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Chapter 18
Therapeutic Effects of Ischemic- 
Preconditioned Exosomes in Cardiovascular 
Diseases

Shengguang Ding, Zhiqing Fan, Che Lin, Qiying Dai, Jinzhe Zhou, 
Haitao Huang, Yiming Xu, and Chongjun Zhong

18.1  Introduction

Cardiovascular disease (CVD) has been an immense health and economic burdens 
globally for years. From 2003 to 2013, death rates attributable to CVD declined 
28.8%. In the same 10-year period, the actual number of CVD deaths per year 
declined by 11.7%. Yet in 2013, CVD still accounted for 30.8% (800,937) of all 
2,596,993 deaths, or ≈1 of every 3 deaths in the United States [1].

Acute myocardial infarction (MI) as the hallmark of CVD has been considered 
as the leading cause of mortality worldwide. For now, percutaneous intervention is 
the most effective strategy to save dying myocardium. However, the reperfusion of 
acute ischemic myocardium itself is able to cause cardiomyocyte death. The 

Shengguang Ding, Zhiqing Fan and Che Lin contributed equally to this work.

S. Ding • H. Huang • Y. Xu • C. Zhong (*) 
Department of Thoracic and Cardiovascular Surgery, The Second Affiliated  
Hospital of Nantong University, Nantong 226001, China
e-mail: chongjunzhong@hotmail.com 

Z. Fan 
Department of Cardiology, Daqing Qilfield General Hospital, Daqing 163001, China 

C. Lin • J. Zhou 
Department of Cardiology, Tongji Hospital, Tongji University School of Medicine,  
Shanghai 200065, China 

Q. Dai 
Metrowest Medical Center, Framingham 01702, MA, USA 

Department of Cardiology, First Affiliated Hospital of Nanjing Medical University,  
Nanjing 210029, China

mailto:chongjunzhong@hotmail.com


272

 underlying oxidative stress, intracellular Ca2+ overloading, rapid change in PH, 
inflammatory reaction and mitochondrial dysfunction all put the myocardium in 
danger [2]. Ischemic preconditioning (IPC) is a phenomenon that produce resis-
tance to loss of blood supply by creating intermittent short episodes of ischemia. 
Having been reviewed detailed, IPC might be a potential treatment for ischemic/
reperfusion (IR) injury [3–5]. A new concept that extracellular vesicles encompass-
ing exosomes participates in the ischemic preconditioning has been brought out [6]. 
In this chapter, we summarize the protective effects of IPC exosomes in CVD and 
the most relevant discoveries in basic science.

18.2  Ischemic Preconditioning

As early as 1990s, it was hypothesized that episodes of brief ischemia would pre-
condition the myocardium for the following ischemia. It is a strategy of creating 
brief short cycles of non-lethal ischemia-reperfusion stimulus and followed by per-
sistent ischemia. It is expected that IPC would initiate a cardioprotective phenotype 
and render the myocardium resistant to a subsequent more severe sustained isch-
emic insult. The principle is to increase the myocardium tolerance to ischemia in 
various pathways.

To prove this, an ischemic model on the dogs was created. One group was 
treated with four 5 min circumflex occlusions, each separated by 5 min of reperfu-
sion, followed by a sustained 40 min occlusion. The other group got a single 40 min 
occlusion. Results shown that preconditioned group had a limited infarct size to 
25% of that seen in the non-preconditioned group [7]. Encouraging by this, another 
similar study was carried out to testify whether this protective effect also works in 
the remote virgin myocardium. Conclusions agree with the hypothesis and imply 
that preconditioning may be mediated by factors transported throughout the heart 
during brief ischemia/reperfusion [8]. Later, several studies found that short peri-
ods of ischemia and reperfusion of a tissue can protect a distant tissue against 
subsequent ischemia [9–13]. Furthermore, a reduction in the coronary resistance 
and subsequent increase in coronary artery flow was observed in a model exposed 
to intermittent ischemic conditioning [14]. Similar results were also obtained in 
human study [15]. With these evidence, remote ischemic preconditioning (RIPC) 
has been increasingly accepted as an effective method to improve cardiac function 
after IR injury. Some studies suspected that it is opioid receptor dependent [9, 16], 
while others support that the activity of a vagal pre-ganglionic neurons is essential 
in the remote ischemic preconditioning [17]. With all the evidence, the role of 
RIPC in IR injury is strongly supported [18]. Apart from that, myocardial postcon-
ditioning has been shown to benefit in reducing myocardial infarct size [19]. In 
spite of this, disagreement still exist. Researchers have been arguing that RIPC 
does not decrease ischemia-associated mortality, nor it reduce major adverse car-
diovascular events [20].
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18.3  Mechanism of IPC

