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ARTICLE INFO ABSTRACT
Keywords: Myocardial infarction (MI) remains a leading cause of mortality worldwide. Despite patients with MI benefit
Exosome from timely reperfusion therapies, the rates of mortality and morbidity remain substantial, suggesting an

Myocardial infarction
Mitochondria
Cardiac energy metabolism

enduring need for the development of new approaches. Molecular mechanisms underlying myocardial ischemic
injury are associated with both cardiomyocytes and non-cardiomyocytes. Exosomes are nano-sized extracellular
vesicles released by almost all eukaryotic cells. They facilitate the communication between various cells by
transferring information via their cargo and altering different biological activities in recipient cells. Studies have
created great prospects for therapeutic applications of exosomes in MI, as demonstrated through their beneficial
effect on heart function and reducing ventricular remodeling in association with fibrosis, angiogenesis, apoptosis,
and inflammation. Of note, myocardial ischemic injury is primarily due to restricted blood flow, reducing oxygen
availability, and causing inefficient utilization of energy substrates. However, the impact of exosomes on cardiac
energy metabolism has not been adequately investigated. Although exosomes have been engineered for targeted
delivery to enhance clinical efficacy, challenges must be overcome to utilize them reliably in the clinic. In this
review, we summarize the research progress of exosomes for MI with a focus on the known and unknown
regarding the role of exosomes in energy metabolism in cardiomyocytes and non-cardiomyocytes; as well as
potential research avenues of exosome-mitochondrial energy regulation as well as therapeutic challenges. We
aim to help identify more efficient molecular targets that may promote the clinical application of exosomes.

List of abbreviations: MI, Myocardial infarction; HF, Heart failure; ATP, Adenosine triphosphate; TCA, Tricarboxylic acid; ROS, Reactive oxygen species; NO, Nitric
oxide; EC, Endothelial cell; CDC, Cardio-sphere-derived cells; MSC, Mesenchymal stem cell; IPSC, Induced pluripotent stem cell; FEXO, Cardiac exosomes from
healthy failing hearts; NEXO, Cardiac exosomes from healthy donor hearts; FA, Fatty acids; HIF-1a, Hypoxia-inducible factor-1a; PPP, Pentose phosphate pathway;
NADPH, Nicotinamide adenine dinucleotide phosphate; VEGF, Vascular endothelial growth factor; CoA, Coenzyme A; SGLT2i, Sodium-glucose cotransporter-2 in-
hibitors; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; HKII, Hexokinase II; BCAA, Branched-chain amino acid; I/R, Ischemia/reperfusion; TCA cycle,
Tricarboxylic acid cyclesd; GTP, Guanosine triphosphate; HAD, Hyaluronic acid-g-2-aminoethyl methacrylate hydrochloride-dopamine; TGF-b, Transforming growth
factor-p; MtROS, Mitochondrial reactive oxygen species; MtCa2+, Mitochondrial calcium; BRD4, Bromodomain-containing protein 4; MR, Magnetic resonance;
FOXO, Forkhead box protein O; PET, Positron emission tomography; MRS, MR spectroscopy; 31P, 31phosphorus; PCr, Phosphocreatine; LncRNA, Long non-coding
RNA; NF-Kb, Nuclear factor kappa-B.
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1. Introduction

Myocardial infarction (MI) represents a leading cause of mortality
worldwide due to the subsequently developed myocardial remodeling
and heart failure (HF) [1,2]. Although MI patients benefit from revas-
cularization and reperfusion therapies, the mortality rates are substan-
tial post-percutaneous coronary intervention and coronary artery bypass
grafting, putting an immense burden on society [3].This necessitates the
development of new approaches to restore cardiac function.

1.1. What makes exosomes more special than other extracellular
molecules in clinical applications of MI

Among the new approaches, tissue engineering, cell therapy, and
protein therapy have the potential to limit cardiac damage and improve
cardiac function post-MIL Although stem cell-based therapies have
entered clinical investigations worldwide, they can not meet clinical
requirements, due to unfavorable drawbacks and challenges [4]. Inter-
estingly, many of the beneficial effects of stem cell therapy are mainly
through the secretion of regenerative factors or extracellular vesicles
(EVs) via interactions with the injured cells, indicative of secretory ac-
tion, rather than cell replacement and differentiation mechanisms [5].
The EVs are classified into three types based on their diameters:
apoptotic bodies (800-5000nm), micro-vesicles (50-1000 nm) and
exosomes (40-160 nm) [6]. Thus, cell-free therapy, a new way of using
stem cells without the need for cell transplantation, has been explored in
numerous studies, through which, exosomes are gradually becoming a
leading star in intercellular communication [7].

The biogenesis of exosomes has been extensively discussed else-
where [6,8]. Exosomes can secrete from most cell types [6], and deliver
cargo including nucleic acids, proteins, and lipids to the recipient cells
under physiological and pathological conditions, thereby regulating the
fate of recipient cells through paracrine and autocrine mechanisms [6].
Exosomes are more stable than cells as they avoid opsonin’s and coag-
ulation factors. Because of enrichment in lipids, they protect cargo from
degradation in the extracellular environment. Thus, they are special, at
least, in two ways. First, exosomes acquire their complex cargo through
intracellular processes, intimately linking them to the development of
diseases, therefore being attractive sources of biomarkers for the diag-
nosis and prognosis of diseases [9,10]. Second, because of their natural
biocompatibility, exosomes can be engineered through several modifi-
cations, such as adding specific receptors or targeting peptides to spe-
cific organs or cells [11-13], which can greatly increase the efficacy of
drugs at the targeted sites to impart ultimate therapeutic effects.

1.2. Importance of mitochondrial metabolism in MI heart

Evidence has demonstrated that even partial recovery of cardiac
function from MI is always difficult due to severe mitochondrial
impairment [14]. Given that the heart requires a large amount of energy
to support its contractility and electrical conduction, which is carried
out by the intensified mitochondrial network in cardiomyocytes, de-
cades of research have demonstrated that alterations of energy meta-
bolism often precede ventricular function and remodeling changes
[15-17]. The impaired energetics in cardiomyocytes directly contribute
to cardiac injury severity post-MI [18,19], through defective substrate
utilization, tricarboxylic acid (TCA) cycle, and oxidative phosphoryla-
tion [20-22]. Apart from providing ATP, the roles of mitochondria
encompass diverse regulating activities, such as apoptosis, cell prolif-
eration, and differentiation, reactive oxygen species (ROS) signaling
[23], inflammatory processes [24,25], ion homeostasis [26] as well as
mitochondrial quality control [27]. Likewise, impaired energy meta-
bolism also occurs in non-cardiomyocytes in MI heart, which contributes
to cardiac remodeling through the secretion of paracrine factors, such as
the nitric oxide (NO), released by endothelial NO synthase exerts
beneficial effects on the remodeling process by reducing cardiac
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myocyte hypertrophy [28,29] and factors in association with inflam-
mation, extracellular matrix, and coupling of gap junction [30,31]. More
importantly, impaired cardiac energetics independently predict clinical
mortality of HF [23]. From the therapeutic perspective, despite the
effective therapies for improving energy supply in the failing heart
remain lacking, due, in part, to limited knowledge regarding how
effectively restore cardiac mitochondrial biogenesis and oxidative ca-
pacity, it is noteworthy that some approaches targeting the mitochon-
dria reached the bedside [32,33], such as the treatment of thyroid
hormone appears to have a reparative action on the cardiac functional
recovery in patients with large infarct size through mitochondrial
preservation [34]. Exosomes can modulate cell differentiation, prolif-
eration, and angiogenesis, which are energy-consuming processes, thus,
a timely question is whether and how exosomes regulate these processes
through improving energy metabolism in the MI heart.

