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Abstract

Ischemic stress involves nutrient deprivation, hypoxia, acidosis, and altered levels of various ions 

and metabolites. Reperfusion, which abruptly alters these parameters, is a second stress to already 

stressed cells. Ischemic preconditioning, in which brief ischemia alternates with reperfusion to 

elicit a protective response to ischemia/reperfusion (I/R) injury, revealed the existence of a highly 

conserved, cell-autonomous, and nearly ubiquitous program. While we often assume that 

evolutionary selection is irrelevant with respect to myocardial infarctions—which generally occur 

long after reproduction—the program of ischemia tolerance may date back much further, to 

hibernating squirrels, turtles, and estivating frogs and snails (extremophiles), which must survive 

by entering a hypometabolic state. This relationship is further strengthened by the presence of 

similar signaling pathways and regulatory mechanisms such as mRNA localization and miRNA 

regulation. These parallels may offer new insights into the myocardial response to I/R injury. This 

review will explore some of the recent advances in our understanding of autophagy and 

mitochondrial turnover in the setting of I/R injury, and related findings drawn from research on 

hibernating extremophiles.

Introduction

Ischemic injury arises when blood flow is interrupted, thereby depriving the heart of oxygen 

and nutrients; the response of the heart is to enter a hypometabolic state. Additional injury 

occurs when oxygen-rich blood reperfuses the vulnerable myocardial tissue, triggering 

extensive mitochondrial production of reactive oxygen species and tissue injury.

Many interventions have been proposed to protect the heart against ischemia/reperfusion 

injury, among which conditioning is one of the best studied phenomena. Ischemic 

preconditioning (IPC), which consists of brief episodes of ischemia alternating with 

reperfusion, confers protection against a subsequent more sustained ischemia/reperfusion 

episode and reduces infarct size dramatically [1,2]. More recently, post-conditioning was 

Corresponding author: Roberta A. Gottlieb, MD, Cedars-Sinai Medical Center, AHSP9105, 127 S. San Vicente Blvd., Los Angeles, 
CA 90048, Roberta.Gottlieb@cshs.org, (424) 315-2556. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2017 June 01.

Published in final edited form as:
J Mol Cell Cardiol. 2016 June ; 95: 70–77. doi:10.1016/j.yjmcc.2015.11.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggested as yet another way to protect the heart which involves stuttering reperfusion after 

ischemia [3]. Finally in remote conditioning, episodic ischemia and reperfusion is 

administered in a remote organ, typically an extremity [4].

The hypometabolic state is also employed by extremophiles to withstand environmental 

hardship and is characterized by (1) signal transduction pathways that initiate and coordinate 

metabolic responses across cells and organs, accompanied by changes in gene expression; 

(2) reduction in the global metabolic rate, largely accomplished by re-prioritization of ATP 

utilization across the most energy-demanding processes including ion pumping and 

transcription/translation; (3) altered fuel utilization and handling of metabolic by-products; 

and (4) enhanced activity of defense mechanisms to stabilize macromolecules and support 

survival in the hypometabolic state.

There is another condition called hibernating myocardium in which patients experience a 

sustained reduction in regional blood flow, resulting in chronic ischemic stress. However, 

normalization of blood fails to fully restore cardiac contractility [5]. Comparing this 

response with the physiological model of hibernating animals in nature may yield insights 

that might lead to the development of novel therapies.

For the purpose of this review, we will focus largely on the signals and metabolic 

reprogramming necessary to achieve a hypometabolic state.

Signal transduction

Turtles can reduce their metabolic rate to as low as 10–20% of their normal aerobic rate 

during cold anoxic submersion, allowing them to meet their minimal energy requirements 

with anaerobic glycolysis [6,7]. Interestingly, adenosine, well-known to the cardiac research 

community as a key mediator of ischemic preconditioning, was also shown to be responsible 

for suppressing neuronal activity in the turtle brain during anoxia [8].

While phosphorylation mediated by protein kinases is the most common mechanism to 

regulate cell state such as metabolism, additional post-translational modifications play a 

role, including lysine acetylation [9] which has been reported in the preconditioned heart 

[10] as well as in extremophiles [11]. Transcriptional control mediated by HIF-1α is well-

known and plays a key role in the establishing the hypometabolic state in extremophiles [12] 

as well as in cardioprotection [13]. In fact, the effect of preconditioning or remote 

conditioning was abrogated in heterozygous HIF-1α deficient mice suggesting its key role in 

cardioprotection [13,14].