Several systems have been proven to participate in this process, including ATP- 
sensitive potassium channels, reactive oxygen species, nitric oxide and various pro-
tein kinases [21]. In an ischemic rat model, remote ischemic preconditioning (RIPC) 
group was treated with four cycles of 5 min of limb ischemia. Followed by 5 min of 
reperfusion and subjected to 45 min of sustained ischemia by occluding the left coro-
nary artery. Controlled group were treated just with 45 min of sustained artery occlu-
sion. Mitochondrial ATP-sensitive K(+) (K(ATP)) channels were identified as an 
effector mechanisms for remote preconditioning [22]. Comparable conclusion was 
also made in a study for modulation of K(ATP) channels in endothelial IPC in human 
[23]. Another well explored mechanism is the regulation of inflammatory response 
during IPC.  It has been proven that RIPC stimulus modifies human inflammatory 
gene expression, leading to cardioprotective effect due to affecting the inflammatory 
process [24]. Circulating cytokines and hypoxia induced factor-1α were found to be 
influenced as well [25]. Other factors, including oxygen radicals [26], neurotransmis-
sion [27–29], cannabinoids [30], nitric oxide synthase [31], connexin 43 phosphory-
lation [32], mitogen-activated protein kinases (MAPKs) [33], miR-144 [34] and 
phosphatidylinositol-3-kinase system [35] are all testified. However, little is known 
about the role of exosomes in IPC. Exosomes has recently been gaining attention with 
regards to its inter-cellular communication during IR injury. It contains nucleic acid 
and other important messenger factors. Understanding the underlying mechanism 
will help us understand how the heart respond to injury and stress at a deeper level.

18.4  Exosomes

Exosomes are small microvesicles (EV) that are released from late endosomal compart-
ments of cells [36]. They are 40–199-nm vesicles released during reticulocyte differentia-
tion as a consequence of multivesicular endosome fusion with the plasma membrane. 
They have been isolated from diverse body fluids, including semen, saliva, breast milk, 
amniotic fluid, ascites fluid, cerebrospinal fluid, and bile. EVs can be secreted and specifi-
cally taken up by other cells, mediating intercellular signal exchange [37]. Similarly to 
cytokines that constitute a network of communication, EVs may also exert their functions 
in a network, affecting distal organs [38]. In a study, rat’s heart was exposed to 3 × 5–5 min 
global ischemia and reperfusion or 30 min aerobic perfusion. The presence or absence of 
EVs was confirmed by dynamic light scattering, the EV marker HSP60 based on Western 
blot, and electron microscopy. It was found that IPC markedly increased EV release from 
the heart, indicating that EV is necessary for cardioprotection by RIPC [37]. mRNA 
intended for both small and large ribosomal subunits as well as mRNA coding for proteins 
involved in mitochondrial energy generation are found in the cardiomyocyte-derived EVs, 
which implies EVs might participate in some protein production in the targeted cells. 
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These EVs, proven to belong to the exosome family, could be denoted “cardiosomes”. 
Microscopic findings suggested its role in metabolism of microenvironment [39]. 
Furthermore, by introducing the exosomes from the newts to the rat’s heart tissue, new 
proliferation of the rat cardiomyocyte and improvement in its function were observed 
[40]. These evidence confirm that exosome is closely associated with cardiac restoration.

18.5  Exosomes and IPC

Ischemic preconditioning effects can be transferred to nonpreconditioned animals 
via whole blood transfusion [41] or directly cell implantation [40]. These findings 
suggested a humoral mechanism for preconditioning at a distance. Exosomes con-
tain many unique features like surface proteins/receptors, lipids, mRNAs, microR-
NAs, transcription factors and other proteins [41]. Stimulated by RIPC, exosomes 
acutely activate pro-survival kinases that rapidly prepare the heart against ischemia- 
reperfusion injury [42]. For now, it has been well established that exosome play an 
essential role in tumor and infection disease, but increasing studies proposed that it 
is also crucial for cardioprotection during IR injury.

Cells from different organ systems are able to produce exosomes and working 
actively in RIPC.

18.6  Cardiogenic Exosomes

It was discovered that human cardiomyocytes can produce exosomes-like vesicles 
via multivesicular endosome (MVE)-dependent pathway [43]. Released from the 
injured tissue, it carries signaling molecules to activate tissue repair. Isolated cardiac 
progenitor cells (CPC)-exosomes are found to express cardiac transcription factor, 
GATA4 and could be recognized by cardiac cells by H9C2. In vivo study demon-
strated that exosomes from CPC could inhibit apoptosis induced by IR injury [44]. 
Emerging evidence demonstrated that exosomes participate in RIPC-induced cardio-
protection. Coronary perfusates from preconditioned hearts contained more EVs than 
perfusates isolated from control. Correlating to the result that preconditioned group 
had smaller infarct size than the control group, it is concluded that the release of EVs 
from the heart after preconditioning stimuli is increased and that EVs are responsible 
for the transmission of remote conditioning signals for cardioprotection [37].

