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Modulation of mitochondrial complex I during reperfusion reduces cardiac injury. 

Complex I exists in two structural states: active (A) and deactive (D) with transition from A→D 

during ischemia. Reperfusion reactivates D→A with an increase in ROS production. Metformin 

preserves the D-Form. Our aim was to study the contribution of maintenance of deactivation of 

complex I during early reperfusion by metformin to protect against ischemia reperfusion injury. 

Our results showed that metformin decreased H9c2 cardiomyoblast apoptosis and total cell death 

following simulated ischemia for six hours followed by reoxygenation for twenty four hours 

compared to untreated cells. Reactive oxygen species (ROS) generation was reduced at the onset 
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of reoxygenation with metformin treatment. Metformin also prevented the acute reactivation of 

complex I during reoxygenation following 10 minutes of hypoxia accompanied by decreased 

ROS generation. In addition, the content of C/EBP homologous protein was decreased in 

metformin treated cells, suggesting that metformin treatment decreased endoplasmic reticulum 

stress.  5' adenosine monophosphate-activated protein kinase was activated in our model 

independent of metformin treatment. Intriguingly, metformin protects in 5' adenosine 

monophosphate-activated protein kinase knock down system. Surprisingly, we found that 

metformin successfully downregulated p53 compared to untreated simulated ischemia 

reoxygenation. We sought potential metformin related impact on anti-apoptotic protein B-cell 

lymphoma 2. Our results showed the expression of the anti-apoptotic protein B-cell lymphoma 2 

was markedly decreased in SI6/RO24 and metformin increased expression of B-cell lymphoma 

2. Metformin, likely by partial inhibition of complex I with decreased ROS generation, resulted 

in less sulfhydryl modification and decreased modification of thiol groups by nitrosylation. 

We propose that the slowing down of activation of complex I at early stage of 

reperfusion by acute use of high dose metformin would be protective in cells and hearts against 

ischemia reperfusion injury. This potential new mechanism of protection is relevant at the onset 

of reperfusion to directly modulate electron transport to achieve cardiac protection and to 

decrease cardiac cell injury. 
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CHAPTER 1: Introduction 

    Despite recent progress, congestive heart failure remains a major cause of death in 

western countries (1). Ischemia-reperfusion causes injury to the heart when it’s exposed to 

ischemia when there is cessation of blood flow to the tissue for a period of time followed by 

reperfusion reflow of the blood. Mitochondria have many important functions in regard to 

cellular metabolism. They generate  ATP in an O2-dependent manner(2),and serve as a 

relevant checkpoints in cell death versus survival (3). Mitochondrial oxidative 

phosphorylation (OXPHOS) defects trigger mitochondrial dysfunction that can stimulate the 

generation of reactive oxygen species (ROS) and finally abolish ATP generation from 

mitochondria leading to cell death (4). Ischemia-reperfusion injury induces mitochondrial 

dysfunction and tissue damage (5). Ischemia causes damage to the electron transport chain 

that leads to slowing down of oxidative phosphorylation rates (6) with an increase in 

mitochondrial reactive oxygen species generation (7). Reactive oxygen species generated 

through the reperfusion is play an important role in complicating tissue injury (8). Reactive 

oxygen species production is normally localized to complex I and complex III (7,9).  

Reversible blockade of complex I during ischemia can protect the heart against ischemic 

damage (10). Transient inhibition of complex I at the onset of reperfusion by the inhibitor 

amobarbital reduces cardiac ischemia/reperfusion injury in buffer-perfused hearts. The complex I 

inhibitor rotenone can cause blockade electron transport in isolated mitochondria and decrease 

the production of reactive oxygen species (11). However rotenone has a toxic effect (12). In 

addition, the temporary inhibition of complex I by extracellular acidification at the start of 
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reperfusion decreases cardiac injury (10). Complex I and complex III represent the main sites of 

reactive oxygen species production from heart mitochondria exposed to ischemia/reperfusion 

injury (13). 

 Metformin (1,1-dimethylbiguanide hydrochloride) is a medication used for treatment of 

type 2 diabetes mellitus and belongs to the biguanide family (14). Metformin is also 5' adenosine 

monophosphate-activated protein kinase (AMPK) pathway stimulator and protection has been 

attributed to AMPK activation and downstream signaling (15). Previous studies in cells and 

animal models show that metformin protects cells against ischemia/reperfusion (I/R) injury by 

stimulation of autophagy and mitochondrial biogenesis (16,17). Our work supports the role of 

metformin in protection derived from the acutely partial inhibition of complex I. The use of 

higher dose metformin to acutely block complex I, independent of AMPK activation, provides 

the potential for protective modulation of complex I by a non-toxics compound that has potential 

to readily translate to clinical treatment. Our hypothesis is metformin can protect against 

ischemia reperfusion injury in cells and in the intact heart independent of AMPK 

phosphorylation activation by electron transport chain modulation through mild reversible 

inhibition of mitochondrial complex I. 

Background and Significance 

Mitochondrial structure and function 

The term “mitochondrion” initiated from the Greeks words “mitos,” thread, and 

“chondros” grain represents the typical shapes of mitochondria first identified by light 

microscopy (18). Mitochondria are organelles located in the cytoplasm with a double enclosed 

membrane. The outer membrane separates the mitochondrion from the cellular cytosol and a 
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highly folded or convoluted inner membrane is subjacent to the outer membrane which are 

separated by an intermembrane space. The inner membrane is the site of the electron transport 

chain for ATP production, infolded into various cristae to amplify the membrane surface area. 

The inner membrane encloses the mitochondrial matrix also termed “mitoplast” that contains 

mitochondrial DNA, RNA, citric acid cycle and soluble enzymes that oxidize fatty acids and 

catalyze both oxidation and decarboxylation of pyruvic acid and further small organic molecules 

(19-21). Proper cell function depends on the integrity of the outer mitochondrial membrane 

separating mitochondrial factors from the cytosol. The outer mitochondrial membrane contains 

channels that enable the transmembrane movement of ions and molecules through a voltage-

dependent anion-selective channel (VDAC) (21). 

Mitochondria are anchored to the actin cytoskeleton and dispersed in the cytosol as a 

reticulum (22). Mitochondria have approximately 2000 proteins. Some of these are hydrophobic 

membrane-based proteins (23). In adult cardiomyocytes, nuclei are surrounded by densely, 

organized longitudinally grouped mitochondria. Mitochondria produce most of the ATP needed 

for ion homeostasis and myocardial contraction (21). 

Mitochondrial Electron Transport Chain (ETC) is organized into membrane-embedded 

supramolecular complexes that contain four electron carrier multiprotein enzyme complexes: 

complex I (Nicotinamide adenine dinucleotide (NADH): ubiquinone oxido-reductase), complex 

II (succinate: ubiquinone oxido-reductase), complex III (ubiquinone: cytochrome c oxido-

reductase or cytochrome bc1 complex), complex IV (cytochrome oxidase). There are two mobile 

electron carriers, ubiquinone (Q) and cytochrome c (cyt c) (21). These individual complexes are 

organized into supercomplexes that contain combinations of the individual electron transport 

chain complexes. 
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Complex I consists of at least 45 peptides according to analysis by high - resolution 

chromatography. In mammals seven of these peptides are highly hydrophobic encoded by the 

mitochondrial genome and referred as a core subunit (ND1, ND2, ND3, ND4, ND4L, ND5, and 

ND6) and seven hydrophilic nuclear-encoded subunits (NDUFV1, NDUFV2, NDUFS1, 

NDUFS2, NDUFS3, NDUFS7, NDUFS8), these fourteen subunits are essential for complex I 

catalytic function. The other 31 mammalian peptides are encoded by nuclear DNA. Their 

function is not clearly known and referred as “ supernumerary, ” “ accessory, ” or “ ancillary ” 

(24). Complex I structure as shown in cryo-electron microscopy is an L – shape, composed of a 

long and short arm. The long arm is integrated into the inner membrane while the short arm 

protrudes within the matrix. 

The complex I short arm, also be referred to as the peripheral arm contains the FMN 

cofactor and Fe – S clusters and functions as an NADH dehydrogenase that accepts electrons 

from NADH into the FMN cofactor located in NDUFV1 subunit (25). This oxidation of NADH 

is insensitive to the complex I inhibitor rotenone. Then electrons are channeled through the chain 

of eight iron-sulfur clusters: N3 (NDUFV1), N1b (NDUFS1), N4 (NDUFS1), N5 (NDUFS1), 

N6a (NDUFS8), N6b (NDUFS8) and N2 (NDUFS7). In the membrane arm, electron transfer 

from N2 to ubiquinone-binding site to form QH2 occurs. QH2 then diffuses into the lipid bilayer 

(26). The reduction of quinone to quinol is a process of a two-electron reduction, and partially 

reduced semiquinone intermediates could be formed through the turnover (27,28). The net 

reaction of complex I activity is summarized below: 

NADH + ubiquinone (Q) + 5H+
matrix            NAD+ + ubiquinol (QH2) + 4H+

IMS 

Complex I is a proton pump because the energy of electron transfer drives the transfer of 

four protons per pair of electrons from the matrix to the intermembrane space. The movement of 
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protons from matrix toward intermembrane space makes the matrix become negatively charged 

while the intermembrane space becomes positively charged. The long, membrane - integrated 

arm plays a crucial role in proton translocation (21). Complex I couples electron transfer from 

NADH to ubiquinone with transmembrane proton movement generating the proton motive force 

used for ATP synthesis (29). There are studies reported that electron transfer and proton 

translocation are two spatially separated processes in complex I (30). Studies of complex I 

structure by dissociation of complex I with chaotropes and detergents confirm that its NADH-

binding site and redox centers of flavin mononucleotide (FMN) and iron-sulfur clusters are in the 

peripheral arm although the membrane arm might contain the proton-pumping machinery (31-

33). 