Translational control—primarily suppression of CAP-dependent translation—is initiated by 

upstream kinase signaling. More recently, microRNAs have emerged as important players 

regulating the hypometabolic state in extremophiles and the preconditioned heart. These will 

be discussed in detail later in this review.

Hydrogen sulfide (H2S) is a global trigger and effector of the hypometabolic state, reducing 

oxygen consumption rapidly [15]. Endogenous production of H2S is accomplished by the 

translocation of cystathionine γ-lyase (CSE) to the mitochondria. At low concentrations 
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(0.1–1 µM) and in the presence of oxygen, H2S enhanced mitochondrial bioenergetics by 

serving as an electron donor via sulfide quinone oxidoreductase to ubiquinone, whereas at 

higher concentrations (3–30 µM) it inhibited complex IV [16]. The inhibitory effect is 

magnified under hypoxic conditions [17]. H2S also activates HIF-1α, which mediates the 

transcriptional shift away from OXPHOS (oxidative phosphorylation) towards glycolysis.

ATP breakdown products (AMP, IMP (inosine monophosphate), and adenosine) all play a 

signaling role in establishing the hypometabolic state. AMP activates AMPK, which induces 

glucose uptake via Glut4 translocation to plasma membrane; the elevated AMP/ATP ratio 

also has allosteric effects on glycogen phosphorylase (regulates glycogen breakdown) and 

phosphofructokinase (rate-limiting enzyme in glycolysis). The role of AMPK may be 

nuanced, however, as studies in skeletal muscle suggest that AMPK is not essential for 

anaerobic metabolism of endogenous glycogen, but is important for the switch to OXPHOS, 

and contributes directly and indirectly to signaling for mitochondrial biogenesis [18]. AMPK 

activation is also an important trigger for activation of autophagy [19] and suppression of 

protein synthesis [20]. The importance of adenosine and AMPK activation in ischemic 

preconditioning are well-known [21]. In heart experiencing ischemic stress and energy 

depletion, AMP increases and activates glycogen phosphorylase. More importantly, it 

activates AMPK which results in the recruitment of glucose transporter (GLUT4) to the 

heart [22]. AMPK itself protects the heart through ATP-sensitive potassium channels [23]. 

Reduction in energy demand is achieved in part through activation of plasma membrane 

KATP channels [24–26]. The electrically active myocardium preserves Na+-pumping activity, 

but ATP-sensitive K+ channels open as ATP levels drop—in part a reflection of local ATP 

depletion by the Na+/K+ ATPase; in the extreme, this can result in cessation of electrical 

activity and thus contraction. However, under less severe conditions, activation of plasma 

membrane KATP channels shortens action potential duration and limits Ca+2 entry, thus 

attenuating OXPHOS and contractile activity. The activation of the mitochondrial KATP 

channel also contributes importantly to cardioprotection [27,28].

Another aspect of the ischemic stress response that may share parallels with hibernating or 

estivating animals includes shifts in fuel utilization. In the pig heart, ischemia or ischemia 

followed by 40min reperfusion resulted in upregulation of mRNA for glycolytic enzymes 

(hexokinase, phosphofructokinase, and glyceraldehyde-3-phosphate dehydrogenase), as well 

as glucose transporters (GLUT1 and GLUT4) in the reperfused heart, indicating a metabolic 

adaptation to ischemic stress. It is important to note that this metabolic adaptation towards 

glucose utilization persisted 8 weeks post-infarction [29]. Amino acids may be utilized 

nonoxidatively and generate fewer acidic byproducts [30]. Autophagy/lysosomal 

degradation will liberate amino acids that will provide metabolic support to the ischemic 

heart. Ischemic preconditioning is associated with decreased glycogen consumption, less 

lactate production, and higher ATP levels at the end of ischemia [31]. Upregulation of 

autophagy and a shift to amino acid metabolism might explain these findings. Fatty acid 

oxidation is not possible during hypoxia, and the ability to shift to alternate fuels, or 

metabolic flexibility, is a characteristic of a healthy, adaptable heart. Metabolic flexibility is 

diminished in Zucker obese (ZO) rats fed a Western diet for 7d, and is accompanied by 

contractile dysfunction [32]. It should come as no surprise, then, that ZO rats sustain larger 

infarcts than their lean counterparts, and show no infarct size reduction by ischemic 
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preconditioning or pharmacologic preconditioning [33]. We have observed that ZO rats also 

exhibit impaired autophagy.