18.6.1  Mesenchymal Stem Cell (MSC) Derived Exosome

MSC is one type of adult stem cell that have great plasticity and has shown great 
potential for the replacement of damaged tissues such as bone, cartilage, tendon, 
and ligament [45]. In skeletal muscle, it has been proven that hypoxic precondi-
tioned murine MSC enhanced muscle regeneration [46]. MSC are emerging as an 
extremely promising therapeutic agent for tissue regeneration and repair, proven by 
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animal models [47, 48]. Exosomes have been recognized as part of MSC’s paracrine 
system that potentiates its cardioprotective effect. These exosomes carry various of 
miRNA and humoral factors to the target cells [49]. miR-22, miR-210, miR-21 and 
HIF-1α are found in exosomes isolated from preconditioned MSCs. miR-22, previ-
ously known as a critical regulator of cardiomyocyte hypertrophy and cardiac 
remodeling [50], was shown to protect ischemic hearts by targeting Mecp2 [6]. 
Preceding study established miR-210 exerts cytoprotective effects in cardiomyo-
cytes [51]. It is elucidated that miR-210 as a potent negative regulator of stem cell 
apoptosis during ischemic preconditioning downstream of HIF-1α. During ischemic 
injury, MSC acts as a major source to deliver miR-210 to protect heart tissue [52]. 
More researches looking into the clinical therapeutic effect of MSC derived exo-
somes suggested the potential for using human embryonic stem-cell derived vascu-
lar cells on rescuing peri-scar border zone in myocardial infarction [53]. On the 
other hand, in an in vitro cardiac injury model, insulin-like growth factor 1 (IGF1) 
is proven to be part of the signal pathway in exosome-mediated cardiac repair [54].

18.7  Endothelial Cell Derived Exosome

Cardiac endothelial cells could also communicate and regulate myocardium by pro-
ducing exosomes. Similarly, these exosomes are testified to have nearly twofold 
increase after preconditioning, and have more potent in reducing cardiac cell death 
[55]. What’s more, endothelial derived exosomes are found to overexpress hypoxia- 
inducible factor-1 (HIF1) and higher contents of microRNAs. These factors increase 
tolerance of cardiac progenitor cells under hypoxic stress [56].

18.8  IPC and Proteasome

Proteasome protects against ischemic injury by removing damaged proteins. It is a 
major intracellular proteolytic system which degrades oxidized and ubiquitinated 
forms of protein intracellularly. One of important mechanism of cardiac injury dur-
ing IR injury is the decrease in its function by oxidative modification and inhibition 
of fluorogenic peptide hydrolysis [57]. In recent studies, it has been proven that MSC 
derived exosomes ameliorates IR injury through proteomic complementation [58].

The combination of proteasome, ubiquitin, the ubiquitination machinery and the 
deubiquitinases, is called ubiquitin proteasome system (UPS). The major function 
of UPS is to prevent accumulation of non-functional, potentially toxic proteins. It 
contains one 20S subunit and two 19S regulatory cap units. The 20S proteasome is 
the central proteolytic structure which consists of two pairs of rings each contains 
seven subunits while the 19S subunit contains multiple ATPase active sites and 
ubiquitin binding sites. It confers selectivity for ubiquitin-conjugated proteins. 
Dysfunction of UPS was observed during IR injury, which could be one of the 
important factor contributing to the heart injury. Recent studies also revealed that 
IPC protect against ischemic injury by preserving UPS function [59]. IPC protects 
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UPS by diminishing oxidative damage to 19S regulatory subunits [60] and increas-
ing the degradation of δPKC [61]. A way to quantify the cardioprotective effect 
from IPC could be to measure the postischemic levels of oxidized and/or ubiquiti-
nated proteins. These levels could predict eventual cardiac function [62].

The 20S subunit of the UPS is found to be attached to the cell plasma membrane 
and certain observations are interpreted as to suggest that they may be released into 
the extracellular medium [63]. Once released, they are recognized as circulating 
proteasomes. Study comparing the features of circulating proteasomes with those of 
proteasomes isolated from major blood cells found out that the subtype patterns of 
the circulating ones are clearly different [64]. Circulating proteasome is related to 
cell damage. Increased serum level is seen in various autoimmune disease [65].

18.9  Exosome and Proteasome

Several studies have been done to explore the correlation between exosome and 
proteasome. Profiled by mass spectrometry and antibody array, proteasomes of exo-
somes have been found to contain 857 unique gene products. A predominant feature 
of MSC exosome proteome is the presence of α and β chain of the 20S proteasome. 
Further work was done to explore the proteomic profiling of exosome. In vivo 
mouse myocardial infarction model was created by temporarily ligation of the 
LCA. Exosomes were injected in the treatment group before reperfusion. Proteins 
in the LCA ligated area was extracted, using a cell extraction buffer. Then sequenced 
protein analysis confirm the hypothesis that 20S proteasome exists in exosomes and 
could contribute to the cardioprotective activity. The presence of 20S proteasome in 
MSC exosomes further suggested that cells extruded 20S proteasome through exo-
somes [66]. Using the exosome as a carrier, we could deliver therapeutic protea-
some specifically to different part of the organ systems.