Here we briefly highlight the well-established effect of exosomes in
MI heart but focus on the evidence implicating the involvement of
exosome-mediated mitochondrial signaling and energy metabolism. We
discuss the challenges that must be overcome before promoting using of
exosomes in clinical testing and applications.

2. Exosomes ameliorate heart dysfunction in MI
2.1. Sources of exosomes

Exosomes can be classified as natural and engineered exosomes
(Fig. 1). Natural exosomes are natively derived from plants and animals
through mammalian cells and biofluids, including blood, urine, amni-
otic fluid, saliva, milk, malignant ascites, synovial fluid, and cerebro-
spinal fluid [35,36]. Engineered exosomes are natural exosomes with
genetic or structural modifications. The modified exosomes can be
loaded with specific short interfering RNAs, antisense oligonucleotides,
chemotherapeutic agents, and immune modulators, or exhibit increased
ability to escape immune system attack [37,38], and to target the injury
sites [39-41].

2.1.1. Cardiac exosomes

Cardiac cells consist of various types of cells including car-
diomyocytes and non-cardiomyocytes, such as endothelial cells (ECs),
fibroblasts, and immune cells (mostly macrophages). Cardiac cells are
not typical secretory cells but have proven to secrete exosomes [42], of
which, levels and compositions are affected by the cell origin and the
pathophysiological conditions [43,44]. Importantly,
cardiomyocytes-derived  exosomes can be taken up by
non-cardiomyocytes [45], or vice versa during stress and pathological
conditions, thereby modifying gene expression to regulate receiving cell
behaviors [46,47]. It is noteworthy that most studies with cardiac
fibroblast-derived exosomes failed to improve cardiac remodeling [48,
49]. In contrast, Papini et al. recently demonstrated that the uptake of
fibroblast-derived exosomes by cardiomyocytes could be increased by
pre-treatment of fibroblasts with sulforaphane, an edible plant-derived
chemical [50]. The resulting exosomes exert cardioprotection by
reversing cardiac remodeling in a rat MI model [51]. This finding sug-
gests the therapeutic importance, as natural compounds may reprogram
non-cardiac cells, such as fibroblasts, which are commonly used in
generating clinical-grade exosomes for treating various human diseases
[52], as such, they can become a valuable source of anti-remodeling
exosomes. Certainly, the regulatory mechanisms of cargo sorting and
exosome secretion remain poorly understood and encourage future
thorough investigations.

2.1.2. Stem cell-derived exosomes

There are two major types of stem cells, embryonic stem cells and
adult stem cells. Since the use of human embryonic stem cells involves
ethical and legal considerations [53], adult stem cell-derived exosomes
have been preclinically explored in MI hearts with small (mouse, rat)
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Fig. 1. Sources of exosomes for the heart. Generally, exosomes can be classified as natural and engineered exosomes. Natural exosomes are natively derived from
plants (herbs et al.), and mammal animals through isolation from various cells and biofluids, including blood, urine, amniotic fluid, saliva, milk, malignant ascites,
synovial fluid, and cerebrospinal fluid. Engineered exosomes are natural exosomes modified genetically or structurally, resulting in either a payload of specific short
interfering RNAs, antisense oligonucleotides, chemotherapeutic agents, and immune modulators or an increased ability to escape immune system attack and

enhanced capability to target the injury sites. (Created with BioRender.com).

[54], and large animals (pig and swine) models [55]. Stem cell-derived
exosomes can be cardiac lineage, such as cardio-sphere-derived cells
(CDQ) [56,57] or non-cardiac lineages, such as mesenchymal stem cells
(MSC), which can be isolated from a variety of adult tissues, and induced
pluripotent stem cells (iPSC) that can be reprogrammed through
inducing genes and factors to be the source of cardiomyocytes, smooth
muscle cells, and endothelial cells [58,59].

2.2. Contributions of exosomes on reducing cardiac injury in MI heart

By simplified explanation, the mechanisms underlying myocardial
remodeling are associated with the alterations within cardiomyocytes,
such as energy metabolic changes induced loss of cardiomyocytes, and
the microenvironmental changes around cardiomyocytes, such as
replacement of resident macrophages by infiltrating monocytes [60]. As
a result, inflammation is initiated, as is the proliferation of fibroblasts
and damage to ECs.

Exosomes-mediated paracrine signaling is believed to regulate much
of the cardiovascular benefit through modulating myocardial remodel-
ing processes in MI [61]. For example, Tseliou et al. demonstrated that
CDC-derived exosomes reduced scar size and improved cardiac function
by converting inert dermal fibroblasts into therapeutically active cells in
female Wistar Kyoto rats hearts with chronic MI [62]. This was also true
in injured mouse hearts [63], and pig hearts following ischemia and
reperfusion (I/R) [54]. In addition, Wang et al. compared the paracrine
effect of human MSC-derived exosomes from three sources, including
bone marrow, adipose, and endometrium, on apoptosis, neo-
vascularization, infarct size, and cardiac function in a rat MI model [64].
They found that exosomal miR-21 is a specifical mediator from human
endometrium MSC associated with superior cardioprotection by
improving cell survival and angiogenesis [64], Similar findings were
also reported by others [62,65,66]. Of note, other types of cardiac cells
also secrete exosomes, such as cardiac telocytes mitigate injury after MI
[67,68], while epicardial cells-derived exosomes promoted car-
diomyocyte proliferation post-MI [69]. However, the potential thera-
peutic usefulness is less well studied.

Exosomal compositions are largely affected by environmental stimuli
[70,71]. More specifically, cardiac stromal cell-derived exosomes from
HF patients (FEXO) differ from those from normal donor hearts (NEXO),
as reflected by an impaired ability to promote angiogenesis and cardiac
function in mouse heart post-MI [71]. Likewise, the release of exosomes
from human umbilical vein ECs stimulated by ischemic preconditioning
exerted a great cardioprotective effect by delivering cardioprotective
signals to cardiomyocytes [72]. Similarly, secretion of MSC-derived
exosomal miR-210 was significantly increased under hypoxia relative
to normoxia [73], thereby reducing cardiac fibrosis and protecting cells
against hypoxia-induced injury [73]. Concerning angiotensin II as a key
mediator of post-MI injury, Pizzino et al. demonstrated that plasma
exosomal miR-21-5p prevented angiotensin-II induced hypertrophy in
HL-1 cardiomyocytes [74]. Interestingly, overexpression of miR-21-5p
can shift cellular energy metabolism in H9C2 cells by reducing lipid
utilization and up-regulating the glycolytic pathway [75]. Thus, the left
unsolved question is the direct link between exosome-mediated
myocardial remodeling and energy metabolic changes in cardiac cells.

3. Mitochondrial metabolic alterations during cardiac repair in
MI heart

Although the heart is a metabolically versatile organ capable of
utilizing various substrates, the preference for substrate utilization is
closely associated with the degree of cardiac repair. Thus, the main
features of cardiac metabolic changes during MI merit a brief review.