Autophagy

Autophagy is the highly conserved catabolic process in which cytoplasmic components are 

engulfed by a unique cup-shaped membrane called the isolation membrane or phagophore. 

The Atg5/Atg12-Atg16L complex and lipidated LC3 facilitate membrane elongation, which 

eventually closes upon itself to form a double-membrane structure called the autophagosome 

containing engulfed cytoplasmic cargo. The autophagosomes fuse with lysosomes which 

deliver hydrolytic enzymes able to degrade the cytoplasmic components [34] in the 

degrading structures called autophagolysosomes or autolysosomes. Autophagy is required 

under basal conditions to maintain cellular homeostasis. It is especially important for long-

lived cells such as neurons and cardiomyocytes, in order to remove damaged organelles or 

toxic protein aggregates [35]. Autophagy also serves to eliminate excess organelles which 

are no longer in demand, and to degrade non-essential components during nutrient 

deprivation such as starvation, ischemia, or hibernation.

Mitophagy and biogenesis

Removal of mitochondria by this process is called mitophagy. The best-studied pathway for 

mitophagy involves the PINK1/Parkin pathway, in which mitochondrial depolarization 

results in accumulation of PINK1, which phosphorylates ubiquitin to activate Parkin, and 

phosphorylates other targets that may serve as Parkin receptors. Other mechanisms certainly 

exist to accomplish mitochondrial turnover, including “general” autophagy, Bnip3 and Nix, 

and others (including TRAF2, optineurin and Bcl2-L-13)[36–42], as well as mitochondrial 

protein quality control proteases in matrix and intermembrane space, and the ubiquitin-

proteasome system for many outer membrane proteins. Several of these alternative pathways 

synergize with Parkin, suggesting that Parkin plays a central coordinating role. However, 

selective elimination of mitochondria that are unable to maintain a threshold membrane 

potential or to support functional protein import is expertly accomplished by the PINK1-

Parkin pathway, allowing the cell to eliminate only the least functional organelles.

Parkin plays a role in cardioprotection but may also contribute to mitochondrial homeostasis 

in the heart. The Parkin knockout mouse described by Kubli et al.[43,44], exhibited 

mitochondrial abnormalities seen by EM at 3 and 6 months of age, although crude measures 

of cardiac function revealed no abnormality out to 12mo of age. Respirometry (performed 

on mitochondria from hearts of 3mo mice) revealed no abnormalities, but studies were not 

performed in older mice despite the observation that mitochondrial morphology was 

increasingly abnormal. Parkin deficiency exacerbated ischemia/reperfusion injury, yet in 

cardiomyocytes from wild type animals, hypoxia did not result in upregulation of Parkin 

expression. This suggests that endogenous, basally-expressed Parkin plays an important role 

in the acute response to injury. It further indicates that there must be enough Parkin present 

under basal conditions to mount a useful response. This is consistent with our study which 

showed that Parkin was essential for cardioprotection mediated by ischemic 

preconditioning[45]. Ischemic preconditioning is generally regarded to be independent of de 
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novo transcription; thus the protective role of Parkin in that context must also be due to 

preexisting Parkin. Some have discounted a role for Parkin in physiologic homeostasis 

because it can be difficult to find Parkin-decorated mitochondria under basal conditions[46]. 

Consider the numbers: rat cardiomyocytes have ~10,000 mitochondria per cell[47–50]; 

based on a half-life of 15 days[51], then one mitochondrion is replaced every 4 minutes. 