18.10  Therapeutic Effect of Exosomes and Undetermined 
Questions

Exosomes have great impact on recipient cells. The distinct transmembrane proteins 
of exosomes directly interact with the receptors from the target cells [67]. This pro-
tein-receptor relationship makes exosomes as ideal carriers to deliver treatment or 
miRNA to specific cells. What’s more, exosomes are non-immunogenic in nature, 
and have no accumulation in the liver. Based on this, exosomes are hypothesized as 
a promising medication-carrier [68]. Also, many aspects of exosome suggested itself 
as a novel means to identify cancer biomarkers for early detection and therapeutic 
targets, and therapeutic devices to ameliorate the progression of the disease [69].

Great interest has been raising on the remedial role of exosomes in coronary 
artery disease. Both in vitro and in vivo study have proven that MSC preserve car-
diac function by paracrine system in which exosomes is fundamental. Since there is 
concern for potential tumor formation in vivo in stem cell therapy [70], the paracrine 
theory provide an alternative method for using MSC in treatment of coronary artery 
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disease. In addition, exosomes could accumulate in human atherosclerotic plaques, 
where they affect the physiologic balance [71]. The emergence of exosomes as alter-
native to cell therapy, opens a new insight into the treatment of cardiac disease. 
However, our knowledge of the transport, target cell biologic reaction and the com-
plexity of interaction of pathways in exosomes remains immature. It is highly urgent 
to determine if exosomes from plasma after IPC would be more cardioprotective.

18.11  Summary

CVD has been considered as the number one killer worldwide. Tons of researches 
have been done to look into the ischemic process and mechanisms during ischemia. 
IPC is cardioprotective. Various factors, such as inflammatory factors, miRNA and 
proteins have been proved to play a role in mediating the cardioprotective effects of 
IPC. Increasing evidence suggested that exosome, a well-known messenger in cell- to- 
cell communication, is associated with IPC-related cardioprotection. Encouraged by 
this, exosomes are testified to apply to the injured heart tissue and was found that it 
improves cardiac function. These finding brings up a possible new treatment for CVD.

Traditional management for ischemia is timely effective restoration of blood flow. 
Besides that, cell and targeted molecular therapy have gained increasing interest as 
potential therapies. Large amount of cardiomyocytes dead during ischemia. Although 
emerging evidence support that human heart has the capacity to regenerate itself [72, 
73], the endogenous proliferation rate of cardiomyocytes is too low to compensate for 
the loss of cardiomyocytes [54]. Stem cell based therapy solved this problem but still 
has its limitations, since it may also has the tumorigenic potential [70]. Based on this, 
the idea of exosome-centered therapy was developed and testified [74, 75]. However, 
more clinical studies need to be done to confirm the therapeutic effect of exosomes.

Acknowledgements This work was supported by the grants from National Natural Science 
Foundation of China (81472158), and Natural Science Foundation of Shanghai (14ZR1438300).

Competing Financial Interests The authors declare no competing financial interests.

References

 1. Writing Group M, Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, 
Das SR, de Ferranti S, Despres JP, Fullerton HJ, Howard VJ, Huffman MD, Isasi CR, Jimenez 
MC, Judd SE, Kissela BM, Lichtman JH, Lisabeth LD, Liu S, Mackey RH, Magid DJ, DK 
MG, Mohler ER 3rd, Moy CS, Muntner P, Mussolino ME, Nasir K, Neumar RW, Nichol 
G, Palaniappan L, Pandey DK, Reeves MJ, Rodriguez CJ, Rosamond W, Sorlie PD, Stein J, 
Towfighi A, Turan TN, Virani SS, Woo D, Yeh RW, Turner MB, American Heart Association 
Statistics C, Stroke Statistics S (2016) Heart disease and stroke statistics-2016 update: a report 
from the American Heart Association. Circulation 133(4):e38–360

 2. Hausenloy DJ, Yellon DM (2013) Myocardial ischemia-reperfusion injury: a neglected thera-
peutic target. J Clin Invest 123(1):92–100

 3. Przyklenk K, Whittaker P (2011) Remote ischemic preconditioning: current knowledge, unre-
solved questions, and future priorities. J Cardiovasc Pharmacol Ther 16(3–4):255–259

18 Therapeutic Effects of Ischemic-Preconditioned Exosomes in Cardiovascular Diseases



278

 4. Przyklenk K (2013) Reduction of myocardial infarct size with ischemic “conditioning”: physi-
ologic and technical considerations. Anesth Analg 117(4):891–901

