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Mitochondria are fundamental regulators of life and death. Not surprisingly, their role in the

cardiovascular system is an intense area of research, with many important advances in the

field published recently. Such articles have continued to enhance our appreciation of the

importance of mitochondria in cardiovascular health and have further contributed to the idea

that mitochondrial dysfunction is a sine qua non of cardiovascular disease (CVD).

A primary question of old that has been addressed anew relates to mitochondrial form. How

do the shapes of mitochondria regulate their function? Do conditions associated with CVD

alter mitochondrial dynamics? And does mitochondrial structure impact CVD? If so, how?

Over the past two years, there has been remarkable progress addressing these questions.

Essential regulators of mitochondrial fission and fusion such as Mitofusins 1 and 2 (Mfn

1/2), Dynamin-related protein 1 (Drp1), and Optic atrophy 1 (Opa1) are proving to be

important in cardiac development, vascular homeostasis, and cardiovascular disease. In the

heart, Mfns have been shown to regulate permeability transition, cell death1, 2 and

autophagy3, and Mfn2 was shown to be integral in the removal of damaged mitochondria4.

Interestingly, loss of either Mfn12 or Mfn21 leads to increased tolerance to stress while loss

of both is lethal after e9.5 of development5. It has also been reported that conditional

ablation of both Mfn1 and Mfn2 in adult hearts causes mitochondrial fragmentation,

respiratory dysfunction, and lethal dilated cardiomyopathy5. These effects of Mfn2 are likely

related, in part, to its ability to tether mitochondria to sarco(endo)plasmic reticulum (SR),

allowing for propagation of SR-mitochondrial Ca2+ signaling and regulation of bioenergetic

responses to stress6, 7. Not unexpectedly, Mfn 1 and 2 are essential for postnatal metabolic

remodeling in the heart8 and cardiomyocyte differentiation9. Other regulators of

mitochondrial fusion such as Opa1 have also been found to be critical for maintenance of

cardiac function10. From a therapeutic angle, inhibition of mitochondrial fission has the

potential to become a viable option to prevent cardiac dysfunction following myocardial

infarction11.

Corresponding Author: Bradford G. Hill, Ph.D., Diabetes and Obesity Center, Department of Cardiovascular Medicine, University
of Louisville, 580 S. Preston St., Rm 404A, Louisville, KY, 40202; Tel: (502) 852-1015, Fax: (502) 852-3663,
bradford.hill@louisville.edu.

NIH Public Access
Author Manuscript
Circ Res. Author manuscript; available in PMC 2014 May 30.

Published in final edited form as:
Circ Res. 2013 December 6; 113(12): e107–e110. doi:10.1161/CIRCRESAHA.113.302987.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Mitochondrial dynamics is proving to be a central regulator of vascular health as well. In

smooth muscle, mitochondrial fission (via Drp1) was shown to be obligatory in the closure

of the ductus arteriosus12, which is required for the transition from the fetal to the neonatal

pattern of circulation. Hence, the physiological changes in circulation occurring upon first

breath hinge upon the structure of our mitochondria! Mitochondrial fission, however, may

be a double-edged sword in smooth muscle. It promotes a hyperproliferative phenotype that

could be deleterious in the context of diseases such as pulmonary artery hypertension13, 14.

Furthermore, diabetes and hyperglycemia elevate the expression of fission-1 protein (Fis1)

and Drp1, resulting in mitochondrial fragmentation15. Similar to smooth muscle cells,

mitochondrial fragmentation in endothelial cells is associated with a hyperproliferative

phenotype, which generates higher levels of ROS and is prone to senesce. Silencing of pro-

fission proteins restores mitochondrial networks and diminishes reactive oxygen species

(ROS) production while increasing the activation state of nitric oxide (NO) synthase15, the

latter of which could have a direct role in adaptive mitochondrial dynamics16. In healthy

endothelium, regulatory proteins such as uncoupling protein 2 (UCP2) appear to be

integrated with pro-fission responses to protect endothelial cells from the damaging ROS

and p53 activation associated with the fragmented mitochondrial phenotype17, 18.