According to Twig et al.[52], a hypo-polarized mitochondrion may persist for several hours 

before it is engulfed by an autophagosome (in the INS1 cell line; persistence in 

cardiomyocytes may be shorter). Even if Parkin-decorated mitochondria persist for 2 hr 

before autophagic elimination, there will be only 120 decorated mitochondria out of a 

population of 10,000, making their detection under homeostatic conditions quite 

challenging. There are no dirty tables in a well-run restaurant if the busboys are doing their 

job properly. Their role becomes glaringly evident when a busload of tourists arrive at once, 

dine, and depart together, leaving behind a sea of dirty tables now swarming with busboys 

(like mitochondria decorated with Parkin after ischemic stress). But it would be false logic to 

suggest that the busboys only play a role when tour buses arrive.

Mitochondria respond to the energy demand of the cell by producing ATP production 

through oxidative phosphorylation (OXPHOS) complexes. During hypoxia, mitochondria 

may produce reactive oxygen species (ROS) and may lose membrane potential. In some 

settings, the F0F1 ATPase may run in reverse, hydrolyzing ATP in order to restore membrane 

potential, thereby further depleting ATP supplies in the already-stressed cell. In response to 

ROS or mitochondrial depolarization, mitophagy is activated to remove the damaged 

mitochondria to limit further tissue injury [53]. In fact, it has been shown that ischemic 

preconditioning activates mitophagy as a cell protective mechanism [45]. When 

dysfunctional mitochondria with low membrane potential are cleared via the PINK1/Parkin 

pathway, new mitochondria with functional OXPHOS components can be made to restore 

cell homeostasis [54]. Autophagy and mitophagy are also activated during hibernation [55], 

whereas protein synthesis is largely suppressed.

During myocardial ischemia, protein synthesis and degradation rates are slowed, but resume 

after reperfusion [56]. AMPK activation suppresses protein synthesis through eEF2 kinase, 

which in turn phosphorylated and inactivated eEF2 (eukaryotic elongation factor-2) to 

suppress protein synthesis [57]. A growing body of work puts eEF2 and its regulatory kinase 

at the helm for control of protein synthesis in response to nutrient availability and workload 

[58]. Global reduction in protein turnover may mask dramatic changes in specific subsets of 

proteins. CAP-dependent translation is suppressed by sequestration of eIF4E by its binding 

protein (4E-BP1) during ischemia [59]. Hypoxia is associated with an increase in translation 

of mRNAs with an internal ribosomal entry site (IRES) and a decrease of CAP-dependent 

translation. Recently, this was shown to be regulated by PINK1 which activates 4E-BP1 to 

switch on IRES-dependent translation [60]. An important IRES target is HIF-1α, which 

directs a metabolic shift from OXPHOS to glycolysis through transcriptional regulation.

Interestingly, HIF-1α also directs the upregulation of Bnip3, which mediates mitophagy; 

PINK1 also plays a key role in mitophagy. While proteasomal protein degradation is an 

energy-demanding process, glucose, amino acids, and fatty acids are liberated from the 

breakdown of glycogen, proteins, and membranes delivered to the lysosome as autophagic 
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cargo, and thus may provide metabolic support under conditions of stress. Ischemia impairs 

autophagic flux, but it is upregulated during reperfusion [61], and ischemic preconditioning 

is dependent on upregulation of autophagic flux [45] and more specifically, Parkin-

dependent mitophagy [62] HIF-1α is an important mediator of ischemic preconditioning 

[63] and is also important in hibernating mammals [64] Proteomic analysis of hibernating 

squirrels reveals a role for autophagy regulated through increased lysine acetylation 

associated with Sirt3 downregulation [65]. In contrast, Sirt3 plays a protective role in the 

ischemic heart [66] its functions in the heart may be more complex [67].

Regulation of autophagy

Autophagy is increasingly recognized to be a protective pathway in both extremophiles 

[65,68] and the ischemic heart [45] This pathway serves to eliminate damaged mitochondria 

that may generate reactive oxygen species, aggregates of misfolded proteins, and other 

unwanted cytoplasmic elements, while at the same time liberating metabolic substrates for 

fuel utilization. The importance of autophagy in the heart has been covered extensively in 

many reviews [54,69,70].