 5. Przyklenk K, Whittaker P (2013) Genesis of remote conditioning: action at a distance—
‘hypotheses non fingo’? J Cardiovasc Med 14(3):180–186

 6. Feng Y, Huang W, Wani M, Yu X, Ashraf M (2014) Ischemic preconditioning potentiates the 
protective effect of stem cells through secretion of exosomes by targeting Mecp2 via miR-22. 
PLoS One 9(2):e88685

 7. Murry CE, Jennings RB, Reimer KA (1986) Preconditioning with ischemia: a delay of lethal 
cell injury in ischemic myocardium. Circulation 74(5):1124–1136

 8. Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P (1993) Regional ischemic ‘precon-
ditioning’ protects remote virgin myocardium from subsequent sustained coronary occlusion. 
Circulation 87(3):893–899

 9. Shimizu M, Tropak M, Diaz RJ, Suto F, Surendra H, Kuzmin E, Li J, Gross G, Wilson GJ, 
Callahan J, Redington AN (2009) Transient limb ischaemia remotely preconditions through 
a humoral mechanism acting directly on the myocardium: evidence suggesting cross-species 
protection. Clin Sci (Lond) 117(5):191–200

 10. Kharbanda RK, Mortensen UM, White PA, Kristiansen SB, Schmidt MR, Hoschtitzky JA, 
Vogel M, Sorensen K, Redington AN, MacAllister R (2002) Transient limb ischemia induces 
remote ischemic preconditioning in vivo. Circulation 106(23):2881–2883

 11. Gho BC, Schoemaker RG, van den Doel MA, Duncker DJ, Verdouw PD (1996) Myocardial 
protection by brief ischemia in noncardiac tissue. Circulation 94(9):2193–2200

 12. Pell TJ, Baxter GF, Yellon DM, Drew GM (1998) Renal ischemia preconditions myocar-
dium: role of adenosine receptors and ATP-sensitive potassium channels. Am J Phys 275(5 Pt 
2):H1542–H1547

 13. Birnbaum Y, Hale SL, Kloner RA (1997) Ischemic preconditioning at a distance: reduction of 
myocardial infarct size by partial reduction of blood supply combined with rapid stimulation 
of the gastrocnemius muscle in the rabbit. Circulation 96(5):1641–1646

 14. Shimizu M, Konstantinov IE, Kharbanda RK, Cheung MH, Redington AN (2007) Effects of 
intermittent lower limb ischaemia on coronary blood flow and coronary resistance in pigs. Acta 
Physiol 190(2):103–109

 15. Zhou K, Yang B, Zhou XM, Tan CM, Zhao Y, Huang C, Liao XB, Xiao HB (2007) Effects of 
remote ischemic preconditioning on the flow pattern of the left anterior descending coronary 
artery in normal subjects. Int J Cardiol 122(3):250–251

 16. Dickson EW, Blehar DJ, Carraway RE, Heard SO, Steinberg G, Przyklenk K (2001) 
Naloxone blocks transferred preconditioning in isolated rabbit hearts. J  Mol Cell Cardiol 
33(9):1751–1756

 17. Mastitskaya S, Marina N, Gourine A, Gilbey MP, Spyer KM, Teschemacher AG, Kasparov 
S, Trapp S, Ackland GL, Gourine AV (2012) Cardioprotection evoked by remote ischaemic 
preconditioning is critically dependent on the activity of vagal pre-ganglionic neurones. 
Cardiovasc Res 95(4):487–494

 18. Tapuria N, Kumar Y, Habib MM, Abu Amara M, Seifalian AM, Davidson BR (2008) Remote 
ischemic preconditioning: a novel protective method from ischemia reperfusion injury—a 
review. J Surg Res 150(2):304–330

 19. Hansen PR, Thibault H, Abdulla J (2010) Postconditioning during primary percutaneous coro-
nary intervention: a review and meta-analysis. Int J Cardiol 144(1):22–25

 20. Brevoord D, Kranke P, Kuijpers M, Weber N, Hollmann M, Preckel B (2012) Remote ischemic 
conditioning to protect against ischemia-reperfusion injury: a systematic review and meta- 
analysis. PLoS One 7(7):e42179

 21. Kolar F, Ostadal B (2004) Molecular mechanisms of cardiac protection by adaptation to 
chronic hypoxia. Physiol Res 53(Suppl 1):S3–13

 22. Kristiansen SB, Henning O, Kharbanda RK, Nielsen-Kudsk JE, Schmidt MR, Redington 
AN, Nielsen TT, Botker HE (2005) Remote preconditioning reduces ischemic injury in the 
explanted heart by a KATP channel-dependent mechanism. Am J  Phys Heart Circ Phys 
288(3):H1252–H1256

S. Ding et al.



279

 23. Broadhead MW, Kharbanda RK, Peters MJ, MacAllister RJ (2004) KATP channel activa-
tion induces ischemic preconditioning of the endothelium in humans in  vivo. Circulation 
110(15):2077–2082