Such changes in mitochondrial structure are known to be intricately linked with their

removal via mitophagy19, which appears to be essential for eliminating damaged

mitochondria and preserving bioenergetic function20. Should damaged mitochondria fail to

be removed, then cell death via necrosis or apoptosis is a likely fate21. Recent studies have

shed further light into how the mitochondria regulate cell death and which specific pathways

are activated by mitochondrial signaling. For example, loss of myeloid cell leukemia-1

(MCL-1), an anti-apoptotic BCL-2 protein, was found in two independent studies to impair

mitochondrial respiration and lead to heart failure22, 23. Results from the past two years have

also imparted novel insights into the roles of Ca2+/calmodulin-dependent protein kinase II

(CaMKII)24–26, G protein-coupled receptor kinase 2 (GRK2)27, and mitochondrial signal

transducer and activator of transcription 3 (Stat3)28 in myocardial cell death and

mitochondrial stress in the heart. New advances were also made with respect to the well-

studied protein targets, p53 and cyclophilin D (CypD): p53 was shown to bind to CypD,

resulting in mitochondrial permeability transition pore (mPTP)-dependent necrosis29, 30.

While CypD is best known as a regulator of the mPTP, studies also suggest it modulates

branched chain amino acid, pyruvate, and fatty acid metabolism31, which was could be

related to its putative role in regulating the mitochondrial acetylome32, 33. Interestingly,

mitochondrial protein acetylation has also been suggested to play an important role in

initiating mitophagy34.

While there is still much to learn about cell death and the role of post-translational

modifications such as protein acetylation, it is becoming increasingly clear that both cell

death pathways as well as protein acetylation are regulated by pyridine nucleotides. Nicotine

adenine dinucleotides (NAD+/NADH) and their phosphorylated forms (NADP+/NADPH)

are known to play central roles in energy production, ion channel regulation, and antioxidant

defense in cardiovascular tissues35, 36. Recent studies have revealed that they regulate the

Na+/Ca2+ exchanger to modulate Ca2+ homeostasis in cardiac myocytes37, and a cytosolic

form of the NAD+-utilizing enzyme ALDH2 (initially thought to be localized only in
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mitochondria) was shown to be important in the bioactivation of nitroglycerin38. The NAD+/

NADH ratio also impacts the activity of the Sirtuin (Sirt) family of protein deacetylases, and

this ratio is regulated by circadian rhythms39. Interestingly, circadian control of NAD+-

dependent Sirt3 was shown to generate cadence in the acetylation of oxidative enzymes in

mitochondria, linking respiratory activity with daily cycles of fasting and feeding40.

Moreover, diminishing Complex I-supported mitochondrial respiration in the heart results in

heightened NADH levels, elevated levels of protein acetylation, sensitization of

mitochondria to PTP opening, and accelerated heart failure41. A deeper understanding of

how pyridine nucleotides regulate energy metabolism could aid in the development of novel

therapies for cardiovascular disease.

Recent work has also provided fresh insights into mechanisms underlying the salubrious

effects of practical therapies such as caloric restriction and exercise. Caloric restriction is

well-known to diminish symptoms of cardiovascular aging and increase longevity, in part

due to its ability to not only regulate Sirt deacetylase activity, but mitophagy and PGC1-

mediated processes as well42. During caloric restriction, deacetylation of specific subunits of

the electron transport chain (educed via caloric restriction) was shown to be protective

against ischemic stress43. Exercise functions as a calorie restriction mimetic of sorts and is

one of the most robust activators of PGC1. Consistent with the idea that stimulation of

PGC1 activity could prevent cardiovascular decline due to stress or aging, PGC1β was

demonstrated to maintain mitochondrial function following pressure overload and to prevent

oxidative stress44. Mitochondrial oxidative stress, in particular, could oxidize mtDNA,

which is important in the fibrotic response that occurs following aortic constriction45.