Considering the involvement of autophagy in different cellular functions and implications 

for defective autophagy in pathological conditions, regulation of this process is of great 

significance. Signaling pathways modulate autophagy via protein-protein interaction and 

post-translational modifications including phosphorylation [71,72]. Rapid induction of 

autophagy occurs mainly through post-translational modification of proteins involved in this 

process. However, prolonged induction of autophagy leads to activation of transcription 

factors including TFEB [73] which regulate the expression of key autophagy components or 

regulators such as DRAM1 [74,75].

mRNA localization and translational control represent another level of gene regulation 

which has advantages over transcriptional control because of the speed and lower energy 

requirement if transcription can be bypassed. Hibernation offers an interesting example of 

stress-induced mRNA localization in gene regulation. Some eukaryotes have evolved 

mechanisms including metabolic depression and upregulation of anti-apoptotic genes to 

tolerate a variety of stresses such as nutrient deprivation, oxidative damage, and I/R which 

occur during torpor/arousal cycles of hibernation and estivation [76]. Anoxia changes the 

translation capability of several mRNAs in kidney, liver, heart and red muscles of turtle [77]. 

Moreover, large-scale mRNA sequencing studies have shown no variation in mRNA level of 

the genes involved in gluconeogenesis, amino acid metabolism or antioxidant response 

during torpor/arousal cycles, yet an increase in protein content of these genes has been 

reported. This discrepancy has been explained by storage of mRNAs during torpor cycle and 

their immediate translation upon arousal [78]. Moreover, loss of polysomes and stabilization 

of mRNAs during hibernation has been shown previously [79]. Those mRNA transcripts 

which exit polysomes can be targeted by de-adenylating enzymes and assemble in 

translationally repressed mRNP (mRNA/protein) complexes which form distinct foci in the 

cytoplasm called processing bodies [80]. It is attractive to speculate that this same 

phenomenon is activated in the myocardium during I/R.
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P-bodies

Processing bodies or P-bodies are distinct structures composed of enzymes and proteins 

involved in mRNA degradation such as decapping enzyme Dcp1/2, the activator of 

decapping Dhh1p/Rck1/p54, Pat1, Lsm1-7, Edc3, and exonuclease Xrn1. They also require 

mRNAs in their structure as treating purified P-bodies with RNAse A disrupts them [81]. 

Several studies indicate that mRNAs in P-bodies are destined for degradation. As mentioned 

before, decapping factors are concentrated in P-bodies. Moreover, inhibition of mRNAs 

from entering P-bodies by trapping them in polysomes results in a reduction in the size of P-

bodies, whereas inhibiting the exonuclease activity leads to the formation of larger P-bodies 

[82].

P-bodies are not merely for mRNA decay. In fact, several studies have shown that silent 

intact mRNAs can exit P-bodies to re-enter the translation machinery (Fig. 1). In a study 

published by Parker and colleagues in 2005, it was shown that removal of glucose resulted in 

the rapid loss of polysomes and accumulation of reporter mRNAs and decapping enzymes in 

P-bodies. Interestingly, resupplying glucose led to loss of Dcp2p, Dhh1p, and reporter 

mRNAs from P-bodies. To confirm that mRNAs were entering translation machinery after 

exiting P-bodies, they analyzed the pattern of mRNA in sucrose gradients before and during 

glucose deprivation and after glucose restoration. The association of mRNAs with 

polysomes was observed in the log phase. They shifted to the non-translating fraction (P-

bodies) during starvation, and re-entered the translation machinery after re-addition of 

glucose [80]. A recent study demonstrated translational regulation of the autophagy gene, 

Ambra1, in hypoxic conditions. Ambra1 mRNA localized to cytoplasmic P-bodies upon 

CoCl2 treatment, resulting in its translational suppression concurrent with activation of 

apoptosis [83]. This study supports the notion that ischemic preconditioning might involve 

translational controls.

MicroRNA

In metazoans, P-bodies contain the components of microRNA machinery, including Ago 

proteins, Rck, and GW182 [81,84]. MicroRNAs are 18–25 nucleotide long non-coding 

RNAs which regulate gene expression post-transcriptionally, mainly through interaction with 

3’ UTR of the target gene. MicroRNAs are produced as long non-coding transcripts, pre-

mature miRNAs, which undergo several processing steps to yield mature miRNAs. These 

mature miRNAs then pair with RISC (RNA-induced Silencing Complex) to bind the target 

gene and repress its expression through translational inhibition or mRNA degradation. 

miRNAs regulate many cellular processes including cell proliferation, differentiation, 

apoptosis, and autophagy [85].