 24. Konstantinov IE, Arab S, Kharbanda RK, Li J, Cheung MM, Cherepanov V, Downey GP, Liu 
PP, Cukerman E, Coles JG, Redington AN (2004) The remote ischemic preconditioning stimu-
lus modifies inflammatory gene expression in humans. Physiol Genomics 19(1):143–150

 25. Albrecht M, Zitta K, Bein B, Wennemuth G, Broch O, Renner J, Schuett T, Lauer F, Maahs D, 
Hummitzsch L, Cremer J, Zacharowski K, Meybohm P (2013) Remote ischemic precondition-
ing regulates HIF-1alpha levels, apoptosis and inflammation in heart tissue of cardiosurgical 
patients: a pilot experimental study. Basic Res Cardiol 108(1):314

 26. Baines CP, Goto M, Downey JM (1997) Oxygen radicals released during ischemic pre-
conditioning contribute to cardioprotection in the rabbit myocardium. J  Mol Cell Cardiol 
29(1):207–216

 27. Lim SY, Yellon DM, Hausenloy DJ (2010) The neural and humoral pathways in remote limb 
ischemic preconditioning. Basic Res Cardiol 105(5):651–655

 28. Oxman T, Arad M, Klein R, Avazov N, Rabinowitz B (1997) Limb ischemia preconditions the 
heart against reperfusion tachyarrhythmia. Am J Phys 273(4):H1707–H1712

 29. Ding YF, Zhang MM, He RR (2001) Role of renal nerve in cardioprotection provided by renal 
ischemic preconditioning in anesthetized rabbits. Sheng Li Xue Bao 53(1):7–12

 30. Hajrasouliha AR, Tavakoli S, Ghasemi M, Jabehdar-Maralani P, Sadeghipour H, Ebrahimi F, 
Dehpour AR (2008) Endogenous cannabinoids contribute to remote ischemic preconditioning 
via cannabinoid CB2 receptors in the rat heart. Eur J Pharmacol 579(1):246–252

 31. Li G, Labruto F, Sirsjo A, Chen F, Vaage J, Valen G (2004) Myocardial protection by remote 
preconditioning: the role of nuclear factor kappa-B p105 and inducible nitric oxide synthase. 
Eur J Cardiothorac Surg 26(5):968–973

 32. Brandenburger T, Huhn R, Galas A, Pannen BH, Keitel V, Barthel F, Bauer I, Heinen A (2014) 
Remote ischemic preconditioning preserves Connexin 43 phosphorylation in the rat heart 
in vivo. J Transl Med 12(1):228

 33. Heidbreder M, Naumann A, Tempel K, Dominiak P, Dendorfer A (2008) Remote vs. isch-
aemic preconditioning: the differential role of mitogen-activated protein kinase pathways. 
Cardiovasc Res 78(1):108–115

 34. Li J, Rohailla S, Gelber N, Rutka J, Sabah N, Gladstone RA, Wei C, Hu P, Kharbanda RK, 
Redington AN (2014) MicroRNA-144 is a circulating effector of remote ischemic precondi-
tioning. Basic Res Cardiol 109(5):423

 35. Tong H, Chen W, Steenbergen C, Murphy E (2000) Ischemic preconditioning activates 
phosphatidylinositol- 3-kinase upstream of protein kinase C. Circ Res 87(4):309–315

 36. Keller S, Sanderson MP, Stoeck A, Altevogt P (2006) Exosomes: from biogenesis and secre-
tion to biological function. Immunol Lett 107(2):102–108

 37. Giricz Z, Varga ZV, Baranyai T, Sipos P, Paloczi K, Kittel A, Buzas EI, Ferdinandy P (2014) 
Cardioprotection by remote ischemic preconditioning of the rat heart is mediated by extracel-
lular vesicles. J Mol Cell Cardiol 68:75–78

 38. Gyorgy B, Szabo TG, Pasztoi M, Pal Z, Misjak P, Aradi B, Laszlo V, Pallinger E, Pap E, Kittel 
A, Nagy G, Falus A, Buzas EI (2011) Membrane vesicles, current state-of-the-art: emerging 
role of extracellular vesicles. Cell Mol Life Sci 68(16):2667–2688

 39. Waldenstrom A, Genneback N, Hellman U, Ronquist G (2012) Cardiomyocyte microvesicles 
contain DNA/RNA and convey biological messages to target cells. PLoS One 7(4):e34653

 40. Tseliou E, Weixin L, Valle J, Sun B, Mirotsou M, Marbán E (2015) Abstract 15925: newt exo-
somes are bioactive on mammalian heart, enhancing proliferation of rat cardiomyocytes and 
improving recovery after myocardial infarction. Circulation 132(Suppl 3):A15925–A15925