Exercise may be important in preventing such mitochondrial changes: it was shown to

prevent mtDNA depletion and mutations, increase oxidative capacity and promote healthy

aging46 as well as attenuate doxorubicin-mediated cardiac injury47. A plausible idea

concerning aging is that mitochondrial function and antioxidant capacity become

mismatched over time, resulting in mitochondria-mediated oxidative stress, bioenergetic

dysfunction, and cell death. This is supported by the fact that deletion of the regulator of

mitochondrial biogenetic programming PGC1α can increase mitochondrial ROS production

leading to vascular dysfunction and inflammation48 and that aortic stiffening and cardiac

deterioration occur in mice expressing lower levels of the mitochondrial form of superoxide

dismutase (SOD2)49, 50. How exercise may balance mitochondrial activity levels with

antioxidant capacity and delineating approaches to increase exercise capacity in obese and

older individuals are areas of inquiry that, once addressed, could diminish the burden of

disease associated with aging. With regards to exercise, it appears that we may be forced to

abandon our 1980s approaches, as deficiency in creatine—long regarded by the exercising

community to have remarkable health and performance benefits—was shown in rodents to

neither affect exercise capacity nor change responses to chronic myocardial stress51.

In summary, recent studies have addressed not only important, long-standing problems in

mitochondrial research, but they have also led to unprecedented discoveries and novel

insights into how mitochondria impact our cardiovascular health. Building on these

discoveries, our search to identify the composition of mitochondria52, 53 and the mPTP54, to

understand how metabolic enzymes regulate cardiovascular remodeling and function55–61,

and to solidify the identity of the mitoKATP channel62, 63 are likely to be active and

Hill Page 3

Circ Res. Author manuscript; available in PMC 2014 May 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



contentious areas of mitochondrial research. However, such controversy is important and

useful, as it fosters thoughtful and thorough testing of mitochondrial therapies targeting

critical determinants of cardiovascular cell function64. We can rest assured that future

findings regarding how mitochondria remodel, how miRNAs regulate mitochondria65, 66

and clarification of the actions and targets67 of oxidants will further deepen our appreciation

of the versatility of the mitochondrion and its critical roles in regulating cardiovascular

physiology and disease.

REFERENCES

1. Papanicolaou KN, Khairallah RJ, Ngoh GA, Chikando A, Luptak I, O'Shea KM, Riley DD, Lugus
JJ, Colucci WS, Lederer WJ, Stanley WC, Walsh K. Mitofusin-2 maintains mitochondrial structure
and contributes to stress-induced permeability transition in cardiac myocytes. Mol Cell Biol. 2011;
31:1309–1328. [PubMed: 21245373]

2. Papanicolaou KN, Ngoh GA, Dabkowski ER, O'Connell KA, Ribeiro RF Jr, Stanley WC, Walsh K.
Cardiomyocyte deletion of mitofusin-1 leads to mitochondrial fragmentation and improves
tolerance to ros-induced mitochondrial dysfunction and cell death. Am J Physiol Heart Circ Physiol.
2012; 302:H167–H179. [PubMed: 22037195]

3. Zhao T, Huang X, Han L, Wang X, Cheng H, Zhao Y, Chen Q, Chen J, Xiao R, Zheng M. Central
role of mitofusin 2 in autophagosome-lysosome fusion in cardiomyocytes. J Biol Chem. 2012;
287:23615–23625. [PubMed: 22619176]

4. Chen Y, Dorn GW 2nd. Pink1-phosphorylated mitofusin 2 is a parkin receptor for culling damaged
mitochondria. Science. 2013; 340:471–475. [PubMed: 23620051]

5. Chen Y, Liu Y, Dorn GW. Mitochondrial fusion is essential for organelle function and cardiac
homeostasis. Circ Res. 2011; 109:1327–1331. [PubMed: 22052916]

6. Chen Y, Csordas G, Jowdy C, Schneider TG, Csordas N, Wang W, Liu Y, Kohlhaas M, Meiser M,
Bergem S, Nerbonne JM, Dorn GW 2nd, Maack C. Mitofusin 2-containing mitochondrial-reticular
microdomains direct rapid cardiomyocyte bioenergetic responses via interorganelle ca(2+)
crosstalk. Circ Res. 2012; 111:863–875. [PubMed: 22777004]