We can briefly summarize complex I function as : Complex I catalyzes the transfer of a 

hydride ion from NADH to FMN from which two electrons pass through a chain of Fe-S centers 

to the N-2 in the matrix arm of the complex I to reach ubiquinone on the membrane arm to form 

reduced ubiquinone (QH2). QH2 reduced ubiquinone moves within the lipid bilayer to reach 

Complex III. Electron flow from complex I is accompanied by pumping four protons per each 

pair of electrons. (Figure 1) 
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Figure 1. Complex I: NADH: ubiquinone oxidoreductase 

 Complex I catalyzes oxidation of NADH and transfer of a hydride ion to reduce FMN, two 

electrons move through a clusters of Fe-S centers to N2 in the complex I matrix arm. Then 

electrons pass from N2 to reduce ubiquinone to become ubiquinol (QH2) which distributes into 

the lipid bilayer. This process is accompanied by the pumping of four protons per pair of 

electrons from matrix toward intermembrane space. 
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The succinate dehydrogenase component of complex II protein is the only membrane-

bound enzyme to contribute in both the citric acid cycle and ETC by catalyzing the oxidation of 

TCA intermediate succinate to fumarate. Complex II involves of four protein subunits encoded 

by nuclear-DNA two larger hydrophilic subunits SDHa and SDHb, which project into matrix, 

and two hydrophobic subunits SDHc and SDHd rooted in inner membrane. The electrons from 

succinate are accepted at an FAD cofactor. 

 The electrons from complex I and II transferred to complex III (ubiquinol: cytochrome 

c oxidoreductase) via QH2 from complex III, the mobile cytochrome c carries the electrons to 

complex IV. The terminal electron acceptor is molecular oxygen which is fully reduced to 

produce water (21). (Figure 2). Metabolically dynamic organs like heart contain up to several 

thousand mitochondria per cell (34). 
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Figure 2. Graphic representation of the mitochondrial electron transport chain (ETC) 

(Based on Lehninger et al., 2013). Mitochondrial electron transport chain (ETC) involves four 

multi-subunit enzyme complexes (I, II, III, and IV), coenzyme Q (CoQ), and cytochrome c (Cyt 

C). Electrons (e-) are moved through the ETC from the reducing NADH/FADH2 to O2 the 

terminal electron acceptor, eventually, generating H2O at complex IV. 
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Mitochondria contribute a crucial role in preserving cellular homeostasis, and its play a 

critical role in metabolic pathways: - (Figure 2)  

1) Oxidative phosphorylation (OXPHOS): OXPHOS results in ATP production. 

Mitochondria produce 90% of the energy inside the cell in the form of adenosine 

triphosphate (ATP) by oxidative phosphorylation which represents a very important 

product for cellular functions. 

2) Membrane potential: The mitochondrial membrane potential (ΔΨm) results from proton 

pumps (Complexes I, III and IV) which accompany electron transport chain and it’s a 

critical in the process of ATP synthesis during oxidative phosphorylation. The proton 

gradient (ΔpH) and mitochondrial membrane potential (ΔΨm) forms the transmembrane 

potential of hydrogen ions which is harnessed by complex V to produce energy. Stability 

of ΔΨm is required for normal cell function (35-37). 

3) Storage of calcium ions: Mitochondria can transiently store calcium, which contribute a 

critical role in the cell's homeostasis of calcium. Both increased and reduced 

mitochondrial Ca2+ levels have potential impact on the mitochondria function and 

implicate generation of reactive oxygen species (ROS) (38,39). 

4) Synthetic and metabolic function:  Gluconeogenesis, citric acid cycle, the urea cycle and 

the β-oxidation of fatty acids are pathways located in mitochondria. Therefore, any 

defects in mitochondrial function have extremely serious medical consequences (40). 

Also there are byproducts from this process, that can result in the production of reactive 

oxygen species (ROS) (41). Increased ROS generation can affect specific thiol groups 

that are located in proteins of complexes I, II, and IV that are mainly liable to oxidation 

and their oxidation leads to decreased mitochondrial complex activity (42). 
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Figure 3. Representative figure of mitochondria function 

 Important mitochondrial functions were mentioned in this figure in black color: - OXPHOS 

ATP production, membrane potential, Calcium storage, gluconeogenesis, citric acid cycle, the 

urea cycle and the β-oxidation of fatty acids.  
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Role of mitochondria in Ischemia-Reperfusion injury 

  Ischemia reperfusion causes injury to cardiomyocyte cells when the heart is exposed to 

an insufficient supply of oxygen and nutrients as a consequence of blockade of blood flow 

through coronary arteries (ischemia) for a period of time. The restoration of blood supply after 

ischemia is known as reperfusion (43). Ischemia duration and the severity of ischemia determine 

the extent of ischemia and reperfusion (IR) injury. 

 Mitochondria have many important functions  in regard to cellular metabolism (2). 

During ischemia and reperfusion, mitochondria become the sources and targets of cellular 

damage, through affecting electron transport chain leading to increase production of 

mitochondria reactive oxygen species (ROS). ROS production by mitochondria in turn stimulates 

the opening of the mitochondrial permeability transition pore (MPTP) opening and release of 

cytochrome c, finally lead to apoptotic cell death (44-48). Ischemia for longer periods of time 

causes damage of complex I. Longer times of ischemia causes generation of reactive oxygen 

species from mitochondria as a result of electron leakage from the electron transport chain 

leading to reduced activity of complex III, and loss of cytochrome c content with diminish 

complex IV respiration rate (7,49). Throughout ischemia, complex I is reflected to be both the 

target and a source of damage. Studies have conflicting data regarding the site of complex I 

damage during ischemia. One study reports that ischemia causes damage to the NADH oxidase 

FMN – containing component, other studies place site of damage more distal in the Iron sulfur 

complexes or near the ubiquinone binding site (50,51). Mitochondria have an interesting role in 

controlling of programmed cell death by release of cytochrome c and numerous other proteins 

(3). The OXPHOS defect due to ischemia-reperfusion triggers mitochondria dysfunction that can 

stimulate the generation of reactive oxygen species (ROS) and finally abolish ATP generation 
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from mitochondria leading to cell death (4) and tissue damage (5,6). Increased reactive oxygen 

species (ROS) production during reperfusion plays an important role in tissue injury (7,8). ROS 

production is localized to Complex I and Complex III (7,9). Reversible blockade of complex I 

during ischemia can protect heart against damage (10). 

Role of Complex I and ROS generation 

Complex I (NADH:ubiquinone oxidoreductase) is important for oxidation of NADH 

produced by the citric acid cycle and  β-oxidation of fatty acids. Also, NADH generated in the 

cytosol enters mitochondria via the Malate –Aspartate shuttle which is an important process to 

provide substrate for oxidative phoshorylation in mitochondria (52). Complex I is a source and 

target of harmful ROS and reactive nitrogen species (RNS) during cell stress (53,54) including 

ischemia - reperfusion which exposes complex I into oxidative and nitrosative stress (55).  

Numerous studies have considered how superoxide is generated by complex I (56,57). 

There is an argument on the interesting role of the complex I components in superoxide 

production. Some studies report that FMN is the source for the superoxide (58,59), although 

others studies proposed that iron-sulfur clusters N1a and N2 are responsible for O2
·− production 

(37,60,61). Some studies also claim a role for NAD radical and ubisemiquinone were also 

implicated in the O2
·− generation in complex I (62,63). Oxygen has access to electron carriers 

most likely at FMN, CoQ sites and terminal FeS centers which can possibly donate an electron 

reducing O2 to O2
·− (64). Nevertheless, the superoxide generation from complex I is known to be 

directed into the matrix of the mitochondria. Ischemia causes damage to the electron transport 

chain that increase the net ROS generated from complex I and implicates this production in the 

cardiac injury during reperfusion (7). The blockade of mitochondrial ETC at complex I directly 

prior of ischemia with the complex I irreversible inhibitor, rotenone, protects against ischemic 
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damage to the distal ETC (65) Transient, reversible modulation of the ETC has shown the 

potential to reduce both ischemic mitochondrial damage as well as cell death during reperfusion 

(66). 

Reverse Electron Transport and ROS generation 

The initial reactive oxygen species (ROS) formed inside mitochondria is superoxide 

(O2
·−) via a one electron reduction of molecular oxygen. Superoxide is converted to H2O2 by the 

enzyme Mn superoxide dismutase (MnSOD) within the matrix (67). 

Reverse electron transport (RET) at complex I generates superoxide (O2
·−) that leads to 

oxidative damage in certain pathological conditions including ischemia reperfusion injury. The 

formation of O2
·− at complex I can occur by reverse electron transport (RET) in the setting of 

preserved proton motive force (Δp) and extremely reduced coenzyme Q (CoQ) pool. These 

conditions drive electrons backwards through complex I and lead to an intense increase in O2
·− 

production (59). Intriguingly, the accumulation of succinate through ischemia causes a burst 

reactive oxygen species generation via oxidation of accumulated succinate upon reperfusion 

through reverse electron transport (68). The site in complex I of the RET-linked superoxide 

formation is uncertain (69). Notably, one study reports that the superoxide generation site could 

be the iron-sulfur cluster N2, dependent on its ability to interact with endogenous ubiquinone (7). 