3.1. Metabolic changes in cardiomyocytes during I/R

In a healthy adult heart, the majority of ATP is generated primarily
by mitochondrial oxidation, approximately 60-90 % of the ATP from
fatty acids (FA) oxidation, 10-40 % from glucose oxidation, and low
amount from lactate, ketones, amino acid, or glycolysis [22,76] (Fig. 2).
During mild or severe ischemia, both glucose and FA oxidation are
reduced due to limited oxygen supply to the heart, thereby accelerating
glycolysis to compensate for the shortage of mitochondrial ATP supply
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Fig. 2. Metabolic changes during cardiac injury in MI heart. In a healthy adult heart, cardiomyocytes generate ATP primarily through mitochondrial oxidative
metabolism from different substrates, such as 60-90 % of the ATP from fatty acids (FA) oxidation, while 10-40 % of the ATP from glucose oxidation, and relatively
low amount from lactate, ketones, amino acid, and glycolysis. During severe ischemia, mitochondrial oxidative metabolism is reduced, and glycolysis becomes the
major source of ATP production. Likewise, non-activated macrophages are M2-like macrophages, that primarily rely on oxidative phosphorylation to maintain their
phenotypes under physiological conditions. During MI, macrophages are polarized to the M1 phenotype, which relies on glycolytic metabolism to support proin-
flammatory functions. Similarly, adult cardiac fibroblasts are quiescent, and preferentially rely on FA oxidation over glucose utilization. Cardiac fibroblasts undergo
metabolic reprogramming by increasing glycolysis in the MI heart, which together with increased levels of glutamine-derived a-ketoglutarate to promote the
expression of profibrotic genes, resulting in fibrosis. Unlike other non-cardiomyocytes, quiescent ECs have low metabolic demands and few mitochondria and rely
heavily on glycolytic metabolism for ATP production. In acute injury, further increased glycolysis in ECs promotes proliferation, whereas during chronic injury,
increased oxidative phosphorylation in ECs leads to EC dysfunction. (Created with BioRender.com).

(Fig. 2), which, however, is insufficient for keeping the contractility,
resulting in cardiomyocyte death.

With a reversibly ischemic heart, the contractile function can recover
upon reperfusion, but the recovery degree is controlled by the type of
substrate metabolized by the heart. Glycolysis is essential for cytosolic
Ca?" homeostasis due to the localization of glycolytic enzymes near
sarcolemmal ion channels [77]. Once reperfusion occurs, FA oxidation is
rapidly increased, as is glycolysis but not glucose oxidation, resulting in
uncoupling between glycolysis and glucose oxidation [22]. As a result,
the accumulation of lactate and protons requires ATP to re-establish
ionic homeostasis rather than supporting contractility [22], which
causes cell death and cardiac dysfunction. To the point of FA oxidation,
several studies have demonstrated that limiting FA oxidation through
inactivation of carnitine palmitoyltransferase 1b (CPT1b) in car-
diomyocytes promoted cardiac repair after MI injury [78], and delayed
development of HF in rat MI hearts [79,80], which suggests that inhi-
bition of FA oxidation confers protection against MI injury. More
importantly, similar cardioprotection was observed in humans [81]. It is
noteworthy that CPT1b-dependent inhibition of FA occurred in
conjunction with an increase in glucose oxidation in MI hearts [78,80],
implicating a compensatory mechanism to support the overall ATP
production [78]. Since oxidizing one molecule of FA consumes more
oxygen than glucose, increasing glucose oxidation can enhance the
coupling between glycolysis and glucose oxidation, thereby reducing
proton production to lower the amount of ATP required to counter the
ionic imbalance during reperfusion, thereby driving adequate ATP for
contractility [82].

3.2. Energy metabolic alterations in non-cardiomyocytes during cardiac
remodeling

Cardiac remodeling following MI is an orchestrated series of events.
During the injury phase, mitochondrial alterations of cardiomyocytes
are prominently involved in their apoptosis and necrosis. Dying car-
diomyocytes activate innate and adaptive immune cells to migrate into
the infarcted area for clearance of apoptotic cardiomyocytes [83], which
also initiates the response of cardiac fibroblasts for fibrosis and damage

to ECs. During the healing phase, proinflammatory macrophages
become reparative phenotypes [84], which activate cardiac fibroblasts
to differentiate into myofibroblasts [85], thereby generating a fibrotic
scar to replace lost cardiomyocytes [86], in conjunction with EC acti-
vation for post-MI reparative angiogenesis [87].

3.2.1. Energy metabolic changes in macrophages

Although the population of anti-inflammatory neutrophils has been
identified at 7 days post MI in infarcted mouse hearts [88], the infor-
mation regarding their metabolic reprogramming during cardiac
remodeling is inadequately addressed, as is in various T-cell subsets
during MI [89,90]. Thus, we will focus on macrophages, which can be
divided into pro-inflammatory M1 and anti-inflammatory M2 subtypes
[91,92].

Under physiological conditions, non-activated macrophages are M2-
like phenotype, primarily relying on oxidative phosphorylation [93].
During wound injury, apoptotic cells are removed through efferocytosis
[94], which fills macrophages  with metabolites and
inflammation-resolving bioactive lipids [95]. As a result, activation of
cardiac hypoxia-inducible factor-1a (HIF-1a) promotes the expression of
pro-inflammatory and glycolytic genes [96], causing polarization of
macrophages into the M1 subtype. Mechanistically, glycolysis repre-
sents an oxygen-efficient pathway for rapid ATP production in the
infarcted myocardium, which provides glycolytic intermediates into the
pentose phosphate pathway (PPP), thereby providing NADPH to fuel
ROS production and promoting macrophage effector functions [97,98].
Conversely, during wound healing, proinflammatory M1 macrophages
become reparative M2 phenotype [84], which is highly oxidative with
down-regulation of glycolysis and PPP [96]. M2 macrophages promote
the accumulation of o-ketoglutarate, thereby epigenetically down-
regulating the pro-inflammatory signaling pathway [99]. Collectively,
macrophages require glycolysis for survival, differentiation to the M1
phenotype (Fig. 2), and effector functions, while transforming from M1
to the M2 phenotype is controlled by mitochondrial phosphorylation
and epigenetic modifications [85,92].
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3.2.2. Energy metabolic changes in cardiac fibroblasts

Under physiological conditions, adult cardiac fibroblasts preferen-
tially rely on fatty acid oxidation (Fig. 2), but utilize more glycolysis
following aging [100,101]. During wound injury, cardiac fibroblasts
proliferate [102] in conjunction with increased glycolysis [103]. During
the repair phase, cardiac fibroblasts are activated and differentiated into
myofibroblasts, which are also highly glycolytic [85], and secrete pro-
visional extracellular matrix proteins to facilitate re-epithelialization
[104]. However, myofibroblasts can also contribute to pathological
fibrosis through their proliferation, resulting in excessive accumulation
of extracellular matrix, causing reduced nutrient and oxygen supply and
hence promoting cardiac dysfunction [105]. Evidence has shown that
excessive glycolysis is associated with impaired
epigenetic-mitochondria pathway, resulting in right ventricular fibrosis
[106]. Thus, organ fibrotic pathology is a disorder of glycolysis [106].

3.2.3. Energy metabolic changes in ECs

In the adult hearts, ECs are quiescent (absent proliferating and
migration) with few mitochondria [107]. Although FA transporters are
highly expressed on the cell surface, cardiac ECs mainly rely on
glycolysis rather than oxidative phosphorylation as the major source of
ATP production, which reserves FA for being transported into car-
diomyocytes [108].

Glycolysis in ECs plays a critical role in the regulation of angiogen-
esis [22,23]. ECs possess much higher glycolytic activity than car-
diomyocytes and other cell types [26]. During cardiac remodeling, this
property enables quiescent ECs to switch into an activated phenotype for
proliferation [109], in part, through upregulating the expression of
6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase, isoform 3, a
key glycolytic enzyme [110,111], while also activating HIF-1a, which,
in turn, activates the transcription of key angiogenic genes, such as
vascular endothelial growth factor (VEGF) [112]. Conversely, mice with
impaired HIF-lo signaling and glucose uptake displayed defective
angiogenesis, capillary rarefaction, and diastolic dysfunction [112].
Evidence has shown that epigenetic disruption of mitochondrial dy-
namics in ECs promoted vascular senescence [113], which suggests that
epigenetic-metabolic mechanisms control EC function [114].