7. Konstantinidis K, Lederer WJ, Rizzuto R, Kitsis RN. Mitofusin 2 joins the sarcoplasmic reticulum
and mitochondria at the hip to sustain cardiac energetics. Circ Res. 2012; 111:821–823. [PubMed:
22982869]

8. Papanicolaou KN, Kikuchi R, Ngoh GA, Coughlan KA, Dominguez I, Stanley WC, Walsh K.
Mitofusins 1 and 2 are essential for postnatal metabolic remodeling in heart. Circ Res. 2012;
111:1012–1026. [PubMed: 22904094]

9. Kasahara A, Cipolat S, Chen Y, Dorn GW 2nd, Scorrano L. Mitochondrial fusion directs
cardiomyocyte differentiation via calcineurin and notch signaling. Science. 2013

10. Dorn GW 2nd, Clark CF, Eschenbacher WH, Kang MY, Engelhard JT, Warner SJ, Matkovich SJ,
Jowdy CC. Marf and opa1 control mitochondrial and cardiac function in drosophila. Circ Res.
2011; 108:12–17. [PubMed: 21148429]

11. Disatnik MH, Ferreira JC, Campos JC, Gomes KS, Dourado PM, Qi X, Mochly-Rosen D. Acute
inhibition of excessive mitochondrial fission after myocardial infarction prevents long-term
cardiac dysfunction. J Am Heart Assoc. 2013; 2:e000461. [PubMed: 24103571]

12. Hong Z, Kutty S, Toth PT, Marsboom G, Hammel JM, Chamberlain C, Ryan JJ, Zhang HJ, Sharp
WW, Morrow E, Trivedi K, Weir EK, Archer SL. Role of dynamin-related protein 1 (drp1)-
mediated mitochondrial fission in oxygen sensing and constriction of the ductus arteriosus. Circ
Res. 2013; 112:802–815. [PubMed: 23334860]

13. Marsboom G, Toth PT, Ryan JJ, Hong Z, Wu X, Fang YH, Thenappan T, Piao L, Zhang HJ,
Pogoriler J, Chen Y, Morrow E, Weir EK, Rehman J, Archer SL. Dynamin-related protein 1-
mediated mitochondrial mitotic fission permits hyperproliferation of vascular smooth muscle cells
and offers a novel therapeutic target in pulmonary hypertension. Circ Res. 2012; 110:1484–1497.
[PubMed: 22511751]

Hill Page 4

Circ Res. Author manuscript; available in PMC 2014 May 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



14. Wolin MS. Novel role for the regulation of mitochondrial fission by hypoxia inducible
factor-1alpha in the control of smooth muscle remodeling and progression of pulmonary
hypertension. Circ Res. 2012; 110:1395–1397. [PubMed: 22628570]

15. Shenouda SM, Widlansky ME, Chen K, Xu G, Holbrook M, Tabit CE, Hamburg NM, Frame AA,
Caiano TL, Kluge MA, Duess MA, Levit A, Kim B, Hartman ML, Joseph L, Shirihai OS, Vita JA.
Altered mitochondrial dynamics contributes to endothelial dysfunction in diabetes mellitus.
Circulation. 2011; 124:444–453. [PubMed: 21747057]

16. Miller MW, Knaub LA, Olivera-Fragoso LF, Keller AC, Balasubramaniam V, Watson PA, Reusch
JE. Nitric oxide regulates vascular adaptive mitochondrial dynamics. Am J Physiol Heart Circ
Physiol. 2013; 304:H1624–H1633. [PubMed: 23585138]

17. Shimasaki Y, Pan N, Messina LM, Li C, Chen K, Liu L, Cooper MP, Vita JA, Keaney JF.
Uncoupling protein 2 impacts endothelial phenotype via p53-mediated control of mitochondrial
dynamics. Circ Res. 2013; 113:891–901. [PubMed: 23819990]