Other studies proposed that additional RET-related O2
·−  generation takes place at a semiquinone 

radical formed in the Q-binding site of complex I (70). Nevertheless, other studies report that 

FMN cofactor as the site for ROS generation through reversed electron transfer (71). Thus the 

site of O2
·− formation during RET remain uncertain. 
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Mitochondria oxidative stress 

Oxidative stress describes as the condition in which the equilibirium between the ROS 

and endogenous antioxidants in the cell is disturbed (72). Oxygen has the affinity to create 

reactive oxygen species (ROS) like superoxide radical (O2·−), hydroxyl radical (·OH) and 

hydrogen peroxide (H2O2) (73). Superoxide is formed due to the electron leakage from the 

electron transport chain to molecular oxygen (O2) through the aerobic mitochondria respiration 

(74). Superoxide anion (O2
·−) is the initiator of H2O2, throughout the following reaction: 

2O2
·− + 2H+ → O2 + H2O2, that is catalyzed by superoxide dismutase (SOD) or via spontaneous 

dismutation. Hydrogen peroxide, O2
·− and the reactive OH·- radical, produced by reduction of 

hydrogen peroxide as described in the following reaction (H2O2 + O2
·− + H+ → 

H2O + O2 + OH·), are known as reactive oxygen species (ROS) (75). SOD enzymes are the main  

superoxide radical dismutase, and regarded as a major source of H2O2 in vivo (76). Free oxygen 

radicals and non-radical ROS, especially hydrogen peroxide, can diffuse and penetrate biological 

membranes to cause oxidative damage in distant locations compared to the site of its origin 

(77,78). The normal concentration of H2O2 in the cells of 1.0 × 10−8 M (79). H2O2 is nonreactive 

toward DNA. Although H2O2 causing DNA damage is due to the production of OH through the 

Fenton reaction (80). Mitochondrial DNA (mtDNA) is a more sensitive target for oxygen radical 

attack compared to the nuclear DNA because of its proximity to the sites of oxygen radical 

generation. Mitochondrial DNA is unguarded by histones, in contrast to nuclear DNA. As a 

consequence, the level of highly oxidized bases in mtDNA is about 10- to 20-fold greater than 

that in nuclear DNA (81). 
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Complex I A-D transition  

Mitochondrial complex I oxidizes NADH. Complex I contributes to the formation of 

inner mitochondrial membrane potential and subsequently ATP synthesis (55). Mitochondrial 

complex I from mammals has a remarkable feature that called the active/deactive (A/D) 

transition (82). The catalytically active form (A-form) is predominant during the aerobic 

respiration while during ischemia and in vitro incubation of the complex I at the physiological 

temperatures complex I A-form will convert into a different conformation which is known as the 

deactive, dormant form (D-form) (83). A/D equilibrium can be shifted toward formation of the 

D-form by global ischemia in tissue like the heart. This conversion leads to decrease in the 

mitochondria respiration rate and low ATP production (55). De-activation of complex I by 

ischemia may act as a protective mechanism against increased ROS production and could be a 

physiological mechanism to protect against the oxidative stress by maintaining a low enzymatic 

activity (D-form) during reperfusion (84). 

Mitochondria regulate cell death  

Cell death can occur by either of two mechanisms: necrosis or apoptosis. Necrosis, the 

first type of cell death to be known, is an uncontrolled degenerative condition caused by 

deleterious stimuli that leads to irreversible failure of membrane function (85). Apoptosis is a 

programmed cell death, controlled by complex molecular signaling pathways. Since ischemia 

and reperfusion in different types of tissue activate apoptotic signaling, therapeutic targeting of 

these apoptosis pathways is considered a potential treatment to protect cellular integrity in 

important organs such as the heart and brain (86). Bcl‐2 contributes in inhibition of apoptosis, it 

is located on the outer mitochondrial membrane and endoplasmic reticulum. There are other 
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types of Bcl‐2 protein family members that promote apoptosis known as Bcl-2 associated x 

proteins (Bax) such as Bcl‐xS, Bax, Bad and Bak (87,88). 

p53 tumor suppressor protein is another critical protein which regulates both autophagy 

and apoptosis.  p53 is an essential factor that regulates repair of cellular DNA and induces 

apoptosis (89). Under stress, such as hypoxia or γ-irradiation, p53 translocate into mitochondria 

and induces p53 dependent apoptosis (90). This is a prevalent phenomenon that happens in 

human and mouse cultured cells (91). Rapid translocation of p53 inside mitochondria affects 

cytochrome c release, mitochondrial membrane potential and procaspase-3 activation (91). 

Accumulation of p53 in the mitochondrial matrix binds into cyclophilin D leading to MPTP pore 

opening and cell death (90,92). 

 Studies report that MPTP opening plays a critical role in ischemia reperfusion injury 

(93,94). Mitochondrial permeability transition pore (MPTP) opening happens at the onset of and 

throughout the reperfusion phase as a result of amplified ROS production, calcium overload, 

reduction of adenine nucleotides, increase in phosphate levels, and mitochondrial depolarization. 

Inhibition of the MPTP directly by interaction with MPTP or indirectly by reducing calcium 

loading and decreasing reactive oxygen species generation could protect against reperfusion 

injury (95). Our lab showed that modulation of pathologic ETC function decreases MPTP 

opening (96). 

Mitochondria and Autophagy 

Effective clearance of damaged mitochondria inhibits activation of cell death pathways, 

decreases reactive oxygen species (ROS) generation, and preserves effective ATP production. 

The process of mitochondrial clearance is called mitophagy (97). Autophagy could preserve cell 
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function by eliminating protein aggregates or impaired mitochondria (98). LC3, p62, Beclin-1 

are central autophagy-related proteins involved in the autophagy process (99). LC3 is a 

ubiquitin-like protein, firmly associated with autophagosomal membranes. LC3-I and –II are two 

forms of LC3, produced post-translationally. LC3-I is cytosolic, while LC3-II is membrane 

bound (100). 

Another important autophagy receptor is p62 that is involved in autophagy-dependent 

removal of many different ubiqutinated protein aggregates. Since p62 interacts with LC3,  it is 

constantly degraded via autophagy (101). Beclin-1 is an autophagy-specific protein that 

contributes to autophagosome formation (102). Beclin-1 level has an important role as the 

biomarker for the activation of autophagy. Indeed, a moderate level of Beclin-1 can cause 

autophagy cytoprotection (103). Ischemia may prompt autophagy via several signaling pathways 

including endoplasmic reticulum (ER) stress, AMPK activation and Beclin -1 (98). 

Modulation of ETC to protect against IR injury 

Blockade of electron transport instantly before ischemia strongly protects against 

ischemia-induced mitochondrial damage (65). Thus the ETC itself is a key mediator of the 

mitochondrial damage (65,66). Unfortunately, treatment before the onset of ischemia is rarely 

possible in clinical settings.  Therefore, relevant pharmacologic treatment is focused on the 

modulation of metabolism by damaged mitochondria during early reperfusion in order to limit 

cardiac injury and cell death. 

Study of the blockade of complex I with amobarbital during ischemia in intact hearts 

showed decreased ROS generation and protection of the heart against IR injury (104). Ischemic 

damage to the electron transport chain robustly increased ROS production during re-
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oxygenation, although prevention of ischemic damage decreases ROS generation throughout 

reperfusion (7,105). 

The mitochondrial permeability transition pore (MPTP) is a non-selective pore spanning 

both mitochondria inner and outer membranes. MPTP opening is a main contributor to cardiac 

injury throughout ischemia-reperfusion. MPTP opening is favored at the onset of reperfusion due 

to increased oxidative stress. Due to the oxidative stress, opening of MPTP happens at the onset 

of reperfusion (106,107). Oxidative stress leading to ischemia-reperfusion injury by decreased 

Bcl-2 protein content can also induce MPTP opening (108). The reversible inhibition of ETC 

could protect against MPTP opening leading to protection of heart tissue throughout reperfusion 

(109-111). 

Interestingly, a reduced cardiac infarct size following ischemia-reperfusion was realized 

by using extracellular acidification to protect in part by transient and reversible inhibition of 

complex I leading to decreased ROS generation and reduced susceptibility to MPTP opening 

throughout reperfusion (10). This study added more support for protection against the heart 

injury during reperfusion by modulation of complex I activity using physiological or 

pharmacological approaches (10,110). 

The crucial site for protective modulation of the electron transport chain is at 

mitochondrial complex I, the first enzyme complex in the series of electron transport (112-117).  

Based upon data from pharmacologic, functional/structural and genetic models, a site distal in 

the pathway of electrons through complex I is the vital nexus for cardioprotection (7,83,118-

120).  Modulation of electron flux at this site decreases the production of ROS by blocking 

forward electron flow from complex I into an ischemia-damaged complex III (121-123).  

Furthermore, reversible blockade of complex I similarly reduces production of ROS that are 
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generated from the reverse electron flow that occurs at the onset of reperfusion (83,112,117).  

Subsequent work in pharmacologic and genetic models has shown that a partial blockade of 

complex I by STAT3 that does not impair mitochondrial membrane potential but appears to 

provide optimal protection, resulting in less ROS production with decreased damage to 

mitochondria during cell stress (9).  Therefore, modulation of complex I activity during early 

reperfusion is a critical approach to decrease cardiac injury during ischemia-reperfusion.  

Role of AMPK 

AMP-activated protein kinase (AMPK) is a heterotrimeric complex consisting of three 

subunits, one catalytic α subunit and two regulatory β and γ subunits. Phosphorylation of the 

Thr172 residue found within the activation loop of the catalytic α subunit is regarded as the major 

mechanism of the control of AMPK activation. The function of the other phosphorylation sites 

on α and β subunits are not yet clear (124,125). 

AMP-activated protein kinase (AMPK) is an important regulatory enzyme and serves as 

a fuel sensor. AMPK is activated in pathological conditions of hypoxia and ischemia in order to 

conserve sufficient adenosine triphosphate (ATP) production (126). Physiologically, at the onset 

of myocardial ischemia, AMPK is phosphorylated within minutes and remains active at least 24 

hours after reperfusion (127,128). AMPK is activated by increases in AMP/ATP ratio or by 

oxidant stress by increased generation of reactive oxygen species (ROS) (129).  AMPK adjusts 

two major metabolic pathways - mitochondrial biogenesis and autophagy. 