4. Metabolic therapeutic considerations with exosomes in MI
and remaining questions

4.1. Strategies for metabolic modulation in MI heart

Several approaches have been investigated, such as directly lowering
circulating free FA levels while increasing glycolysis, thereby decreasing
cardiac FA uptake to reduce FA oxidation [115], which, however, did
not show a clear consensus regarding the clinical benefit for patients
with acute MI [116]. Alternatively, pharmacological agents modulating
enzymes involved in inhibiting FA oxidation have been investigated,
such as trimetazidine, which selectively inhibits long-chain 3-ketoacyl--
CoA thiolase activity and stimulating pyruvate dehydrogenase activity,
resulting in reduced FA oxidation and increased myocardial glucose
oxidation [117]. Clinical studies have confirmed the anti-ischemic
properties of trimetazidine [118], and short-term effectiveness on car-
diac functional recovery post-MI [119,120], but the long-term efficacy
has not been established.

To date, the most promising drugs for improving outcomes of MI
through metabolic mechanisms are the sodium-glucose cotransporter-2
inhibitors (SGLT2i), such as dapagliflozin and empagliflozin)
[121-123], which largely improved ejection fraction for over 26 weeks
in patients with acute MI [124]. Interestingly, SGLT2i have direct effects
on both cardiomyocytes and non-cardiomyocytes [125], as reflected by
improving cardiac glucose, FA, and ketone oxidation, while reducing
cardiac fibrosis, improving endothelial function [125-127], and
affecting macrophage polarization [127]. However, neither empagli-
flozin nor dapagliflozin significantly reduced mortality rates or first
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hospitalization rates for HF after acute MI in randomized/controlled
clinical trials [128,129].

4.2. Concerning exosomes

The effect of exosomes-mediated cardiac recovery from MI injury has
been studied in mouse, rat, and porcine models (Table 1). Naturally
derived exosomes only provide moderate therapeutic efficiency, due to
non-specific trapping, especially by the lung or liver [130,131]. Thus,
the effort has been made to modify exosomes in three ways: 1)
enhancing exosome capacity by packing them with additional com-
pounds as drug delivery vehicles; For example, exosomes with
over-expression of macrophage migration inhibitory factor [132], of
stromal-derived factor 1 [133], of GATA [134], or with pre-treatment of
hemin [135] and long non-coding RNA KLF3-AS1 [136], All of which
attenuated MI progression. 2) structurally modifying exosomes by
attaching external ligands to escape immune system attacks or homing
peptides to enhance targeting capability; More specifically, a peptide
with a sequence of CSTSMLKAC was discovered with the ability to target
the ischemic region of the heart [11]. Wang et al., further elucidated that
fusion of MSC-derived exosomes with CSTSMLKAC peptide significantly
reduced infarct size and improved contractility in mice with acute MI
[12]. Likewise, a fusion cassette that ligated a cardiomyocyte-specific
peptide WLSEAGPVVTVRALRGTGSW with CDC-exosomes and
Lamp2b, an exosomal transmembrane protein decreased cardiomyocyte
apoptosis following MI [13]. 3) systemic administration of drugs that
enhance the release of exosomes from cardiac cells, such as purinergic
drug ticagrelor, a P2Y12 receptor antagonist [137], thereby limiting the
death of cardiomyocytes exposed to ischemic microenvironment to exert
their cardioprotective effect [138,139]. Moreover, a similar drug may
reduce the release of prothrombotic platelet EVs in plasma, which
otherwise may worsen clinical outcomes after acute MI [140]. This
aspect opens a new avenue for developing new drugs regulating cargo
and endogenous exosomes.

Regardless of the platform used in these studies, mechanistically, the
authors concluded that cardiac protection is associated with inhibiting
inflammatory response, ventricular remodeling, and apoptosis [12,13],
in concert with promoting the angiogenic capacity of endothelial cells
[69]. One significant limitation of these studies is the lack of long-term
therapeutic impact on cardiac functional recovery following MI. Con-
cerning that alterations of energy metabolism often precede ventricular
function and remodeling changes; the question remains as to whether
any metabolic changes occurred under these interventions.

Mitochondria have two mechanisms to ensure an active quality
control system [165]. One is maintaining the mitochondrial mass
through biogenesis, fission, and fusion under high energy-demanding
conditions, while another is removing dysfunctional mitochondria
through mitophagy [166], a protective mechanism. However, this may
be oversimplified. For example, mild activation of mitophagy under
acute ischemia conditions is beneficial, whereas chronic activation is
detrimental, resulting in reduced ATP production and HF [167]. The
mechanisms underlying exosome-mediated mitochondrial quality con-
trol systems haven’t been adequately addressed in MI hearts, as most
studies have focused on the expression of potential markers of fission or
mitophagy. Of note, hemin pre-treated MSC-exosomes inhibited mito-
chondrial fission and maintained mitochondrial membrane potential
through exosomal-GATA4 in mouse hearts post-MI [135], while exoso-
mal sphingosylphosphorylcholine derived from vascular ECs attenuated
myocardial I/R injury by promoting mitophagy in cardiomyocytes
[168]. Furthermore, exosomes with over-expression of Sirt6 confer
cardioprotection in mouse MI hearts through inhibiting pyroptosis, and
promoting mitophagy in cardiomyocytes, in conjunction with decreased
lactate releases, an indication of reduced glycolysis [169]. These results
demonstrated that mitochondrial quality control is part of the mecha-
nism for exosome-mediated cardiac protection during cardiac repair. As
a therapeutic strategy for bioenergetic reprogramming, the first clinical
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Table 1
Most of the experimental studies for exosome-based therapy of MI in small and large animals: Based on recent 8 years publications.
Source of Exosome delivery Observations Species Refs
exosomes . X . X
Dose Timing Route Duration Cardiac function
BMMSCs 10 pg/g body weight at the time of MI Intramyocardial 28d Improved EF% Mouse [141]
MSCs 5 pg exosomes 30 mins post MI Intramyocardial 28d Improved EF% Mouse [142]
in 25 pl
MSCs 20 pl exosomes at the time of M, Intramyocardial 4 wks Improved EF% Mouse [143]
BMMSCs 600 pg exosomes at the time of MI Intramyocardial 28d Improved EF% Female [144]
mouse
Mouse- 2 x 10° cells at the time of MI Not indicated 3 wks Improved EF% Mouse [145]
BMMSCs
Mouse-MSCs 5 pg exosome in 30 mins post I/R Intramyocardial 12 hr Prevented apoptosis Mouse [146]
100ul
ADMSCs 100 pg protein in 25 mins post Intramyocardial 3.5hr Reduced apoptosis Mouse [147]
50 pl occlusion
HADMSCs 50 pl exosomes 25 mins post Intramyocardial 3hrand 3 Reduced apoptosis Mouse [148]
occlusion d Improved EF%
HUCMSCs mimic patch at the time of MI Intramyocardial 3and7d Inhibited fibrosis Mouse [149]
HUCMSCs 50 pg/ml at the time of MI Intramyocardial 30d Improved EF% Rat [150]
HUCMSCs 400 pg/g exosomes not indicated Intramyocardial not Improved EF% Rat [151]
reported
Rat-ADMSCs 400 pg exosomes in at the time of MI intravenous injection 1 month Inhibited apoptosis, inflammation, and Rat [152]
200 pl fibrosis
HUCMSCs 50 pg exosomes at the time of MI intravenous injection 14,18d Inhibited apoptosis, inflammation, and Rat [153]
fibrosis
HUCMSCs 400 pg proteins in at the time of MI Tail vein injection 4 wks Improved EF% Rat [154]
200 pl
Rat-BMMSCs 10 pg exosomes in 30 mins post MI Intramyocardial 5 wks Improved EF% Female [155]
100 pl rats
Rat-BMSCs 1 x 10°MSCsin20 pl  at the time of MI Intramyocardial 0,28d Improved EF% Rat [73]
HBMSCs 1 pg/pl, injected 50 pl 30 mins post MI Infarcted region 4 wks Improved EF% Rat [156]
injection
Rat-BMMSCs 10 pg exosomes in at the time of MI Infarcted region 3,7,28d Improved EF% Female [157]
100 pl injection rats
Rat-BMMSCs 2 x 10'° particles in at the time of MI Tail vein injection 3,14,28d  Improved EF% Female rats  [158]
500 pl
Rat-BMMSCs 50 pl exosomes at the time of MI Intramyocardial 7d Prevented apoptosis and improved EF% Female [159]
rats
Rat-BMMSCs 1 x 10° BMSC in at the time of MI Intramyocardial 0,7,28d Suppressed apoptosis and improved EF% Rat [160]
20 pl
Rat-BMMSCs 20 pg exosomes/20 pl  at the time of MI Intramyocardial land7d Improved EF% Rat [161]
HUCMSCs 50 pl of exosomes at the time of MI Intramyocardial 7d Inhibited apoptosis and promoted MIrepair ~ Rat [162]
HMSCs 40 pg in 300 pl PBS not reported Trai vein injection 7d Attenuates pyroptosis Rat [136]
ADSCs 100 pl exosomes at the time of MI Intramyocardial 0,30d Improved EF% Rat [163]
MSCs 6 ml exosomes At the time of MI Intrapericardial 3d Function not recorded, Male [143]
proved safety and feasibility of porcine
intrapericardial injection
ADMSCs 20 x 10° cells 30 mins post MI Surgical glue 6d Not recorded Porcine [164]