18. Brandes RP. Do not overcharge the system or it will explode!: How mitochondrial uncoupling
protein 2 maintains endothelial function. Circ Res. 2013; 113:846–848. [PubMed: 24030018]

19. Kubli DA, Gustafsson ÅB. Mitochondria and mitophagy: The yin and yang of cell death control.
Circ Res. 2012; 111:1208–1221. [PubMed: 23065344]

20. Hill BG, Benavides GA, Lancaster JR Jr, Ballinger S, Dell'Italia L, Jianhua Z, Darley-Usmar VM.
Integration of cellular bioenergetics with mitochondrial quality control and autophagy. Biol Chem.
2012; 393:1485–1512. [PubMed: 23092819]

21. Galluzzi L, Kepp O, Trojel-Hansen C, Kroemer G. Mitochondrial control of cellular life, stress,
and death. Circ Res. 2012; 111:1198–1207. [PubMed: 23065343]

22. Thomas RL, Roberts DJ, Kubli DA, Lee Y, Quinsay MN, Owens JB, Fischer KM, Sussman MA,
Miyamoto S, Gustafsson AB. Loss of mcl-1 leads to impaired autophagy and rapid development of
heart failure. Genes Dev. 2013; 27:1365–1377. [PubMed: 23788623]

23. Wang X, Bathina M, Lynch J, Koss B, Calabrese C, Frase S, Schuetz JD, Rehg JE, Opferman JT.
Deletion of mcl-1 causes lethal cardiac failure and mitochondrial dysfunction. Genes Dev. 2013;
27:1351–1364. [PubMed: 23788622]

24. Joiner ML, Koval OM, Li J, He BJ, Allamargot C, Gao Z, Luczak ED, Hall DD, Fink BD, Chen B,
Yang J, Moore SA, Scholz TD, Strack S, Mohler PJ, Sivitz WI, Song LS, Anderson ME. Camkii
determines mitochondrial stress responses in heart. Nature. 2012; 491:269–273. [PubMed:
23051746]

25. Correll RN, Molkentin JD. Camkii does it again: Even the mitochondria cannot escape its
influence. Circ Res. 2013; 112:1208–1211. [PubMed: 23620234]

26. Luo M, Guan X, Luczak ED, Lang D, Kutschke W, Gao Z, Yang J, Glynn P, Sossalla S,
Swaminathan PD, Weiss RM, Yang B, Rokita AG, Maier LS, Efimov IR, Hund TJ, Anderson ME.
Diabetes increases mortality after myocardial infarction by oxidizing camkii. J Clin Invest. 2013;
123:1262–1274. [PubMed: 23426181]

27. Chen M, Sato PY, Chuprun JK, Peroutka RJ, Otis NJ, Ibetti J, Pan S, Sheu SS, Gao E, Koch WJ.
Prodeath signaling of g protein-coupled receptor kinase 2 in cardiac myocytes after ischemic stress
occurs via extracellular signal-regulated kinase-dependent heat shock protein 90-mediated
mitochondrial targeting. Circ Res. 2013; 112:1121–1134. [PubMed: 23467820]

28. Heusch G, Musiolik J, Gedik N, Skyschally A. Mitochondrial stat3 activation and cardioprotection
by ischemic postconditioning in pigs with regional myocardial ischemia/reperfusion. Circ Res.
2011; 109:1302–1308. [PubMed: 21980124]

29. Vaseva AV, Marchenko ND, Ji K, Tsirka SE, Holzmann S, Moll UM. P53 opens the mitochondrial
permeability transition pore to trigger necrosis. Cell. 2012; 149:1536–1548. [PubMed: 22726440]

30. Karch J, Molkentin JD. Is p53 the long-sought molecular trigger for cyclophilin d-regulated
mitochondrial permeability transition pore formation and necrosis? Circ Res. 2012; 111:1258–
1260. [PubMed: 23104876]

31. Menazza S, Wong R, Nguyen T, Wang G, Gucek M, Murphy E. Cypd(-/-) hearts have altered
levels of proteins involved in krebs cycle, branch chain amino acid degradation and pyruvate
metabolism. J Mol Cell Cardiol. 2013; 56:81–90. [PubMed: 23262437]