AMPK inhibits cardiac hypertrophy by inducing the activity of peroxisome proliferator-

activated receptor-α (PPAR-α) through activation of the extracellular signal-regulated kinase 1/2 

(ERK1/2) signaling pathway. Subsequently, there is induced expression of carnitine palmitoyl 
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transferase-1 (CPT-1) and medium-chain acyl-COA dehydrogenase (MCAD), consequently 

supporting fatty acid oxidation and regularizing myocardial energy metabolism (130-132). Thus, 

canonical AMPK activation leads to pleotropic activation of pathways that regulates metabolism 

and cytoprotection. 

Intervention by metformin to modulation ETC 

Metformin (1,1-dimethylbiguanide hydrochloride)  is a medication used for treatment of 

type 2 diabetes mellitus that belongs to the biguanide family (14).  Although well known for its 

action as an activator of the AMP kinase signaling pathway (133), this action is achieved though 

chronic dosing that results in a chronic, minimal inhibition of complex I.   The complex I 

inhibition is the mechanism of the subtle energy deficit that that results in activation of the 

AMPK pathway.  Metformin exhibits a superior safety profile and is safe for use in non-diabetic 

patients (134).  Given in standard clinical dosing, metformin is safe and may improve outcomes 

in patients that sustain a myocardial infarction (135). 

Studies suggested that metformin activates AMPK by inhibiting complex I of the 

mitochondrial respiratory chain leading to subsequent reduction in the intracellular adenosine 

triphosphate (ATP) concentration and a rise in the adenosine monophosphate (AMP) to ATP 

ratio (136). Chronic treatment with metformin enhances myocardial resistance to ischemia-

reperfusion injury by improving mitochondrial structure through possible effects of activation 

AMPK and PGC-1α pathway (137). Some previous studies have proposed that metformin might 

have cardioprotective effect independent of its glucose reducing effect (138). Indeed another 

study found that metformin protects heart against cardiotoxicity induced by doxorubicin by 

decrease of oxidative stress levels with contribution of autophagy proteins Beclin-1 and LC3 

(139). Other interesting studies showed that metformin protects cells against 
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ischemia/reperfusion injury by stimulation of autophagy and mitochondrial biogenesis (16,17). 

Furthermore, extra research verified that metformin effectively improved heart function and 

attenuated LV hypertrophy through downregulation of p-mTOR (ser2481), p70S6K (Thr389), 

and S6 phosphorylation in AMPKα2 KO mice, suggesting that metformin protects against 

systolic overload-induced heart failure by attenuated myocardial mTOR signaling independently 

of AMPKα2 activation (140).   

Metformin binds to mitochondrial complex I and inhibits it with reversible effect (52). 

Under lack of oxygen in ischemic tissue, complex I is converted into a deactive dormant (D-

form) (118). The D-form may prevent reverse electron transport (RET) mediated ROS 

generation upon tissue reoxygenation (141). Since complex I is the source and target of 

detrimental ROS and oxidative damage in ischemia-reperfusion injury (142) (143), metformin 

can inhibit complex I with a high rate of inhibition of NADH oxidation in D-form rather than A-

form (52), this binding of metformin to D-form might be important for an intervention strategy 

(52).We propose that the slowing down of the activation of complex I during early of reperfusion 

by use of metformin will protect cells and hearts against I-R injury. This potential new 

mechanism of protection by modulate electron transport to achieve cardiac protection.  

Mitochondria defects in aged heart 

Aging is linked with pathologic changes leading to a progressive decrease in function of 

cellular, organ and whole organism. Moreover, aging causes a reduced resistance to 

superimposed disease - induced stress (144). Aging is associated with increased mitochondrial 

ROS production and mitochondrial permeability transition (MPTP) pore becomes more sensitive 

for ischemia-reperfusion injury leading to increased cell death (145). Aging causes a decay in 

cardiac functional proficiency (146). Mitochondrial function declines during aging simultaneous 
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with changes in mitochondrial morphology (147). These defective mitochondria predispose to 

enhance a greater cardiac injury during the stress of ischemia-reperfusion compared to the 

younger adult heart (148). Aging heart mitochondria are the major target and effector of 

ischemia injury that enhances cardiac injury by several mechanism included oxidative stress and 

calcium accumulation leading to cell death (149). In the aged heart, there is decreased 

mitochondria oxidative phosphorylation (150). Aging induced alteration in mitochondrial 

function at baseline leads to increased injury in the aged heart following ischemia and 

reperfusion (151). 
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CHAPTER 2: Materials and Methods 

Cells culture and simulated ischemia-reoxygenation  

H9c2(2-1) (ATCC® CRL-1446™) mycoplasma free cardiac myoblasts were grown in 

complete Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, USA) containing 4.5 

mM glucose and supplemented with 10 % fetal bovine serum and 1 % penicillin and 

streptomycin. Cells were exposed to simulated ischemia by replacing the culture medium with 

“ischemia buffer” that contained [118 mM NaCl, 24 mM NaHCO3, 1.0 mM NaH2PO4, 2.5mM 

CaCl2-2H2O, 1.2mM MgCl2, 20mM sodium lactate, 16 mM KCl, 10 mM 2-deoxyglucose (pH 

adjusted to 6.2)] (152) and incubating in the Galaxy O2 controlled incubator at 5% CO2 and 1% 

O2 at 37oC for 6 hours. Reoxygenation was performed by replacing ischemia buffer with 

complete DMEM media under aerobic cell culture condition (5% CO2 and 19% O2) at 37 °C. 

Incubation was continued for 24 hours. Chemical hypoxia was performed by using 2 mM KCN 

incubation in normoxic cell culture media (DMEM, 5% CO2 and 19% O2) for 24 hours. 

Cell transfection  

H9c2 cells were cultured under 5 % CO2 in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 4.5 mM glucose and supplemented with 10 % fetal bovine serum and 1 % 

penicillin and streptomycin. Cells were plated at a density of 13000–16000 cells/cm2. Silencer 

pre-designed siRNA was used to knock down the AMPK alpha 2 catalytic subunit with the target 

region GCAACUAUCAAAGACAUAC (Ambion Life Tchnologies, Carisbad, CA, USA). Cells 
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were grown to 80 % confluence and transfected with 100 nM each siRNA using Lipofectamine 

RNAiMAX transfection reagent (Invitrogen CA, USA). Twenty four hours later, transfection 

mixtures were replaced with complete DMEM medium without antibiotic. Fifty four hours after 

transfection, cells were lysed and proteins analyzed by immunoblotting. 

Immunoblot analysis  

Cells were trypsinized by using Trypsin-EDTA (0.25%) then resuspended in complete 

DMEM media and centrifuged at 125 x g. The cell pellets were washed twice with 1x PBS. 

Pellets were lysed with 1x lysis buffer (Cell Signaling #9803S, MA, USA) supplemented with 

protease and phosphatase inhibitor cocktails (Roche, Indianapolis, IN) and incubated on ice for 

10 minutes after which samples were centrifuged at 125 x g for 10 minutes at 4⁰C to remove 

insoluble cell debris. The supernatant was collected and protein measured using the Lowry 

method. Samples were combined with 2x Laemmli sample buffer (Bio-Rad #161-0737, 

California, USA ) and boiled for 5 minutes after which proteins were separated using SDS-

PAGE on 4%-20% TGX gradient gel (Bio-Rad #567-1093) and transferred to Immobilion-P 

transfer membrane paper (Millipore #IPVH00010). After blocking non-specific binding sites 

with 5% milk or 5% bovine albumin fraction V in 1x TBS-T (tris buffered saline with 0.05% 

tween), membranes were incubated with primary antibody at 4⁰C for overnight, washed 3x for 10 

minutes each with TBS-T and one time washed with TBS. then membrane were incubated an 

additional one hour with a secondary antibody. Membranes were then washed 3 times with TBS-

T for 10 minutes each and one time with TBS and visualized using ECL Prime Western blotting 

detection reagent (GE Healthcare, UK#RPN2232) and exposed by ChemiDoc gel imaging 

system (Bio-Rad, US). Antibodies (CHOP 2895, GAPDH 3683, AMPK alpha 2532S, p-AMPK 

alpha 2531S, ACC 3661 and p-ACC 3662) were purchased from Cell Signaling Technology 
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(Danvers, MA). (Bcl-2 Sc-23960, p53 Sc-6243) were purchased from Santa Cruz Biotechnology. 

Beclin 1 antibody 612112 purchased from BD Biosciences. San Jose, CA. 

 

High resolution respirometry-OROBOROS 

Oxygen consumption was measured by the high resolution Oxygraph (OROBOROS 

Oxygraph-2k, Innsbruck, Austria). Oroboros is a closed-chamber respirometer for high-

resolution respirometry (HRR) monitoring of oxygen concentration and consumption in the 

incubation medium over time.  

 Measurements were made in 2 ml of MiR05 medium at 37°C. H9c2 cells treated or 

control were added into MiR05 medium (0.5 mM EGTA, 110 mM sucrose, 3 mM MgCl2, 20 

mM taurine, 10 mM KH2PO4, 20 mM Hepes and 1 g/L BSA, pH 7.1) (153). Multiple substrates 

and inhibitors were used in the protocol to define the bioenergetic function of mitochondria in 

H9c2 cells. Briefly, cells were harvested following after the incubation period and resuspended 

in 2.1 ml MiR-05 pH.7.1. Cell density was determined by counting the cells using a 

hemacytometer. For measurement of endogenous respiration, glutamate-pyruvate-malate (GPM, 

10, 5 and 2mM respectively) were used as the substrate of complex I. State 2 was measured after 

permeabilization of H9c2 cells by digitonin (dig, 10µg/ml) followed by addition 1mM ADP. 