Abbreviation: MSC: Mesenchymal stem cells; BMMSC: Bone marrow MSC; ADSCs: Adipose-derived stem cell; ADMSCs: adipose tissue-derived MSC; HADMSCs:
human adipose tissue-derived MSC; HUCMSCs: human umbilical cord mesenchymal stem.

trial on myocardial rescue through autologous mitochondrial trans-
plantation was carried out in 2017 through intramyocardial injection to
pediatric patients who required extracorporeal membrane oxygenation
after ischemia—reperfusion injury [170]. A similar clinical trial aiming
at testing the feasibility of mitochondrial transplantation as a treatment
of MI is ongoing (NCT02851758) with direct injection of autologous
mitochondria to the damaged adult myocardium due to MI. To avoid the
limitations of surgical access and multiple administrations, Bhatta-
charya et al. recently demonstrated that EV-containing mitochondria
from murine muscle can be effectively delivered to human fibroblast
cells having mitochondrial DNA mutations, resulting in improved
mitochondrial dynamics and metabolic functions [171]. These results
indicate that mitochondrial trafficking and bioenergetic reprogramming
could be a useful therapeutic strategy to integrate healthy mitochondria
into functionally compromised host cells thereby refining mitochondrial
structure to improve cardiac function in MI heart. Negative effects of
EVs on recipient cells have been described [172], such as inflammation
[173]. Given the physiological relevance, interesting observations have
been reported in human age-associated conditions, such as physical
frailty and Parkinson’s disease, higher levels of EVs from endosomal

origins were observed, while lower levels of mitochondrial electron
transport chain constituents were identified as part of EV cargo in as-
sociation with the expression of inflammatory mediators [174,175].
Whether the components holding the toxic function are the production
of EVs or mitochondria is unknown, which warrants future studies to
explore the biological roles of EV-containing mitochondria in the dy-
namics of mitochondrial quality control in health and disease.

Further studies should highlight the importance of balance between
energy metabolism and mitochondrial quality control in MI heart. To
this point, glycolytic enzymes, such as glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) and hexokinase II (HKII), are interesting to study
with exosomes in MI heart. As demonstrated, the inactivation of GAPDH
by site mutation at its phosphorylation site rescued mitophagy [176].
The binding of HKII to mitochondria inhibited mitochondrial perme-
ability transition pore and prevented depletion of ATP [177]. In addi-
tion, the contribution of other metabolic pathways, such as chronic
accumulation of branched-chain amino acids (BCAA) is vulnerable to
I/R injury through enhancing lipid peroxidation toxicity [178]. In
contrast, increased BCAA utilization was evident in MI mouse hearts
with inhibition of FA oxidation by CPT1b-abrogation, which contributed
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to heart repair and functional recovery from MI injury through fueling
the TCA cycle [78]. Furthermore, cardiac aspartate and glutamate can
be converted to succinate, an intermediate of the TCA cycle, under
hypoxia/ischemic conditions, to produce ATP and GTP [179,180],
which may be cardioprotective through maintaining redox potential.
However, this notion remains contentious [179-181].

An additional consideration is improving the efficacy of existing
drugs with modified exosomes. For example, coenzyme-Q is a lipid-
soluble electron carrier that plays a central role in electron transport
and ATP synthesis [182], reducing MI injury regardless of the type of
animal model [182,183], and a mitochondria-targeted drug tested in
humans [184,185]. Elamipretide is a small peptide targeting the mito-
chondrial inner membrane, resulting in mitochondrial bioenergetic
improvements in various animal models of mitochondrial dysfunction
[186]. A single four-hour infusion of elamipretide to HF patients was
safe and well tolerated, but high-dose was required for favorable
changes in left ventricular volumes [187]. Future studies can determine
if a fusion cassette of exosomes with ischemic myocardium-targeting
peptide can enhance their long-term efficacy in MI patients.

4.3. Metabolism modulation in non-cardiomyocytes and exosome

Inhibiting glycolysis in non-cardiomyocytes has shown promising
results in preclinical models and clinical applications of MI.

4.3.1. In the context of immune cells

Dimethyl fumarate is an anti-inflammatory drug clinically approved
for psoriasis and multiple sclerosis. Of interest, fumarate-replete hearts
were robustly protected from I/R injury [188], through direct inhibition
of glycolysis in activated myeloid and lymphoid cells [189]. This result
represents a proof of concept that glycolysis is a therapeutic target in
autoimmunity.

To escape immune system attacks, Ge et al. modified MSC-exosomes on
membrane surface with CD47, which effectively improved inflammation
and cardiac function in muse MI hearts [37]. Transcriptional activity of
FOXO03 in macrophages is necessary for controlling glucose utilization,
inflammatory process, and cardiac remodeling [190,191]. It remains un-
clear if FOXO3 contributed to exosomal-CD47 mediated effect in MI heart.
Similarly the encapsulated exosomes with asymmetric HAD (hyaluronic
acid-g-(2-aminoethyl methacrylate hydrochloride-dopamine)) hydrogels
enhanced antioxidant and inflammation properties in a rat model after
cardiac surgery [192]. It would be more informative if additional evidence
were provided, such as the types of targeted cell populations, and the
contribution to energy metabolism in the injured heart. Importantly, Liu
et al. demonstrated that glutamine metabolism provides synergistic sup-
port for macrophage activation through o-ketoglutarate production via
glutaminolysis to modulate metabolic and epigenetic reprogramming of
M2 genes [99]. Additionally, CDC-exosomes packed with C-X-C motif
chemokine receptor 4 can transfer exosomal miR-182 to macrophages,
resulting in macrophage polarization and preventing MI injury [193],
through a potential association with histone deacetylase 1 [191]. Thus,
epigenetic reprogramming is potentially linked to macrophage metabolic
alterations during cardiac repair post-MI [85].

4.3.2. In the context of cardiac fibrosis

To date, there are no efficacious therapies for directly targeting
cardiac fibrosis, largely due to the consequences of cardiomyocyte hy-
pertrophy and dysfunction [194,195]. Ongoing efforts to identify the
molecular targets of cardiac fibrosis include understanding the trans-
forming growth factor-p (TGF-B) signaling pathway, non-coding RNAs
[196], and epigenetic modifiers [197]. Indirect approaches include
using naturally derived biomaterials or synthetic materials to deliver
bioactive factors (148), thereby decreasing cardiac fibrosis, and
inflammation to improve vascularization [198]. One newly developed
method is using microneedle patches to deliver exosomal miR-29b,
which were efficiently internalized by cardiac fibroblasts with an
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increased retention time for 28 days, and prevented the progression of
myocardial fibrosis by inhibiting the TGF-p-pathway [149]. Another
interesting approach is taking advantage of curcumin, an antifibrotic
compound derived from a natural substance of turmeric [199]. The
encapsulated exosome-curcumin with decellularized extracellular
matrix-based hydrogels were internalized by fibroblasts with a retention
time of 28 days, resulting in reduced fibroblast transformation and
fibrosis in mice with MI [200]. The safety and longer effect should be
validated with larger animal models of MI for future clinical translation.