Hill Page 5

Circ Res. Author manuscript; available in PMC 2014 May 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



32. Nguyen TTM, Wong RP, Menazza S, Sun J, Chen Y, Wang G, Gucek M, Steenbergen C, Sack
MN, Murphy E. Cyclophilin d modulates the mitochondrial acetylome. Circ Res. 2013

33. Lu Z, Scott I, Webster BR, Sack MN. The emerging characterization of lysine residue
deacetylation on the modulation of mitochondrial function and cardiovascular biology. Circ Res.
2009; 105:830–841. [PubMed: 19850949]

34. Webster BR, Scott I, Han K, Li JH, Lu Z, Stevens MV, Malide D, Chen Y, Samsel L, Connelly PS,
Daniels MP, McCoy JP Jr, Combs CA, Gucek M, Sack MN. Restricted mitochondrial protein
acetylation initiates mitochondrial autophagy. J Cell Sci. 2013

35. Nakamura M, Bhatnagar A, Sadoshima J. Overview of pyridine nucleotides review series. Circ
Res. 2012; 111:604–610. [PubMed: 22904040]

36. Ussher JR, Jaswal JS, Lopaschuk GD. Pyridine nucleotide regulation of cardiac intermediary
metabolism. Circ Res. 2012; 111:628–641. [PubMed: 22904042]

37. Liu T, O'Rourke B. Regulation of na+/ca2+ exchanger by pyridine nucleotide redox potential in
ventricular myocytes. J Biol Chem. 2013

38. Beretta M, Wölkart G, Schernthaner M, Griesberger M, Neubauer R, Schmidt K, Sacherer M,
Heinzel FR, Kohlwein SD, Mayer B. Vascular bioactivation of nitroglycerin is catalyzed by
cytosolic aldehyde dehydrogenase-2. Circ Res. 2012; 110:385–393. [PubMed: 22207712]

39. Abdellatif M. Sirtuins and pyridine nucleotides. Circ Res. 2012; 111:642–656. [PubMed:
22904043]

40. Peek CB, Affinati AH, Ramsey KM, Kuo HY, Yu W, Sena LA, Ilkayeva O, Marcheva B,
Kobayashi Y, Omura C, Levine DC, Bacsik DJ, Gius D, Newgard CB, Goetzman E, Chandel NS,
Denu JM, Mrksich M, Bass J. Circadian clock nad+ cycle drives mitochondrial oxidative
metabolism in mice. Science. 2013

41. Karamanlidis G, Lee CF, Garcia-Menendez L, Kolwicz SC Jr, Suthammarak W, Gong G,
Sedensky MM, Morgan PG, Wang W, Tian R. Mitochondrial complex i deficiency increases
protein acetylation and accelerates heart failure. Cell Metab. 2013; 18:239–250. [PubMed:
23931755]

42. Dutta D, Calvani R, Bernabei R, Leeuwenburgh C, Marzetti E. Contribution of impaired
mitochondrial autophagy to cardiac aging: Mechanisms and therapeutic opportunities. Circ Res.
2012; 110:1125–1138. [PubMed: 22499902]

43. Shinmura K, Tamaki K, Sano M, Nakashima-Kamimura N, Wolf AM, Amo T, Ohta S, Katsumata
Y, Fukuda K, Ishiwata K, Suematsu M, Adachi T. Caloric restriction primes mitochondria for
ischemic stress by deacetylating specific mitochondrial proteins of the electron transport chain.
Circ Res. 2011; 109:396–406. [PubMed: 21700931]

44. Riehle C, Wende AR, Zaha VG, Pires KM, Wayment B, Olsen C, Bugger H, Buchanan J, Wang X,
Moreira AB, Doenst T, Medina-Gomez G, Litwin SE, Lelliott CJ, Vidal-Puig A, Abel ED.
Pgc-1beta deficiency accelerates the transition to heart failure in pressure overload hypertrophy.
Circ Res. 2011; 109:783–793. [PubMed: 21799152]