Next, inhibition of the complex I by rotenone (0.05 µM) was followed by addition succinate 

(10mM) as substrate for respiration of complex II. TTFA (40 µM) was then added to inhibit 

Complex II respiration, Complex IV respiration was measured by addition of TMPD/ascorbate 

(0.3 and 3 mM). Finally azide (15 mM) was added as a complex IV respiration inhibitor (Table 

1). Oroboros DatLab4 software was used to calculate of oxygen consumption.  
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Hypoxia–reoxygenation experiments were performed in the Oroboros using a similar 

approach except that after the addition of ADP, the cells were allowed to consume all the oxygen 

in the chamber.  Ten minutes of hypoxia were started at the time of zero oxygen concentration 

with no evident oxygen consumption. Reoxygenation was performed by opening the chamber 

and reoxygenation documented by measurement of the oxygen content.  Respiration rate was 

monitored for several minutes, the rate determined, and rotenone added to derive the background 

rate for complex I.  Samples were studies with or without metformin 1 mM added after the initial 

addition of ADP. 

 

Table 1. Oroboros respiration cell protocol 
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Measurement of H2O2 cell production using The O2k-Fluorescence LED2-Module 

Measurement of ROS generation from H9c2 cells exposed to 10 min. hypoxia in 

Oroboros was done based on the Amplex Red method. This method is based on the hydrogen 

peroxide dependent oxidation of Amplex UltraRed (AmR) to the red fluorescent compound 

resorufin catalyzed by the enzyme enzyme horseradish peroxidase (HRP) and an increase in 

fluorescence output related to the reaction flux of hydrogen peroxide production. 

Amplex UltraRed 5 µM and add 1 U/ml HRP stock and 5 U/ml superoxide dismutase 

(SOD) was added followed by 15 minutes to obtain a stability of oxygen and H2O2 flux in 

MiR05. H9c2 cells were added and incubated 5-10 min. to stabilize cell respiration. H9c2 cells 

were exposed to 10 min. hypoxia in the presence of complex I substrate (10 mM  Glutamate (G), 

5 mM Pyruvate (P) and 2 mM Malate (M)) to obtain C I –linked LEAK respiration and hydrogen 

peroxide generation. ADP 1 mM was used to induce C I -linked OXPHOS. H2O2 production was 

measured at the onset of the reoxygenation under ADP stimulated conditions. 

Cell Viability assay 

To assess viability in H9c2 cells, two complimentary assays were performed (154).  

Briefly, cells translocate membrane phosphatidylserine (PS) from the inner face of the plasma 

membrane to the cell surface.  PS is detected by staining with Annexin V. Cells (3x104 cells/ml) 

were seeded in 25cm2-flasks after reaching 70% confluency.  Cells were exposed to simulated 

ischemia for 6 hours as described above.  Reoxygenation was performed by replacing ischemia 
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buffer with complete DMEM media under aerobic culture conditions described above and 

continued for 24 hours. Metformin treatment (1mM) was used at the onset of reoxygenation and 

continued for either 30 min then replace the media with untreated DMEM or continued treatment 

for 24 hours. At the end of the incubation, cells were gently trypsinized and washed twice with 

phosphate buffered saline (PBS).  Cells were collected by centrifugation and resuspended in 500 

µl of 1x Binding Buffer.  Five µl of Annexin V-FITC and 5 µl of propidium iodide were added.  

The suspension was incubated at room temperature for 5 min. in the dark followed by 

quantification with flow cytometry. 

In parallel experiments, the Mitochondrial ToxGlo assay (Promega, Madison, WI) was 

used to measure dead-cell protease activity.  This assay uses a fluorogenic peptide substrate (bis-

alanyl-alanyl-phenylalanyl-rhodamine 110) that labels cells that have lost membrane integrity 

(155).  Using a 96 well plate seeded with 5000 cells per well, separate plates were used in 

parallel; one plate for cells incubated under normoxic condition as a control in parallel with 

additional plates of cells that underwent 6 hours simulated ischemia followed by 24 hours 

reoxygenation.  Cells were treated with or without metformin (1 mM) at the onset of 

reoxygenation.  At the end of the experiment, CytoTox-Fluor™ Cytotoxicity Assay Reagent (5x) 

was added to all wells (20 μl per well) followed by brief mixing using orbital shaking, then 

incubated for 30 min. at 37°C followed by measurement of resulting fluorescence 

(485nmEx/520nmEm). 

Protease Viability Marker Assay  

A cell permeable fluorogenic protease substrate (glycylphenylalanyl-

aminofluorocoumarin; GF-AFC) was used as a marker of cell viability by measurement of a 

conserved protease activity within live cells. The GF-AFC substrate can penetrate live cells 
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where cytoplasmic aminopeptidase activity removes the gly and phe amino acids to release 

aminofluorocoumarin (AFC) and produce a fluorescent signal related to the number of viable 

cells. 

Estimation of reactive oxygen species 

The redox-sensitive dye 5-(and-6)-chloromethyl-2,7dichlorodihydrofluorescein diacetate 

acetyl ester (H2DCFDA) was used to assess ROS (156).  H2DCFDA is a cell-permeant indicator 

that is oxidized in the presence of ROS such as H2O2 thereby emitting green fluorescence.  Five 

thousand H9c2 cells were seeded in wells of a 96 well plate in phenol-free medium and 

following overnight normoxic incubation, cells underwent 6 hours simulated ischemia by 

changing the media to ischemic buffer under conditions of 1% O2 , 5% CO2.  followed by 24 

hours reoxygenation (with or without metformin 1 mM). Wells were then loaded with 

H2DCFDA (20 μmol for 45 min at 37°C in phenol-free medium). The wells were then washed 

one time with 1x PBS after plates were measured in the fluorimeter using the setting for 

excitation at 485 nm and emission at 535 nm wavelength, the results were normalized to the 

numbers of the cell viability in each well. 

Caspase 3/7 activity 

The Caspase-Glo 3/7 Assay depends on generation of a stable luminescent signal based 

on the luciferase reaction in response to caspase-3/7 activities. To measure caspase-3/7 activities, 

5,000 cells were seeded in a 96 well plate incubated overnight then exposed to simulated 

ischemia for 6 hours by changing the media to ischemic buffer under conditions of 1% O2 , 5% 

CO2. This was followed by incubation for 24 hours under normoxic conditions with replacement 

of the buffer with complete DMEM media. Caspase 3/7 activity was tested by Caspase-Glo 3/7 

Assay (G8090,Promega) according to the manufacturer's instructions(157).  
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Cy3 labelling  

Using Oroboros, H9c2  (2.5 million cells) were loaded in each chamber. Cells were 

permeabilized by digitonin in the presence of complex I and complex II substrate, Glutamate, 

Pyruvate and Malate for Complex I and Succinate for complex II as described. Hypoxia was 

reached by allowing the cells to consume all the oxygen inside the chamber. Hypoxia was 

allowed to persist for 25 minutes followed by reoxygenation by opening the tightly closed 

chamber and allowing the oxygen content to increase. At the onset of reoxygenation alamithicin 

(10 ug/ml) was added to permeabilized the inner mitochondrial membrane and Cy3 40 µM 

supplied to labelled free unmodified thiol groups. 

Detection of S-Nitrosylation  

Samples from H9c2 cells used to investigate S-Nitrosylation. There were three groups 

control, simulated ischemia-reoxygenation and metformin treated group at the onset of 

reoxygenation. Briefly, H9c2 cells were exposed to 6 hours simulated ischemia and 24 hours 

reoxygenation. Metformin treatment was used at the onset of reoxygenation. We investigated the 

effect of metformin treatment on global thiol nitrosylation modification by using Pierce S-

Nitrosylation Western Blot Kit (Thermo Fisher, US). Free sulfhydryl cysteines were blocked by 

methyl methanethiosulfonate (MMTS), which generates a mixed disulfide. S-nitrosylated  

cysteins were then selectively reduced with ascorbate in HENS Buffer (100 mM HEPES pH 7.8, 

1 mM EDTA, 0.1 mM Neocuproine, and 1% SDS) for specific labeling with iodoTMTzero 

Reagents, which irreversibly bind to the cysteine thiol, Detection of the TMT reagent-modified 

proteins was achieved by using an anti-TMT antibody and by western blot. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/disulfide
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Immunofluorescence staining 

H9c2 cells were plated on a 2-well glass chamber slides (Nunc® Lab-Tek® Chamber 

Slide) at a density of 10,000 cells/well and allowed to grow for 24 hours. Cells wre then treated 

with metformin (1mM) for 24 hours. Cells were then fixed in 4 % paraformaldehyde for 15 

minutes at room temperature and washed three times with 1x PBS with 10 mM glycine. Cells 

were then permeabilized with 0.5% Triton X-100 in PBS-glycine for 3 min. followed by washing 

twice time with 1x PBS-glycine. Cells were then incubated with primary antibodies (Santa Cruz, 

2 µg/ml final concentration) in PBS-glycine with 1% BSA and incubated at least 20 minutes at 

room temperature. Thereafter, slides were washed three times in 1x PBS for 5 minutes each and 

then incubated with secondary antibodies (ThermoFisher 5 µg/ml final concentration) in PBS-

glycine with 1% BSA at least 20 min. The secondary antibodies were cross-adsorbed to ensure 

species specificity; Alexa-488 anti-mouse (OPA1, green), Alexa-555 anti-rabbit (Tom20, red), 

and Alexa-633 anti-goat (cytochrome C, blue). The slides were subjected to three additional 

washings in 1x PBS after which cover slips were mounted in 100% glycerol with 10 mM n-

propylgallate. Cells were visualized using a Zeiss LSM 700 confocal microscope with sequential 

scanning to prevent crossover between fluorescence channels. 
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Preparation of mouse hearts for perfusion  

The study was approved by The Animal Care and Use Committees of the McGuire VA 

Medical Center and Virginia Commonwealth University.  Hearts from male C57BL/6 mice (2-3 

mo. and 18 mo. age) were excised and perfused retrograde via the aorta in the Langendorff mode 

with modified Krebs-Henseleit (K-H) buffer (115 mM NaCl, 4.0 mM KCl, 2.0 mM CaCl2, 26 

mM NaHCO3, 1.1 mM MgSO4, 0.9 mM KH2PO4, and 5.5 mM glucose), gassed with 95% O2-5% 

CO2 to adjust pH to 7.35–7.45 (6).   