Epigenetic modifiers have added a new layer of regulation to cardiac
fibrosis. Among epigenetic modifications, such as DNA methylation, his-
tone modifications, and non-coding RNAs, the most extensively studied is
DNA methylation [201,202], and its contribution to cardiac fibrosis is
evident [203,204]. Interestingly, plasma EVs derived from patients with
acute coronary syndrome showed increased DNA methyltransferases
(DNMTs) levels [205]. However, the roles of DNMT isoforms in regulating
cardiac fibrosis are model-dependent [206-208], making it difficult to
target the regulatory process involved in intricate signaling pathways.
Recently, Tian et al. demonstrated an epigenetic mitochondrial-metabolic
pathway by activating DNMT1/HIFla/pyruvate dehydrogenase (PDK)
axis to promote collagen production and right ventricular fibrosis [106].
PDK inhibition through sodium dichloroacetate improved glucose oxida-
tion and reduced right ventricular fibrosis [106]. Given that PDKI1 is the
predominant isoform involved in the fibrogenic pathway in patients, and
sodium dichloroacetate is not a specific inhibitor to PDK1,
exosome-mediated benefits of metabolic vs. fibrosis-specific therapies will
be required for future studies.

Owing to the established roles of fibrotic response in the injured heart,
the TGF-signaling pathway has drawn increased interest as it is regulated
by metabolic intermediates and epigenetic modifications [104,209]. More
specifically, epigenetic activation of HIF-1a can drive the metabolic shift
from glucose oxidation to glycolysis, in parallel with enhancing prolifer-
ation and collagen production during fibrosis [209]. Thus, inhibiting the
upstream metabolic activators of TGF-f is suggested for treating fibrosis in
MI heart [210]. In line with this, mitochondrial ROS (mtROS) generation,
oxidative phosphorylation [211], and mitochondrial calcium (tha2+)
dynamics [104,209] have been demonstrated as the initiators of cardiac
fibroblast differentiation through concerted alterations in energy meta-
bolism and epigenetics [104,209]. These results support that the epige-
netic mitochondrial-metabolic pathway can be a potential antifibrotic
therapeutic target in cardiac fibroblasts. Indeed, inhibition of the epige-
netic reader bromodomain-containing protein 4 (BRD4) reduced fibrosis
in mice with M, in conjunction with blocking of transactivation of TGF-f
signaling and proinflammatory transcription factors [212]. Likewise, his-
tone deacetylase inhibitors, such as Mocetinostat, reversed cardiac fibrosis
by targeting cardiac fibroblast activation [213]. In addition, the increased
myocardial acetylation of histone H4, due to intramyocardial adminis-
tration of class I HDAC inhibitor, exerts anti-remodeling in infarcted rat
heart by promoting survival of cardiac progenitor cells [214], which are a
well-known source of cardioprotective exosomes [48,215]. It remains
unknown regarding the inhibitory effect of BRD4 on energy metabolism in
M, and the types of targeted cells by BRD4 inhibitor in vivo. This raises
questions about using non-coding RNAs, which have non-specific effects in
regulating cardiac fibrosis [216]. Further investigation is required to un-
derstand whether exosomal non-coding RNAs and exosomal-curcumin can
promote energy metabolism in cardiac fibroblasts, and their targets on the
expression of epigenetic modifiers, which may facilitate translating the
data into clinical practice for treating cardiac fibrosis in MI heart.

4.3.3. In the context of cardiac angiogenesis

Targeting VEGF signaling in ECs is a main therapeutic target [217].
Since HIF-1a is an upstream molecule of VEGF, it is reasonable to
postulate that stimulating the HIF-1a-glycolysis axis in ECs can replicate
the effect of VEGF on EC proliferation. Indeed, the defect of glycolysis in
ECs limited ATP production, whereas the reverse was true with restored
glycolysis in ECs, resulting in elevated NO biosynthesis [218]. Wang
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et al. demonstrated that exosomal miR-205 ameliorated cardiac injury
by promoting angiogenesis and microvascular EC proliferation through
up-regulating HIF-1a and VEGF in mice post-MI [219]. It remains un-
clear to the effect of exosomal miR-205 on glycolysis, and NO meta-
bolism in the MI heart.

4.4. Remaining questions and opportunities

Firstly, it is unclear whether interventions of exosomes at the level of
substrate availability are sufficient to overcome mitochondrial
dysfunction and improve the outcome of MI. In this regard, Ikeda et al.
demonstrated that intramyocardial injection of mitochondria-enriched
EVs was able to improve cardiac function in mice post-MI, which
established a preclinical proof-of-concept that transfer of autologous
mitochondria and their related energy source can restore myocardial
bioenergetics in MI heart [220]. However, EVs with non-mitochondrial
cargo also activated mitochondrial biogenesis in hypoxia-injured iPSC-
iPSC-cardiomyocytes [220]. Thus, further studies using exosomes will
undoubtedly shed light on identifying various intracellular signaling
critical for activating mitochondrial biogenesis in the MI heart.

Concerning the preference for additional energy substrates in the MI
heart, cardiac magnetic resonance (MR) imaging demonstrated that
empagliflozin-treated pigs with MI exhibited a reduced myocardial
glucose uptake, and energy substrate preference was switched toward
utilization of ketone, FA, and BCAA, leading to increased myocardial
ATP content and enhanced myocardial work efficiency [125]. Thus,
exosomes have the advantage of directly delivering ketone and BCAA to
the MI heart to clarify if they exert pleiotropic effects to restore cardiac
function post-ML. In addition, based on the reparative effect of thyroid
hormone on the human post-ischemic myocardium [34], the
exosome-packed thyroid hormone specific for delivering to car-
diomyocytes should be investigated in MI heart, which will clarify its
direct role in mitochondrial function. Furthermore, exosomes can
potentially activate mitochondrial quality control mechanisms by
modulating oxidative stress, ROS, cytosolic, and mitochondrial Ca®*
overload [221]. The causal relationship between mitochondria-nuclear
genome interactions is inadequately addressed, as is the data support-
ing mitochondrial genotype as a biomarker for stratification and treat-
ment for HF patients. Thus, it would be interesting to use exosomes
packed with mitochondrial metabolites, such as acetyl-CoA and
a-ketoglutarate, for directly targeting the nucleus, to understand if they
would promote epigenetic alterations in concert with any outcome of
MI.