45. Wang J, Wang Q, Watson LJ, Jones SP, Epstein PN. Cardiac overexpression of 8-oxoguanine
DNA glycosylase 1 protects mitochondrial DNA and reduces cardiac fibrosis following transaortic
constriction. Am J Physiol Heart Circ Physiol. 2011; 301:H2073–H2080. [PubMed: 21873502]

46. Dai D-F, Rabinovitch PS, Ungvari Z. Mitochondria and cardiovascular aging. Circ Res. 2012;
110:1109–1124. [PubMed: 22499901]

47. Dolinsky VW, Rogan KJ, Sung MM, Zordoky BN, Haykowsky MJ, Young ME, Jones LW, Dyck
JR. Both aerobic exercise and resveratrol supplementation attenuate doxorubicin-induced cardiac
injury in mice. Am J Physiol Endocrinol Metab. 2013; 305:E243–E253. [PubMed: 23695218]

48. Kroller-Schon S, Jansen T, Schuler A, Oelze M, Wenzel P, Hausding M, Kerahrodi JG, Beisele M,
Lackner KJ, Daiber A, Munzel T, Schulz E. Peroxisome proliferator-activated receptor gamma,
coactivator 1alpha deletion induces angiotensin ii-associated vascular dysfunction by increasing
mitochondrial oxidative stress and vascular inflammation. Arterioscler Thromb Vasc Biol. 2013;
33:1928–1935. [PubMed: 23788763]

49. Zhou RH, Vendrov AE, Tchivilev I, Niu XL, Molnar KC, Rojas M, Carter JD, Tong H, Stouffer
GA, Madamanchi NR, Runge MS. Mitochondrial oxidative stress in aortic stiffening with age: The

Hill Page 6

Circ Res. Author manuscript; available in PMC 2014 May 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



role of smooth muscle cell function. Arterioscler Thromb Vasc Biol. 2012; 32:745–755. [PubMed:
22199367]

50. Richters L, Lange N, Renner R, Treiber N, Ghanem A, Tiemann K, Scharffetter-Kochanek K,
Bloch W, Brixius K. Exercise-induced adaptations of cardiac redox homeostasis and remodeling in
heterozygous sod2-knockout mice. J Appl Physiol (1985). 2011; 111:1431–1440. [PubMed:
21836049]

51. Lygate CA, Aksentijevic D, Dawson D, ten Hove M, Phillips D, de Bono JP, Medway DJ, Sebag-
Montefiore L, Hunyor I, Channon KM, Clarke K, Zervou S, Watkins H, Balaban RS, Neubauer S.
Living without creatine: Unchanged exercise capacity and response to chronic myocardial
infarction in creatine-deficient mice. Circ Res. 2013; 112:945–955. [PubMed: 23325497]

52. Martin LJ, Lau E, Singh H, Vergnes L, Tarling EJ, Mehrabian M, Mungrue I, Xiao S, Shih D,
Castellani L, Ping P, Reue K, Stefani E, Drake TA, Bostrom K, Lusis AJ. Abcc6 localizes to the
mitochondria-associated membrane. Circ Res. 2012; 111:516–520. [PubMed: 22811557]

53. Lau E, Wang D, Zhang J, Yu H, Lam MPY, Liang X, Zong N, Kim T-Y, Ping P. Substrate- and
isoform-specific proteome stability in normal and stressed cardiac mitochondria. Circ Res. 2012;
110:1174–1178. [PubMed: 22456183]

54. Brenner C, Moulin M. Physiological roles of the permeability transition pore. Circ Res. 2012;
111:1237–1247. [PubMed: 23065346]

55. Wu R, Smeele KM, Wyatt E, Ichikawa Y, Eerbeek O, Sun L, Chawla K, Hollmann MW, Nagpal
V, Heikkinen S, Laakso M, Jujo K, Wasserstrom JA, Zuurbier CJ, Ardehali H. Reduction in
hexokinase ii levels results in decreased cardiac function and altered remodeling after ischemia/
reperfusion injury. Circ Res. 2011; 108:60–69. [PubMed: 21071708]