 41. Ailawadi S, Wang X, Gu H, Fan GC (2015) Pathologic function and therapeutic potential of 
exosomes in cardiovascular disease. Biochim Biophys Acta (BBA) Mol Basis Dis 1852(1):1–11

 42. Vicencio J, Boi-Doku C, Das D, Sivaraman V, Kearney J, Hall A, Arjun S, Zheng Y, Yellon D, 
Davidson S (2014) 24 protecting the heart at a distance: exosomes for nano-sized cardioprotec-
tion. Heart 100(Suppl 1):A9–A9

18 Therapeutic Effects of Ischemic-Preconditioned Exosomes in Cardiovascular Diseases



280

 43. Sahoo S, Losordo DW (2014) Exosomes and cardiac repair after myocardial infarction. Circ 
Res 114(2):333–344

 44. Chen L, Wang Y, Pan Y, Zhang L, Shen C, Qin G, Ashraf M, Weintraub N, Ma G, Tang Y 
(2013) Cardiac progenitor-derived exosomes protect ischemic myocardium from acute isch-
emia/reperfusion injury. Biochem Biophys Res Commun 431(3):566–571

 45. Beyer Nardi N, da Silva ML (2006) Mesenchymal stem cells: isolation, in vitro expansion and 
characterization. Handb Exp Pharmacol 174:249–282

 46. Leroux L, Descamps B, Tojais NF, Seguy B, Oses P, Moreau C, Daret D, Ivanovic Z, Boiron 
JM, Lamaziere JD, Dufourcq P, Couffinhal T, Duplaa C (2010) Hypoxia preconditioned mes-
enchymal stem cells improve vascular and skeletal muscle fiber regeneration after ischemia 
through a Wnt4-dependent pathway. Mol Ther 18(8):1545–1552

 47. Minguell JJ, Erices A (2006) Mesenchymal stem cells and the treatment of cardiac disease. 
Exp Biol Med 231(1):39–49

 48. Gnecchi M, Danieli P, Cervio E (2012) Mesenchymal stem cell therapy for heart disease. Vasc 
Pharmacol 57(1):48–55

 49. Chen TS, Lai RC, Lee MM, Choo AB, Lee CN, Lim SK (2010) Mesenchymal stem cell 
secretes microparticles enriched in pre-microRNAs. Nucleic Acids Res 38(1):215–224

 50. Huang ZP, Chen J, Seok HY, Zhang Z, Kataoka M, Hu X, Wang DZ (2013) MicroRNA-22 reg-
ulates cardiac hypertrophy and remodeling in response to stress. Circ Res 112(9):1234–1243

 51. Mutharasan RK, Nagpal V, Ichikawa Y, Ardehali H (2011) microRNA-210 is upregulated in 
hypoxic cardiomyocytes through Akt- and p53-dependent pathways and exerts cytoprotective 
effects. Am J Phys Heart Circ Phys 301(4):H1519–H1530

 52. Kim HW, Haider HK, Jiang S, Ashraf M (2009) Ischemic preconditioning augments survival 
of stem cells via miR-210 expression by targeting caspase-8-associated protein 2. J Biol Chem 
284(48):33161–33168

 53. Xiong Q, Ye L, Zhang P, Lepley M, Swingen C, Zhang L, Kaufman DS, Zhang J  (2012) 
Bioenergetic and functional consequences of cellular therapy: activation of endogenous car-
diovascular progenitor cells. Circ Res 111(4):455–468

 54. Li Y, L-b S, Zhang Y, Z-w Z, Wang J-j, B-b L, L-l Z, Zhu B, C-s H, Liang C, Pan X, Y-j G, 
Shen Z, Yu X-y (2016) Abstract 17615: MSC exosome mediated myocardial repair is inhibited 
by knockdown of Igf-1 signaling pathway through CRISPR/Cas9 genome editing. Circulation 
134(Suppl 1):A17615–A17615

 55. Zheng Y, Vicencio JM, Yellon DM, Davidson SM (2014) 27 exosomes released from endothe-
lial cells are cardioprotective. Heart 100(Suppl 1):A10–A10

 56. Ong SG, Lee WH, Huang M, Dey D, Kodo K, Sanchez-Freire V, Gold JD, Wu JC (2014) Cross 
talk of combined gene and cell therapy in ischemic heart disease: role of exosomal microRNA 
transfer. Circulation 130(11 Suppl 1):S60–S69

 57. Bulteau AL, Lundberg KC, Humphries KM, Sadek HA, Szweda PA, Friguet B, Szweda LI 
(2001) Oxidative modification and inactivation of the proteasome during coronary occlusion/
reperfusion. J Biol Chem 276(32):30057–30063

 58. Lai RC, Yeo RW, Tan KH, Lim SK (2013) Mesenchymal stem cell exosome ameliorates reper-
fusion injury through proteomic complementation. Regen Med 8(2):197–209