Hearts were paced via epicardial leads at 420 beats per min during the equilibration 

period.  Pacing was suspended during ischemia and during the initial 20 min. of reperfusion.  

Pacing was restarted following 20 min. reperfusion. Cardiac function was monitored with a 

balloon inserted into the left ventricle, and data were recorded digitally with Powerlab (AD 

Instruments, Colorado Springs, CO). In the untreated ischemia-reperfusion group, hearts 

underwent for 15 min. equilibration with K-H buffer, followed by 25 minutes global ischemia at 

37°C and 60 min. reperfusion.  In the metformin treatment group, metformin (2 mM final 

concentration) was perfused for 5 min. at the onset of reperfusion followed by normal buffer for 

the remainder of reperfusion.  Time control hearts were perfused without ischemia. Myocardial 

infarct size was measured at 60 minutes of reperfusion to assess the extent of cardiac injury.  

Hearts were frozen at -20°C for 20 minutes and sectioned into 2-mm-thick slices. Hearts were 

then incubated in 1% 2,3,5,-triphenyltetrazolium chloride for 20 min at 37°C, and storage in 10% 

formalin for 24 hours. The infarct area was measured using Image J software. Infarct size was 

expressed as percentage of the entire myocardium. 
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Isolation of mouse heart mitochondria 

  Mouse hearts at the end of the experiment were quickly placed in cold buffer A 

(composition in mM: 100 KCl, 50 MOPS [3-(N-morpholino)propanesulfonic acid], 1 EGTA, 5 

MgSO4, and 1 mM ATP).  The heart was blotted dry, weighed, and homogenized using a 

polytron tissue homogenizer at 10,000 rpm for 2.5 sec. in the presence of trypsin (5 mg/g tissue).  

The homogenate was incubated for 15 min. at 4oC, then the same volume of buffer B (buffer A + 

0.2% bovine serum albumin (BSA)) was added and the mixture was centrifuged at 500 × g for 10 

min.  The supernatant was again centrifuged at 3000 × g to pellet mitochondria.  The 

mitochondrial pellet was first washed with buffer B, resuspended in KME (100 mM KCl, 50 mM 

MOPS, 0.5 mM EGTA), and centrifuged at 3000 × g to yield the final mitochondrial pellet.  

Mitochondria were resuspended in KME for study (158).  Protein content was measured using 

the Lowry method.  Mitochondria were kept on ice and used within 4 hours. 

NADH-ferricyanide reductase (NFR)  

NADH-ferricyanide reductase was used to measure activity of the NADH 

dehydrogenase activity of complex I with non-covalently bound flavin-mononucleotide (FMN) 

molecule This activity includes the proximal portion of the complex, with the NFR activity was 

recorded as a decrease in absorbance at 340 nm because of the oxidation of added NADH. The 

reaction is carried out in 1ml buffer at pH 7.4 containing 50 mM KH2PO4, 0.1 mM EDTA, 0.2% 

de-fatted BSA (w/v), 0.015% sonicated asolectin, 0.66 mM K3Fe(CN)6 (an artificial electron 

acceptor from flavin-mononucleotide), 2 mM NaN3 and 0.2 mM NADH. After established the 

baseline reading, the reaction was started by addition of mitochondrial protein and the NFR 

activity was calculated using an extinction coefficient of 6.22 mM-1cm-1 for NADH. The NFR 
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actual rate was obtained after subtracting the baseline rate obtained in the absence of 

mitochondria. 

Blue Native-PAGE 

NativePAGE Novex Bis-Tris Gel System was used for protein electrophoresis in the 

native state, according to the manufacturer’s instructions with modifications. Briefly, 

mitochondria were suspended in SET buffer  (0.25 M sucrose,0.2 mM EDTA, 50 mM Tris–HCl) 

with pH 8.0 supplemented with 1mM malonate and 5mM MgCl2 and incubated at 35 °C for 30 

minutes with constant shaking. We used this treatment to obtain D-Form of complex I. To obtain 

complex I in active A-Form complex I was re-activated in the presence of 400 μM NADH and an 

NADH regenerating system (0.1 mg/ml alcohol dehydrogenase from Saccharomyces 

cerevisiae,1% ethanol) with constant stirring for 20 minuts at room temperature. Then, 

mitochondria samples were solubilized in cold 1x NativePAGE Sample Buffer containing DDM 

(n-dodecyl-D-maltoside). After incubating the suspension on ice for 10 minutes, the samples 

were centrifuged at 16,000 x g for 30 minutes at 4 ⁰C and supernatants transferred to new 

Eppendorf tubes. The protein concentration of the lysates was determined using Lowry protein 

assay. Blue Native-PAGE was run using 3 – 12% gradient NativePAGE Bis-Tris. The upper 

chamber contained dark blue cathode buffer (NativePAGE running buffer mixed with 0.02% 

Coomassie blue G-250 dye) which was exchanged after the dye front reached 1/3rd of the gel 

into the light blue cathode buffer (0.002% G-250).The electrophoresis run was done in the cold 

room at 4 ⁰C, 150 V constant for 60 minutes after which the voltage was increased to 250 V 

constant. After electrophoresis we measured in gel complex I activity by Incubate the gel in 20 

ml of the Complex I substrate solution (2 mM Tris-HCl  pH 7.4 , 0,1 mg/ml NADH and 2,5 
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mg/ml Nitrotetrazolium Blue chloride). The presence of violet bands is indicative of Complex I 

activity and was measured using Image J software. 

Statistical analysis 

Statistical analysis was made with GraphPad Prism 7.0 (Graphpad Software Inc.). Data 

are presented as mean ± SEM. One-way ANOVA was used when comparing more than two 

groups followed by Newman–Keuls post hoc test for pair-wise comparison. Statistical 

comparisons between two groups were achieved with the unpaired Students t-test. A p < 0.05 

was considered to be statistically significant. 
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CHAPTER 3: Results 

 

 

Partial inhibition of complex I by treatment with metformin 

 We first sought if metformin (1 mM) affects complex I mediated respiration in H9c2 

cardiomyoblast cells.   Cells were incubated with metformin for 24 hours under normoxic 

condition.  Metformin decreased the rate of state 3 respiration oxidizing complex I substrates 

compared to untreated cells. Metformin did not alter respiration using complex II substrates or 

complex IV substrates. Thus, inhibition of respiration is selective to complex I. 
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Figure 4. Metformin selectively inhibits complex I, but not CII or CIV activity 

(A) Experimental protocol. H9c2 cells grown for 24 hours followed by I mM treatment with 
metformin for 24 hours. (B) Metformin exposure decreased respiration using complex I substrates. 
(C) Metformin did not affect complex II respiration (D) Metformin did not inhibit Complex IV 
respiration in H9c2 cells. Mean ± SEM, n=3, *p<0.05 vs. untreated control. 
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Acute metformin treatment selectively inhibits complex I function during reoxygenation 

after 10 minutes of hypoxia 

Since the ETC is a major source of cardiac injury during ischemia-reperfusion, we asked 

if metformin exerted a selective inhibition at complex I in the early reperfusion period. H9c2 

cells were exposed to 10 minutes of hypoxia followed by reoxygenation in the Oroboros.  

Metformin specifically inhibited complex I respiration in the reoxygenation phase (Table 2). 

However, there was no significant inhibition of respiration with complex II or complex IV 

substrates.  These findings indicate that acute metformin treatment selectively inhibits the ETC at 

complex I during early reperfusion phase.  Additionally, the same concentration of metformin 

did not acutely inhibit complex I during normoxia.  Thus, metformin only inhibits complex I in 

cells following hypoxia (Table 2).  
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Table 2. Metformin selectively inhibits complex I respiration following hypoxia and 
reoxygenation. 

 Complex I  Complex II  Complex IV  

HRO 0.59 ± 0.05* 0.81±0.03 0.67±0.02* 

HRO + MET 0.34 ± 0.1†* 0.85±0.01 0.68±0.06* 

Normoxia 1.0 1.0 1.0 

Normoxia + 
MET 

0.90 ± 0.03 0.99±0.01 

 

0.87±0.03* 

 

 

 

Metformin (MET, final concentration 1 mM) was added after the addition of complex I substrate 
and ADP in digitonin permeabilized cells.  MET was present during hypoxia (H).  The rate of 
respiration during normoxia was taken as control (1.00).  Respiration was again measured during 
reoxygenation (RO). Mean± SEM, n=3; * p≤0.05 vs. normoxia control; † p≤0.05 MET vs. 
corresponding hypoxia-reoxygenation (HRO) untreated. 
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Metformin selectively inhibits complex I after 25 minutes of hypoxia 

We next asked if an increase in the time of hypoxic incubation will affect the response 

of complex I to metformin. Acute metformin treatment selectively inhibited complex I in the 

reoxygenation phase after 25 minutes of hypoxia (Figure 5). There was no significant inhibition 

of respiration using complex II or complex IV substrates. These findings indicate that metformin 

selectively inhibits the ETC at complex I in the early reoxygenation phase. Therefore, these 

results after both 25 minutes and 10 minutes hypoxia, show that acute metformin treatment 

inhibits complex I with greater affinity to inhibit complex I after hypoxia. (Figure 5).  
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A B 

Figure 5. Metformin selectively inhibits complex I after 25 minutes of 
hypoxia 

(A) Complex I respiration for H9c2 cells  (B) Complex II respiration for H9c2, 
cells Data are plotted as mean ± SEM, n=4. *p<0.05 vs. non-metformin treated 
cells, † p≤0.05 MET vs. corresponding hypoxia-reoxygenation (HRO) 
untreated. 
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Metformin reduced the burst of ROS generation at the onset of reoxygenation. 