56. Wu R, Wyatt E, Chawla K, Tran M, Ghanefar M, Laakso M, Epting CL, Ardehali H. Hexokinase ii
knockdown results in exaggerated cardiac hypertrophy via increased ros production. EMBO Mol
Med. 2012; 4:633–646. [PubMed: 22517678]

57. Smeele KM, Southworth R, Wu R, Xie C, Nederlof R, Warley A, Nelson JK, van Horssen P, van
den Wijngaard JP, Heikkinen S, Laakso M, Koeman A, Siebes M, Eerbeek O, Akar FG, Ardehali
H, Hollmann MW, Zuurbier CJ. Disruption of hexokinase ii-mitochondrial binding blocks
ischemic preconditioning and causes rapid cardiac necrosis. Circ Res. 2011; 108:1165–1169.
[PubMed: 21527739]

58. Kolwicz SC, Olson DP, Marney LC, Garcia-Menendez L, Synovec RE, Tian R. Cardiac-specific
deletion of acetyl coa carboxylase 2 prevents metabolic remodeling during pressure-overload
hypertrophy. Circ Res. 2012; 111:728–738. [PubMed: 22730442]

59. Nederlof R, Xie C, Eerbeek O, Koeman A, Milstein DM, Hollmann MW, Mik EG, Warley A,
Southworth R, Akar FG, Zuurbier CJ. Pathophysiological consequences of tat-hkii peptide
administration are independent of impaired vascular function and ensuing ischemia. Circ Res.
2013; 112:e8–e13. [PubMed: 23329797]

60. Pasdois P, Parker JE, Griffiths EJ, Halestrap AP. Hexokinase ii and reperfusion injury: Tat-hk2
peptide impairs vascular function in langendorff-perfused rat hearts. Circ Res. 2013; 112:e3–e7.
[PubMed: 23329796]

61. Pasdois P, Parker JE, Halestrap AP. Extent of mitochondrial hexokinase ii dissociation during
ischemia correlates with mitochondrial cytochrome c release, reactive oxygen species production,
and infarct size on reperfusion. J Am Heart Assoc. 2013; 2:e005645. [PubMed: 23525412]

62. Foster DB, Ho AS, Rucker J, Garlid AO, Chen L, Sidor A, Garlid KD, O'Rourke B. Mitochondrial
romk channel is a molecular component of mitokatp. Circ Res. 2012; 111:446–454. [PubMed:
22811560]

63. Wojtovich AP, Urciuoli WR, Chatterjee S, Fisher AB, Nehrke K, Brookes PS. Kir6.2 is not the
mitochondrial katp channel but is required for cardioprotection by ischemic preconditioning. Am J
Physiol Heart Circ Physiol. 2013; 304:H1439–H1445. [PubMed: 23585131]

64. Walters AM, Porter GA, Brookes PS. Mitochondria as a drug target in ischemic heart disease and
cardiomyopathy. Circ Res. 2012; 111:1222–1236. [PubMed: 23065345]

65. Das S, Ferlito M, Kent OA, Fox-Talbot K, Wang R, Liu D, Raghavachari N, Yang Y, Wheelan SJ,
Murphy E, Steenbergen C. Nuclear mirna regulates the mitochondrial genome in the heart. Circ
Res. 2012; 110:1596–1603. [PubMed: 22518031]

Hill Page 7

Circ Res. Author manuscript; available in PMC 2014 May 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



66. Latronico MV, Condorelli G. The might of microrna in mitochondria. Circ Res. 2012; 110:1540–
1542. [PubMed: 22679134]

67. Wang SB, Foster DB, Rucker J, O'Rourke B, Kass DA, Van Eyk JE. Redox regulation of
mitochondrial atp synthase: Implications for cardiac resynchronization therapy. Circ Res. 2011;
109:750–757. [PubMed: 21817160]

Hill Page 8

Circ Res. Author manuscript; available in PMC 2014 May 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