Mitochondrial microRNAs

miRNAs are known to function mainly in the cytoplasm but several studies revealed that 

they are also present in mitochondria, where they affect different aspects of mitochondrial 

function (Table 1). 15 miRNAs were detected in highly purified mitochondria isolated from 

rat liver by means of miRNA microarray. Functional enrichment analysis showed that these 
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miRNAs could potentially affect apoptosis, cell death and cell cycle [86]. In a different 

study, 13 miRNAs were found to be enriched in the mitochondrial fraction, of which three 

mapped to the mitochondrial genome [87]. Not only mature miRNAs were detected in the 

mitochondria, but also pre-miRNAs were detected by in situ hybridization and confirmed by 

qRT-PCR [88]. Other components of miRNA machinery such as Ago2 were also found in 

the mitochondria, localized to the inner membrane. They were capable of binding several 

mitochondrial-encoded transcripts [87,89,90].

Using cells transfected with Rck fused to RFP and mitochondrially targeted GFP, Huang et 

al. showed that the interaction between P-bodies and mitochondria is highly dynamic with 

each individual contact lasting about 18 seconds [91]. This association was decreased to 

some extent after vinblastine treatment, revealing the importance of an intact microtubule 

network for this association. Interestingly, the interactions were independent of translational 

state since disrupting polysomes did not alter the contacts. Depolarizing mitochondria by 

CCCP also didn’t affect the association, although it decreased the silencing by siRNA and 

miRNA machinery. More detailed analysis revealed that CCCP treatment resulted in 

depletion of Ago2 from P-bodies but not Rck or Ge-1. It seems that there is cross-talk 

between mitochondria and P-bodies which is important for the function of P-bodies 

including silencing [91]. However, it is still unknown whether this association might also 

deliver miRNAs or previously sequestered mRNAs to the mitochondria.

Although the main function of miRNAs is inhibiting translation, it has been shown that they 

can exert the opposite role under certain circumstances. The switch from inhibition to 

activation capacity of miRNAs was first demonstrated in quiescent cells where under serum 

starvation conditions, miR-363-3 was recruited to the TNFα 3’UTR, upregulating its 

translation [92].

A recent study by Zhang et al. reported that muscle-specific miR-1 enhances translation of 

mitochondrial transcripts during muscle differentiation. It was observed that protein levels of 

ND1 and COX1 increased during differentiation without a significant increase in mRNA 

levels or mtDNA copy number. Furthermore, they detected Ago2 in isolated mitochondria 

and mitoplasts which increased following differentiation. They also confirmed its 

association with mitochondrial transcripts by immunoprecipitation experiments [89]. It has 

been shown that miRNAs can enhance translation by binding to an mRNA target lacking cap 

and poly-A tail, if Ago2 is detached from GW182. These criteria are all present in 

mitochondrial transcripts as they all resemble prokaryotic transcripts lacking 5’cap and 

3’polyA tail. Notably, GW182 was not detected inside the mitochondria. These data revealed 

the dual nature of miRNA pathways in response to the energy demand of the cell during 

differentiation by increasing mitochondrial proteins while suppressing cytoplasmic targets 

[89] (Fig. 1).

MicroRNA in heart

Considering the contractile function and high energy demand of heart, mitochondrial 

function and regulation should be kept intact. In fact, numerous miRNAs have been 

implicated in heart disease, a topic which is thoroughly covered in another review [93]. For 
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example, miR-21 is involved in hypertrophy [94] while miR-126 is responsible for neo-

angiogenesis after myocardial ischemia [95].

Mitochondria isolated from adult rat hearts also contained microRNAs, with miR-181c 

highly enriched in mitochondrial fractions [96]. Localization of miR-181c to the 

mitochondria was further confirmed by qRT-PCR and in situ hybridization analysis. This 

microRNA was immunoprecipitated with Ago2 along with COX1 transcript, implicating it 

as the primary target of miR-181c. Overexpressing miR-181c in the cells resulted in a 

decrease of COX1 protein while at the same time COX2 mRNA and protein increased. This 

could affect the proper assembly of complex IV, possibly explaining the increase in ROS 

production with miR-181c overexpression. To study the in vivo functional implication of 

miR-181c, nanovectors were used to deliver it to the mice. Overexpression of miR-181c 

resulted in heart failure. COX1 mRNA and protein levels decreased, confirming the in vitro 

results. Unlike the in vitro results, however, COX2 and COX3 proteins were decreased as 

well as COX1 [97].