The expected benefit effect of early reperfusion on tissue recovery after ischemia can 

cause a paradoxical augmentation of the injury response following reperfusion or reoxygenation 

of ischemic or hypoxic tissue (159,160). The generation of ROS in cardiac myocytes exposed to 

simulated ischemia and reoxygenation (SI/RO) show augmented ROS production and increased 

cell death (161). The rapid restoration of molecular oxygen to ischemic tissue results in a 

distinctive type of injury reaction known by reperfusion injury (162). We asked if the selective 

inhibition of complex I by metformin decreased ROS production at the onset of reoxygenation. 

H9c2 cells in the Oroboros were exposed to 10 minutes hypoxia in the presence of complex I 

substrate followed by reoxygenation. Our results showed that metformin attenuated the increased 

production of reactive oxygen species generated at the onset of reoxygenation (Figure 6).  
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Figure 6. Metformin decrease ROS generation at the onset of 
reoxygenation. 

 (A) Representative tracing of fluoresce intensity (FI) for H2O2 production in 
H9c2 cells at reoxygenation without treatment.  (B) Fluoresce intensity for 
H2O2 production for H9c2 with 1 mM metformin treatment is shown. (C) H2O2 
production at onset of reoxygenation in H9c2 cells. Mean ± SEM, n=3 in each 
group; *p<0.05 vs. non-metformin treated cells,  

       ROS at onset of reoxygenation 
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Metformin did not affect cell viability during normoxia 

Next, we investigated the effects of metformin treatment at the base line during 

normoxia. H9c2 cells were incubated with and without metformin (1mM) for 24 hours, followed 

by assessment of cell death and morphology. There was no significant difference between cells 

treated with metformin and control. Therefore, the extent of inhibition of complex I by 

metformin had no effect on cell viability (Figure 7). 
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Figure 7. Metformin does not alter cell viability under normoxic conditions 

 Metformin does not affect H9c2 cell viability under normoxic condition, H9c2 
cells were incubated 24 hours with or without metformin. Cell death was 
measured by fluorescence cytotoxicity assay. Data are plotted as mean ± SEM, 
n=3; p=NS metformin treated cells vs. control. 
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Metformin does not affect mitochondria morphology under normoxic condition 

To test that there were no substantial effect on mitochondria shape and morphology in 

cells after 24 hours metformin treatment, we used confocal microscopy and staining for OPA1 

(Optic atrophy 1) is a mitochondrial inner membrane protein that has an interesting role in 

mitochondrial fusion and structural integrity (163) (green), Tom20 (translocase of outer 

membrane 20) is a receptor subunit of the Tom complex responsible for the translocation of 

cytosolically synthesized mitochondrial proteins (164) (red), and  is evolutionarily conserved 

mitochondrial protein critical in mitochondrial electron transport and intrinsic apoptosis (165) 

(blue). Cells were visualized after 24 hours of treatment. Results showed there was no specific 

effect of metformin treatment on mitochondrial shape and integrity (Figure 8).  
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Figure 8. Metformin does not affect mitochondria morphology under 
normoxic conditions 

Representative confocal microscopy images of mitochondria morphology after 

treatment. Metformin does not affect mitochondrial shape or cyt c content under 

normoxic condition, H9c2 cells were incubated 24 hours with or without 

metformin.  
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Metformin reduced cell death in H9c2 cells exposed to 24 hours chemical hypoxia 

Cyanide (KCN) inhibits cytochrome oxidase. This leads to decreased respiration and 

increased reactive oxygen species (ROS) generation with decreased production of ATP. In 

addition, KCN leads to the depolarization of the ΔΨm (166). H9c2 cells were exposed to 

chemical hypoxia by 2 mm potassium cyanide (KCN) for 24 hours. Metformin treatment was 

used along with cyanide for 24 hours. We found that treatment with metformin significantly 

reduced necrosis induced by chemical hypoxia. (mean ± SEM, 4.25 ± 2.2 vs. KCN 10.66±2.12, 

n=≥4, p<0.05). Quantification assay for cell death was evaluated by Annexin V-FITC-PI flow 

cytometry assay (Figure 9). 
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Figure 9. Metformin significantly reduced necrosis induced by 24 hours KCN. 

Quantification for cell death was evaluated by Annexin V-FITC-PI flow cytometry assay.  

Mean ± SEM *p<0.05 vs. control; † p<0.05 KCN alone n=≥4. 
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KCN treatment activate AMPK in H9c2 cells 

AMPK is an essential regulator of cellular metabolism and acts as an important sensor of 

cell energetic homeostasis. AMPK is phosphorylated and becomes active by low cellular energy 

levels and increased ROS generation (167). Phosphorylated AMP-activated kinase (P.AMPK) 

plays an important role in preserving energy homeostasis in the heart and skeletal muscle 

(168,169). The chemical hypoxia system was chosen as a likely AMPK activated system to test 

the role of metformin when AMPK is already activated. We found that AMPK was in the 

phosphorylated state (P.AMPK Thr172) in H9c2 cells exposed to chemical hypoxia with KCN 

for 24 hours. Phosphorylation was significantly greater compared to control cells without 

exposure to KCN (Figure 10). 
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Figure 10. KCN treatment activate AMPK in H9c2 cells 

AMPK activation in three independent samples of H9c2 cells exposed to 

chemical hypoxia with 2 mM KCN for 24 hours. C is control, K is KCN.  
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Metformin protected H9c2 cells against SI/RO-Induced cardiac cell injury.  

Next, a cellular model of ischemia, rather than chemical hypoxia was used to assess the 

potential role of metformin on cell death. H9c2 cells were exposed to 6 hours simulated ischemia 

(SI) followed by 24 hours of reoxygenation (RO) with or without treatment of 1mM metformin 

at the onset of the reoxygenation (Figure 11). We chose the time of treatment by metformin at 

the onset of reoxygenation. Production of reactive oxygen species was markedly increased at this 

critical time. H9c2 cell death was measured by cell membrane integrity assessed by evidence of 

presence or absence of protease activity related with necrosis by using a bis-AAF-R110 a 

fluorogenic peptide substrate (Figure 11). Metformin treatment at the onset of reoxygenation 

reduced cell death compared to untreated cells. 
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Figure 11. Metformin protected H9c2 cells against SI/RO Induced 
cardiac cell injury 

Measure of cell death in metformin treated and untreated samples exposed to 

simulated ischemia-reoxygenation compare to time control. Mean ± SEM; 

n=5 in each group. *p<0.05 SI vs. control; †p<0.05 vs SI/RO24 alone 
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Metformin reduced apoptosis and total cell death  

To understand more about the mechanism of the protection provided by metformin, the 

PI-Annexin V assay by flow cytometry was used in this experiment to measure total cell death 

and the apoptosis component. H9c2 cells were exposed to 6 hours simulated ischemia and 24 

hours reoxygenation. Metformin was added at the onest of reoxygenation and continued for 24 

hours. The results showed that metformin treated cells exhibited significantly less apoptosis and 

total cell death compare to the untreated simulated ischemia reoxygenation group. Metformin 

again significantly decreased H9c2 cell death. The summation of quadrants two and four (late 

and early apoptosis, respectively) was calculated for the results of apoptosis. Total cell death was 

calculated as the summation of the quadrants one, two and four (Figure 12). 

  



 
 

56 
 

 

A. Representative figures of flow cytometry. The PI-Annexin V assay by flow cytometry was 

used in this experiment to measure total cell death and the apoptosis component. B. Metformin 

decreased total H9c2 cell death. C. Apoptosis cell death; the summation of quadrants two and 

four was calculated for the Apoptosis calculation, n=3 in each group, *p<0.05 vs. control; 

†p<0.05 metformin + SI/RO vs SI/RO alone. 
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Figure 12. Metformin reduced Apoptosis and total cell death 
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Metformin decreased caspase 3/7 activity 

Since metformin decreased the contribution of apoptosis to total cell death, the 

activation of caspase 3/7 was assessed. Metformin treatment significantly reduced the activity of 

caspase 3/7 compared to untreated simulated ischemia-reoxygenation cells. This result shows 

that metformin decreased the activation of apoptosis signaling pathways in H9c2 cells following 

simulated ischemia reoxygenation (Figure 13). 
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H9c2 cells groups were normoxic time control, normoxic metformin treated (MET) and 

simulated ischemia-reoxygenation metformin treated (SI6RO24-MET) or untreated (SI6RO24). 

Mean ± SEM; n=4 in each group. *p<0.05 SI vs. control; †p<0.05 metformin + SI/RO vs SI/RO 

alone 

    

Figure 13. Metformin decreased Caspase3/7 activity 
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Short time metformin treatment decreased cell death induced by simulated ischemia-

reoxygenation.  

We established that 24 hours metformin treatment is protective. Next, we asked if a 

decrease in the time of treatment to 30 minutes of metformin treatment can protect cells during 

simulated ischemia reoxygenation as this short time can have more clinical relevance than 24 

hours treatment. This treatment period focuses on the time when the acute modulation of 

complex I is needed for cytoprotection. H9c2 cells were exposed to 6 hours simulated ischemia 

then 24 hours of reoxygenation. Metformin (1mM) was used at the onset of the reoxygenation 

for 30 minutes then the media was changed. Cells were cultured in normal media for the 

remainder of the 24 hours. H9c2 cell death was assessed by cell membrane integrity assay by 

evidence of the presence or absence of protease activity related with necrosis by the use of bis-

AAF-R110. The short time period of metformin treatment was also protective, as in 24 hours 

metformin treatment (Figure 14).  
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A. 