 59. Powell SR, Divald A (2010) The ubiquitin-proteasome system in myocardial ischaemia and 
preconditioning. Cardiovasc Res 85(2):303–311

 60. Divald A, Kivity S, Wang P, Hochhauser E, Roberts B, Teichberg S, Gomes AV, Powell SR 
(2010) Myocardial ischemic preconditioning preserves postischemic function of the 26S pro-
teasome through diminished oxidative damage to 19S regulatory particle subunits. Circ Res 
106(12):1829–1838

 61. Churchill EN, Ferreira JC, Brum PC, Szweda LI, Mochly-Rosen D (2010) Ischaemic precon-
ditioning improves proteasomal activity and increases the degradation of deltaPKC during 
reperfusion. Cardiovasc Res 85(2):385–394

 62. Powell SR, Wang P, Katzeff H, Shringarpure R, Teoh C, Khaliulin I, Das DK, Davies KJ, 
Schwalb H (2005) Oxidized and ubiquitinated proteins may predict recovery of postischemic 
cardiac function: essential role of the proteasome. Antioxid Redox Signal 7(5–6):538–546

S. Ding et al.



281

 63. Sixt SU, Dahlmann B (2008) Extracellular, circulating proteasomes and ubiquitin—incidence 
and relevance. Biochim Biophys Acta (BBA) Mol Basis Dis 1782(12):817–823

 64. Zoeger A, Blau M, Egerer K, Feist E, Dahlmann B (2006) Circulating proteasomes are func-
tional and have a subtype pattern distinct from 20S proteasomes in major blood cells. Clin 
Chem 52(11):2079–2086

 65. Egerer K, Kuckelkorn U, Rudolph PE, Ruckert JC, Dorner T, Burmester GR, Kloetzel PM, 
Feist E (2002) Circulating proteasomes are markers of cell damage and immunologic activity 
in autoimmune diseases. J Rheumatol 29(10):2045–2052

 66. Lai RC, Tan SS, Teh BJ, Sze SK, Arslan F, de Kleijn DP, Choo A, Lim SK (2012) Proteolytic 
potential of the MSC exosome proteome: implications for an exosome-mediated delivery of 
therapeutic proteasome. Int J Proteomics 2012:971907

 67. Zhang J, Li S, Li L, Li M, Guo C, Yao J, Mi S (2015) Exosome and exosomal microRNA: traf-
ficking, sorting, and function. Genomics Proteomics Bioinformatics 13(1):17–24

 68. Ha D, Yang N, Nadithe V (2016) Exosomes as therapeutic drug carriers and delivery vehicles 
across biological membranes: current perspectives and future challenges. Acta Pharm Sin B 
6(4):287–296

 69. Munson P, Shukla A (2015) Exosomes: potential in cancer diagnosis and therapy. Medicine 
2(4):310–327

 70. Lee AS, Tang C, Rao MS, Weissman IL, Wu JC (2013) Tumorigenicity as a clinical hurdle for 
pluripotent stem cell therapies. Nat Med 19(8):998–1004

 71. Boulanger CM, Loyer X, Rautou PE, Amabile N (2017) Extracellular vesicles in coronary 
artery disease. Nat Rev Cardiol. doi:10.1038/nrcardio.2017.7

 72. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabe-Heider F, Walsh S, Zupicich J, 
Alkass K, Buchholz BA, Druid H, Jovinge S, Frisen J  (2009) Evidence for cardiomyocyte 
renewal in humans. Science 324(5923):98–102

 73. Graham E, Bergmann O (2017) Dating the heart: exploring cardiomyocyte renewal in humans. 
Physiology 32(1):33–41

 74. Lai RC, Chen TS, Lim SK (2011) Mesenchymal stem cell exosome: a novel stem cell-based 
therapy for cardiovascular disease. Regen Med 6(4):481–492

 75. Sahoo S, Mathiyalagan P, Hajjar RJ (2017) Pericardial fluid exosomes: a new material to treat 
cardiovascular disease. Mol Ther 25(3):568–569

18 Therapeutic Effects of Ischemic-Preconditioned Exosomes in Cardiovascular Diseases

http://dx.doi.org/10.1038/nrcardio.2017.7

	Chapter 18: Therapeutic Effects of Ischemic-Preconditioned Exosomes in Cardiovascular Diseases
	18.1 Introduction
	18.2 Ischemic Preconditioning
	18.3 Mechanism of IPC
	18.4 Exosomes
	18.5 Exosomes and IPC
	18.6 Cardiogenic Exosomes
	18.6.1 Mesenchymal Stem Cell (MSC) Derived Exosome

	18.7 Endothelial Cell Derived Exosome
	18.8 IPC and Proteasome
	18.9 Exosome and Proteasome
	18.10 Therapeutic Effect of Exosomes and Undetermined Questions
	18.11 Summary
	References