MicroRNA in hibernation

Discordant results obtained from transcriptome and proteome analysis of hibernating 

animals suggests the presence of a post-transcriptional regulatory mechanism with miRNAs 

being a potential candidate [98,99]. In fact, differential expression of miRNAs in organs of 

hibernating animals has been shown [100,101]. For example, anti-apoptotic miR-21 was 

increased in the kidney during torpor while miR-24 was downregulated in heart and skeletal 

muscles. Interestingly, protein levels of Dicer (one of the enzymes involved in processing 

miRNAs) were increased 2.7 fold in the heart [100]. In a different study, increased levels of 

miR-29a, miR-152, miR-195, miR-223, and miR-486 were observed in the liver of 

hibernating squirrels while miR-378 was downregulated in skeletal muscle. Interestingly, the 

protein levels of FAS (fatty acid synthase), target of miR-195 were decreased in the liver 

[102].

Perspective

The response to ischemic stress is orchestrated on multiple levels: transcriptional, 

translational, and post-translational. The coordination of immediate responses (post-

translational modifications, changes in subcellular localization), mid-range responses 

(suppression of translation of some mRNAs and activation of others, mediated in part by 

miRNAs), and longer-term responses (transcription, induction of new regulatory miRNAs 

and lncRNAs) positions the cell to respond not only to the acute challenge but to alter its 

homeostatic functions to adapt to the changed environment in the longer term. Hibernating 

squirrels suppress protein translation and activate autophagy during entry into hibernation. 

They upregulate mitochondrial biogenesis and new protein synthesis at the end of torpor, 

when energy supplies are at a minimum, in order to support thermogenesis and shivering to 

raise body temperature. This response is necessary, for the squirrel must emerge, find food, 

and mate if its genes are to be passed on. Hibernation and emergence from torpor are 

orchestrated by post-translational modifications and miRNAs; these may serve to suppress 

RNA translation but may also thriftily store the RNAs in P-bodies, allowing their rapid and 
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energy-efficient return to the translational machinery prior to emerging from torpor. If this 

evolutionarily conserved program is activated in the ischemic myocardium, we might also 

expect to see upregulation of mitochondrial biogenesis at some point even though ischemia 

persists. We might speculate that ischemic preconditioning would amplify the response, 

allowing more mRNAs to be produced and stored, allowing for a more rapid recovery of 

function at the end of ischemia. Further work is needed to better translate the language of 

extremophile hibernation to cardioprotective mechanisms, as well as to understand how 

these responses might be counterproductive in certain settings such as chronic mild ischemia 

or the diabetic heart.
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Highlights

Lost in Translation

The cell in preparation for a rainy day

May see fit to store some RNA.

Messages encoding oxphos ‘zymes

That may come in handy in sunnier times.

To survive the storm of nutrient loss

Or preparing to withstand the winter frost

Hibernators conserve their energy

And meet their needs with autophagy.

But in fuel nadir and near energy-less,

They nevertheless start mito-biogenesis

Expecting that they’ll soon emerge

From winter burrow or feel reperfusion surge.

Gottlieb and Pourpirali Page 16

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Interaction between P-bodies, miRNAs, and mitochondria
The conventional P-body comprises Ago2, GW182, RNA, and processing enzymes. mRNAs 

can be degraded in P-bodies or stored and released later to form polysomes and resume 

translation. P-bodies interact with mitochondria, and Ago2 and miRNAs are present in 

mitochondrial matrix. It is not known yet whether Ago2 delivers miRNAs to the Ago2 pool 

inside the mitochondria or whether it enters mitochondria with its miRNA cargo. The 

miRNAs may be stored in mitochondrial matrix for later release to the cytosol, or may 

regulate mitochondrial mRNA translation. In the absence of GW182, Ago2 and miRNAs can 

enhance translation.
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