In addition, gender is an unmodifiable risk factor for causing MI, as
reflected by MI onset occurs more often in men than women, irrespective
of age [222]. However, information regarding sex differences in the
contribution of mitochondrial energetics in MI treatment is scarce. Of
interest, miR-210 deficiency exacerbated cardiac dysfunction in male
mouse heart post-MI but was ineffective in female [223]. The authors
concluded that miR-210 increased glycolytic activity and reduced
mitochondrial ROS flux by directly inhibiting mitochondrial GAPDH in
the MI heart.This study assessed glycolysis through Seahorse flux anal-
ysis, which cannot distinguish between glucose and fatty acid flux
through oxidation. It remains unclear if the beneficial effect of miR-210
on cardiac function is due to an increase in glucose oxidation in concert
with a decrease in FA oxidation, thereby reducing the uncoupling of
glycolysis and glucose oxidation to prevent proton leak and mtROS
production. Similarly, miR-199a, miR-210, and miR-499 displayed
cardioprotective effects in rodent and pig models of acute MI [224-226].
Yet, their association with sex and energy metabolism remains un-
known. This may be explored in future studies in great detail through
engineered exosomes and miR-210 or the abovementioned
exosomal-miRNAs with a peptide for directly targeting the ischemic
region of the heart or even cardiomyocytes in both genders. To this
point, selective cardiomyocyte targeting sequences have been reported
for delivering exosomes, such as WLSEAGPVVTVRALRGTGSW [227,
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228] and APHLSSQYSRT [229-231]. From a therapeutic perspective, it
will be informative if clinical trials, such as testing the causal role of
miR-210 for peripheral artery disease and diabetes (ClinicalTrials.gov
Identifier: NCT04089943 and NCT02629406, respectively) or inter-
ventional therapies related to MI, including NCT05669144,
NCT04127591, NCT06070974 and NCT02851758 (Table 2), can extend
to clarify the sex-specific roles in regulating oxidative stress and hypoxic
response. The rationale is that biological sex significantly affects cardiac
metabolism in the human heart at rest [232], and in response to meta-
bolic treatment [233].

Moreover, concerning the potential negative effects of exosomes on
cardiac remodeling, Huang et al. demonstrated that cardiomyocyte-
derived exosomes from MI mouse hearts promoted apoptosis of car-
diomyocytes in vitro by increasing the intracellular abundance of miR-
328-3p [234]. miR-21* is identified to be selectively enriched in
fibroblast-derived exosomes, which can shuttle to cardiomyocytes,
leading to cellular hypertrophy [49]. Likewise, exosomal miR-19a-3p in
infarcted mouse hearts attenuated cardiac function by inhibiting EC
proliferation and angiogenesis via down-regulating HIF-1a [235]. In
quiescent ECs, besides HIF-la, glycolytic gene expression is also
controlled by the transcription factor FOXO1, of which, down-regulation
suppresses endothelial growth and proliferation [236]. In addition,
glutamine is a major carbon source of TCA cycle in ECs, deprivation of
which also prevents ECs proliferation [237]. It is unclear about the as-
sociation of exosomal miR-19a-3p with glutamine utilization, and
FOXO1-mediated metabolic changes in response to the decline of pro-
liferation and migration of ECs for angiogenesis, as is the contribution of
miR-328-3p or miR-21* to energy metabolism in cardiomyocytes. Thus,
future studies should clarify the association between exosome-mediated
adverse effects and energy metabolism.

5. Metabolism assessment-related challenges for exosome
applications in MI heart

The notable challenges lie in exosome isolation-purification-storage
as discussed elsewhere [238,239]. To the point of exosome-mediated
cardiac energy metabolism in MI heart, it is impossible to investigate
mechanisms without qualitative and quantitative assessment of meta-
bolic flux, and this principle is unlikely to change regardless of the
discoveries [240]. Thus, we will focus on the methodologies to assess
mitochondrial flux, in vivo, ex vivo, or in vitro, and the choices of
cardiomyocyte-related cell lines for reproducibility of the observations.

5.1. Methodologies for assessing cardiac metabolism in vivo

Two common noninvasive approaches are available for studying
cardiac metabolism with animal models and humans, which have been
extensively reviewed by Yurista et al. [241]. One is positron emission
tomography (PET) for quantifying the uptake of energy substrates with
great resolution and quantitative capabilities but requiring radioactive
tracers, and another is nuclear MR spectroscopy (MRS) for measuring
the levels and turnover of cardiac high-energy phosphates with
31phosphorus (®*'P) but without radioactive tracers [242]. Of note,
31p.MRS has been used for studying exosome-mediated energy meta-
bolism in infarcted swine hearts [55]. Gao et al. demonstrated that the
decrease in phosphocreatine (PCr) to ATP ratio and protein expression
of mitochondrial ATPase-p was prevented by the administration of
exogenous exosomes derived from hiPSC-cardiomyocytes in swine
hearts post-MI [55]. Metabolic fluxes can be measured via 31p_MRS
through the estimation of creatine kinase and ATP synthase [243], and
use a ratio of PCr/ATP as the marker of total energy metabolic changes
[244], which, however, does not distinguish the specific flux between
substrates, while technical challenges and resources are also the prac-
tical challenges. In addition, hyperpolarized [1-3c pyruvate MRS also
measures cardiac metabolism in vivo, based on the principle that van-
ished pyruvate signal over time is followed by new peaks of lactate,
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Table 2
Clinical trials of exosome-based therapy of MI: based on registration ID from ClinicalTrials.gov.
Exosomes Participates Aim/Assessment Registration
Source Routes to patients Enrollment Nr Age/Sex ID
Human Mesenchymal  Intra-myocardial injection of Patients with EF<25 %, require 5 35-80 year old/ To limit inflammatory/ NCT05669144
Stem Cell placebo coronary artery bypass surgery Sex not recorded  oxidative damage/assess effect
Intracoronary and Intra-myocardial 5 on EF%
injection of mitochondria
Intracoronary and intra-myocardial 5
injection of exosomes
Intracoronary and intra-myocardial 5
injection of exosomes and
mitochondria
Peripheral blood Non-invasive Patients with MI 10 Not recorded miRNA expression profile in NCT04127591
peripheral blood exosomes
Peripheral blood Non-invasive Patients with MI 100  Not recorded Exosome profile and severity of =~ NCT06070974
myocardial
Skeletal muscle from 5-10 direct injections of autogenic Patients requiring 16 Not recorded Ameliorate myocardial NCT02851758

mitochondria into the ischemic
regions

the chest wall
oxygenation

extracorporeal membrane

ischemia/reperfusion injury

alanine, and bicarbonate as a result of pyruvate metabolism, allowing
quantification of flux through pyruvate dehydrogenase, and therefore
glucose oxidation. Thus, compared to PET-based methods, the advan-
tage of this method is that it can distinguish the flux of glucose uptake
from glucose oxidation, and assess the rates of bicarbonate production
or anaerobic metabolism via lactate production [245]. This method has
been used to study the metabolic-structural interplay in experimental MI
models, such as rat [246], and pig [247,248]. The first human cardiac
hyperpolarised [1-'3C] pyruvate images were produced in 2016 [249],
but metabolism in human studies has yet to be undertaken. Given the
increased interest in targeting the heart with metabolic treatments and a
better understanding of glucose metabolism in different types of HF, the
applications with exosomes may help unlock novel drug targets.

5.2. Methodologies for assessing cardiac metabolic flux in vitro

A key factor controlling metabolic flux is the cardiac work performed
by the heart, as cardiac work decreases when less ATP is used. Thus, the
two most important variables should be considered when measuring
cardiac energy metabolism. One is the cardiac work representing the
metabolic demand of the heart in vivo; Another is the physiologically
relevant energy substrate supply to the heart.

5.2.1. Ex vivo assessment of metabolic flux in the isolated rodent heart

The direct measurement of metabolic flux rates is performed through
ex vivo heart perfusion [250], by controlling both preload and afterload
to the isolated heart in a sealed system, which ensures the heart main-
tains LV ejecting capacity so that the oxygenated perfusate delivered
from the left atria to the left ventricle can be ejected through the can-
nulated aorta [251]. By strategic labeling of energy substrates at various
sites with either >H or 1*C, both glycolysis and various oxidation, in the
form of glucose, fatty acid, ketones, and amino acids can be character-
ized [251].

