDL/S1P attenuate ischemia-reperfusion injury by activating distinct
survival cascades.

. RISK and SAFE cascades inhibit opening of the mitochondrial

permeability transition pore.

Chem Phys Lipids. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

White et al.

RISK

ERK1/2

J BAX
JBAD
M Bcl-2

PI3K

Page 22

SAFE
JAK

y &= |

®

Akt

\

FOXO-1

®

Figure 1.

|

J ROS
J Bim-1
J Fas ligand

o=

GSK3pB

®

Stabilization of Complexes |, I, IV

vlv J cyt c release
JBAX/BAD

4 mPTP MBcl-2

opening TMnSOD

MBcl-2

JBAX

release

Cellular targets of RISK and SAFE survival pathways. Phosphorylation of multiple target
molecules results in suppression of apoptotic mechanisms, stabilization of respiratory
complexes and inhibition of mPTP opening. The horizontal arrow indicates crosstalk
between each pathway. While the specific site of interaction has not been clearly defined,
data suggest that FOXO-1 and GSK3p are terminal effectors of each pathway.
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