This method has several advantages. Firstly, the beating heart affords
simultaneous assessment of cardiac work and oxygen consumption
[251], thus the influence of mechanical function on metabolism is
considered. Secondly, flux rates are quantitated from collecting the
by-product, such as CO, from different substrates with 14¢ tracer, which
can identify the major factors that affect specific metabolic pathways
[251]. In addition, collecting the by-product of H,0 from [3H] -labeled
glucose distinguishes the glycolytic pathway from the glucose oxidation
pathway [251,252]. Furthermore, an oxygenated system allows the
FA-bound albumin to be properly used by the heart with physi-
ological/pathological relevant concentration. Thus, this method enables
the metabolic assessment to be performed in the presence of a neuro-
humoral milieu to mimic the physiological and pathological status and
has been used for many studies [251,252]. However, using radioactive

substances and cannulating the beating heart are common technical
challenges.

5.2.2. In vitro assessment of metabolic flux in cardiac cells

There are two common ways. One, using radioactive energy-
providing substrates with either >H or 1*C to quantify *H,0 and *CO,
produced in viable cells, as a measure of energy metabolic flux through
glycolysis or the mitochondrial oxidation. Another, assessing rates of
mitochondrial oxygen consumption and extracellular acidification by
using permeabilized cells or isolated mitochondria [253] in a transient
microchamber through Seahorse technology [116].

Assessing metabolism in specific non-cardiomyocytes populations in
the intact heart remains challenging, but these two methods are appli-
cable. In contrast, significant limitations of these methods exist for
cardiomyocytes, as the cardiomyocytes do not display any contractility,
and the influence of mechanical work on metabolic changes cannot be
considered. Due to the quiescent nature of the cardiomyocytes, the rates
of oxidative metabolism even in the isolated primary viable car-
diomyocytes can be 50-100 times lower than that in ex vivo perfused
working hearts [254,255]. In addition, the Seahorse method cannot
distinguish the flux of glucose from FA oxidation or vice versa. As a result
of FA omission, rates of carbohydrate metabolism increase dramatically,
which is an artificial situation, and may not be relevant in car-
diomyocytes in vivo, especially to the hormonal or hypoxia effects on
energy metabolic changes.

5.2.3. Choices of cell lines for assessing cardiac metabolic flux in vitro

The most commonly used cardiomyocyte-related cell lines are either
atrial origin, such as H9C2 cells from embryonic rat heart [256] and
HL-1 cells from mouse [257] or ventricular cells, such as AC16 cells from
adult human ventricular biopsies [258].

Proteomic analysis has shown that undifferentiated H9C2 cells
display different molecular phenotypes compared to primary neonatal
and adult cardiomyocytes, as reflected by the lack of proteins essential
for the formation of striated muscle myofibrils, and low oxidative ca-
pacity [259]. Upon differentiation, although H9c2 cells exhibit
increased transcripts and protein levels involved in calcium handling,
glycolytic and mitochondrial metabolism [260], they do not possess
contractile activity, and the mitochondrial content is still low, as is the
capacity for FA oxidation, compared to primary cardiomyocytes [260].
In this regard, H9C2 cells are not a good model for adult car-
diomyocytes, as the majority of cardiomyocytes in adult hearts are
differentiated and rely on FA oxidation as a major energy resource. In
addition, the protein expression of mitochondrial quality control is
higher in undifferentiated relative to differentiated H9C2 [260], indi-
cating different impacts of mitophagy-related protein expression on
ischemic injury in these cells. Collectively, caution and verification
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should be taken for interpreting research findings obtained from exo-
some studies with H9C2 cells.

In contrast, mouse HL-1 and human AC16 demonstrate characteris-
tics of differentiated adult cardiomyocytes towards contractility and
their signaling for transcriptional and metabolic regulation [258,261],
which makes them useful for metabolic studies under various patho-
logical conditions [262]. The study numbers with these cell lines for
exosome-associated cardioprotection are increasing [48,263,264]. As
noted, exosomes derived by cardiac progenitor cells from patients who
underwent heart valve were taken up by HL-1 cardiomyocytes and
resulted in a time and dose-dependent increase in miRNAs, such as
miRNA-210 and miR-132 with anti-apoptotic and proangiogenic activ-
ities [48]. More importantly, cardiac progenitor cell- exosomes, rather
than fibroblast-exosomes, inhibited cardiomyocyte apoptosis, promoted
angiogenesis, and ameliorated cardiac function in rat heart post-MI
[48]. Likewise, up-regulation of exosomal LncRNA HCG15 accounts for
acute MI injury through the NF-kB/p65 and p38 pathways in AC16
cardiomyocytes [265]. Of interest, serum exosomes derived from pa-
tients with sepsis displayed a significant inhibitory effect on glycolysis,
concomitant with enhanced apoptosis in human AC16 cells, in which,
however, over-expression of solute carrier family 2 member 1, an
essential mediator in energy metabolism, reversed all the exosomal ef-
fect [266].

To date, no studies have shown the exact mechanism, by which the
engineered exosomes can interact with cardiomyocytes to restore energy
production and support the pumping function. Apart from cell-specific
peptides, the combinational method is another option with targets for
cell-specific receptors/ligands, antibodies/nanobodies, or pH-sensitive
surface markers, to enhance the efficiency of endocytosis of exosomes
in the heart, especially in large animal models of MI with a long-term
goal of clinical translation [13]. Thus, if these special
exosome-mediated metabolic pathways are measured in MI models, the
ex vivo beating heart system is a better choice than cell lines, whereas
HL-1 and AC16 cells are not ideal as adult cardiomyocytes but are
preferred options over H9C2 cells and isolated mitochondria. The
rationale for avoiding isolated mitochondria is that, even with advanced
techniques, it is difficult to obtain functional mitochondria.

More sensitive assessments of energy metabolism in non-
cardiomyocytes are required as they present in much lower quantities
than cardiomyocytes in the heart. In this regard, Lewis et al. successfully
performed MRS with hyperpolarized [1-'3C] pyruvate in macrophage-
like cell lines for detecting pyruvate-derived [1-13C]lactate signals, as
an indicator of glycolysis [267]. They demonstrated that macrophage
activation and polarization occurred in conjunction with an enhanced
lactate flux in vitro, while the reverse was observed with inhibition of
glycolysis. A near-identical hyperpolarized lactate flux was also evident
in pig and rodent hearts post-MI [267]. It remains to be investigated if
hyperpolarized [1-'3C] pyruvate MRS can detect the metabolic changes
in cardiac fibroblasts and ECs post-MI. Of note, a retrospective cohort
study at Tehran Heart Center (ClinicalTrials.gov ID NCT05669144) is
ongoing, aiming at transplanting mitochondria with MSC-derived exo-
somes to minimize oxidative stress and inflammatory damage in the MI
hearts. We hope that hyperpolarized [1-1°C] pyruvate MRS can be
applied for metabolic imaging in non-cardiomyocytes, and to identify
patients with the highest degree of myocardial inflammation, thereby
providing the most benefit from exosome-mediated immunomodulatory
therapies for them.

6. Conclusion

The application of exosomes in MI is still in the exploration stage.
Engineered exosomes intervene more efficiently in the post-MI hearts,
and deserve further investigations, especially with questions as to
whether the engineered exosomes exhibit a role in regulating energy
metabolism in cardiomyocytes and non-cardiomyocytes. Besides energy
metabolism, there are more targets to be addressed in several aspects. To
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achieve the classification of accuracy and reproducibility of the results,
there is an enduring need for developing more sensitive and feasible
methodologies to quantify metabolic flux in the MI heart. To improve
the therapeutic efficacy of exosomes, it is important to develop novel
engineering strategies and refine longitudinal clinical studies by opti-
mizing the timing, route of administration and dosing regimens of
exosomes. To understand the impact of biological sex on cardiac meta-
bolic changes in response to metabolic stress and medications, it is
necessary to consider sexual dimorphism in any exosome-related studies
for the MI heart. To understand the reporter metabolites, it is important
to investigate new MI diagnostic markers by exploring exosomes. We
believe that a well-developed translational platform for clinical exosome
applications in MI heart is on the way as research progresses.
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