Experimental protocol is shown. H9c2 cells groups were normoxic time control, and simulated 

ischemia-reoxygenation metformin treated for 30 minutes at onset of reoxygenation (SI6RO24-

MET30min) or untreated (SI6RO24).  H9c2 cell death was assessed by cell membrane integrity 

by measure protease activity related to necrosis by used a bis-AAF-R110  a  fluorogenic peptide 

substrate. B. Metformin decreased cell death. Mean ± SEM, n=3 in each group; *p<0.05 SI vs. 

control; †p<0.05 metformin + SI/RO vs SI/RO alone 

  

A 
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Figure 14. Metformin 30 min. treatment protected against simulated 
ischemia-reoxygenation induced cardiac cell injury. 
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AMPK activation in simulated ischemia is independent of metformin 

 AMPK was phosphorylated (P.AMPK Thr172) in H9c2 cells exposed to simulated 

ischemia for 6 hours. AMPK was still phosphorylated in H9c2 cells exposed to six hours 

simulated ischemia followed by reoxygenation for 24 hours with a significant difference 

compared to control cells not exposed to simulated ischemia (Figure 15). Therefore, metformin 

treatment at reoxygenation is delivered into an AMPK activated system. Thus, it is likely that 

metformin protection is not fully dependent on AMPK activation. AMPK phosphorylates ACC1 

on Ser79 therefore P-ACC is a specific readout for AMPK activity, our results indicated that 

ACC was strongly active by phosphorylation at Ser79 this finding indicates that AMPK activity 

was pervasively induced. 
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Figure 15. AMPK activation in simulated ischemia independent of 
metformin 

A. Blot for triplicate samples control, simulated ischemia six hours(SI) and 
simulated ischemia 6 hours followed by reoxygenation for 24 hours (SI/RO) B. 
Quantitation for triplicate samples for H9c2 cells blot in A. Mean ± SEM 
*p<0.05 SI6 and SI6/RO24 vs. control. 
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Blockade of complex I by metformin during reoxygenation decreases ROS generation 

We studied whether metformin caused decreased cellular ROS generation by using 

peroxide-sensitive fluorescent probe 2,7-dichlorofluorescein diacetate (DCFH-DA). Metformin 

treatment at the onset of the reoxygenation after 6 hours simulated ischemia (SI) decreased 

cellular ROS generation compared to cells exposed to simulated ischemia-reoxygenation without 

metformin (Figure 16) Reactive oxygen species were assessed at 30 minutes and 24 hours of 

metformin treatment after reoxygenation. Metformin protects against the burst of reactive 

oxygen species at the onset of reoxygenation as well as the longer time associated increased in 

ROS production. 
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Figure 16. Blockade of complex I by metformin during Ischemia decrease ROS 
generation 

H9c2 cells groups were normoxic time control, normoxic metformin treated (MET) and 
simulated ischemia-reoxygenation metformin treated (SI6RO24-MET) or untreated 
(SI6RO24). A ROS were measured after 30 min of RO with or without metformin. B. 
ROS were measured after 24 hours of RO with or without metformin. Mean ± SEM, 
n=3 in each group, *p<0.05 vs. control; †p<0.05 metformin + SI6RO24 vs SI6RO24 
alone 

A 
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Metformin treatment reduced CHOP ER stress marker in H9c2 cells 

Several studies report the importance role of endoplasmic reticulum (ER) stress 

associated with the ischemic insult leading to apoptosis in several cell types (170). Hypoxia (1% 

O2) intensely increased reactive oxygen species production. Mitochondrial reactive oxygen 

species specifically regulate expression of the CHOP (171). CHOP [C/EBP homologous protein; 

also known as GADD153 (growth arrest and DNA damage 153)]  is considered to have a critical 

role in ER-stress-induced apoptosis (172). CHOP mediates downregulation of Bcl-2 and 

increases proapoptotic proteins including Bax with elevated oxidative stress, causes ER-stress-

dependent apoptosis (173). Metformin significantly decreased the protein level of CHOP, a 

conspicuous ER stress marker that induces apoptotic signaling pathways (Figure 17). The 

decrease in CHOP content as an index of ER stress is in line with decreased ROS production. 
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Figure 17. Metformin treatment reduced CHOP ER stress marker in H9c2 cells 

A. Western blot for CHOP protein for H9c2 cells triplicate samples of control, SI6RO24 and 

SI6RO24 treated with metformin at the onset of reoxygenation. B. Quantitative results of A. 

Mean ± SEM, n=3 in each group; *p<0.05 SI6 and SI6/RO24 vs. control. 

A  

 

 

B  
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Metformin treatment in AMPK downregulated systems 

To investigate the AMPK role in metformin cellular protection, we wished to study 

metformin in AMPK downregulated models. First we used Compound C, a known AMPK 

activation inhibitor. Compound C is the only available agent that is used as a cell-permeable 

selective AMPK inhibitor (174). We found that 20 µM of compound C was the optimal 

concentration to inhibit AMPK activation in H9c2 cardiomyoblast cells. Unfortunatly, our initial 

results indicated that Compound C caused high cytotoxicity in normoxia samples with significant 

increase in cell death compared to the vehicle-treated control (Figure 18). Thus, Compound C 

was not suitable for use in our cytoprotection studies. We therefore utilized knockdown of 

AMPK isoforms. 
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Figure 18. Metformin treatment in AMPK downregulated systems 

 A. Compound C (CC) used to downregulate AMPK activity. B. Measure effects of CC 20 

µM in normoxic condition and SI6/RO24 with or without metformin, n=3 in each sample, 

Mean ± SEM *p<0.05 vs. control. H9c2 groups were vehicle control, compound C 20 µM 

treated normoxic (CC20) and simulated ischemia reoxygenation treated with compound C 

± metformin 
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Metformin protects against SI/RO causing cell death in AMPK KD cells. 

We sought if metformin can protect against cell death during simulated ischemia and 

reoxygenation independent of AMPK. AMPK Silencer pre-designed siRNA was used to knock 

down the AMPK alpha 2 catalytic subunit. AMPK alpha 2 is the dominant AMPK subunit in 

heart. Our initial finding showed that AMPK phosphorylation and the direct downstream of 

AMPK activation P.ACC were decreased following knockdown which confirming impact of the 

knockdown. Metformin still protected AMPK alpha 2 knockdown cells following 6 hours of 

simulated ischemia and 24 hours of reoxygenation .(Figure 19). This finding strongly supports 

that protection by metformin involves a contribution by a non – AMPK mediated mechanism. 

These findings are consistent with the previous observations that addition of metformin at 

reoxygenation into an already activated AMPK-system, nevertheless exerts substantial additional 

cytoprotection. 
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Figure 19. Metformin treatment in AMPK downregulated systems. 

 A. Upper blot AMPK KD with SiRNA for AMPK alpha 2 in normoxic condition control, 
lower blot scrambled, SI6 hours and SI6RO24 hours triplicate samples each. B. Measurement 
of cell death for simulated ischemia-reoxygenation AMPK KD samples treated or untreated 
with metformin treatment at onset of reoxygenation for 30 minutes or 24 hours. C. Cell 
viability Mean ± SEM, n=3; *p<0.05 vs. control. †p<0.05 vs. SI/RO alone 
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Metformin decreased ROS generation from AMPK KD cells following simulated ischemia 

and reoxygenation. 

We studied the potential contribution of metformin treatment to cellular ROS levels in 

AMPK KD H9c2 cells by using the peroxide-sensitive fluorescent probe 2,7-dichlorofluorescein 

diacetate (DCFH-DA). Metformin treatment at the onset of the reoxygenation after 6 hours 

simulated ischemia decreased cellular ROS generation compared to cells exposed to simulated 

ischemia roxygenation without treatment (Figure 20). These results are consistent with previous 

findings linking decreased ROS production to modulation of complex I and cytoprotection. 

Importantly, this finding is observed in AMPK KD cells, supporting an AMPK-independent 

component of action. 
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Figure 20. Metformin decreased ROS generation from AMPK KD cells 
following simulated ischemia and reoxygenation 

Measure ROS generation was measured, H9c2 groups were simulated ischemia-
reoxygenation with AMPK KD treated or untreated with metformin at the onset 
of reoxygenation compared to scrambled normoxic control. n=3, Mean ± SEM. 
*p<0.05 vs. control. †p<0.05 metformin + SI/RO vs SI/RO alone 
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Influence of metformin on autophagy  

We assessed the effect of metformin on stimulation of autophagy in H9c2 cells exposed 

to six hours of simulated ischemia and 24 hours reoxygenation. Metformin or vehicle was added 

at the onset of reoxygenation and continued for 24 hours. We measured the autophagy marker 

Beclin-1. The protein content of Beclin-1 was similar in simulated ischemia reoxygenation group 

versus control. Intriguingly, the effect of metformin on autophagy activity was augmented 

indicated by increased Beclin-1 protein expression (Figure 21). Beclin -1 is a regulatory protein 

that is essential for the autophagosome formation and upregulation of Beclin 1 is associated with 

autophagy that protects heart against myocardial infarction injury (175).   
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Figure 21. Influence of metformin on autophagy activity 

Beclin-1 blot for control, simulated ischemia roxygenation treated with or without metformin. B. 
Beclin-1 results graph bar. n=3, Mean ± SEM. *p<0.05 vs. control. †p<0.05 metformin + SI/RO 
vs SI/RO alone. 
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        Control             SI6/RO24            SI6/RO24-MET 
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Metformin reduced p53 protein expression 

 p53 translocates into mitochondria and could be related to impaired mitochondria 

function leading to cell death (176). Moreover, there is an interaction between p53 and 

cyclophillin D that can favor mitochondria permeability transition pore opening following 

cerebral ischemia/reperfusion (92). A decrease in p53 expression was associated with protection 

against stroke injury (92). In our current study we sought effects of metformin treatment at the 

onset of reoxygenation on the p53 protein content. Surprisingly, we found that metformin 

treatment successfully downregulated p53 compared to untreated simulated ischemia 

reoxygenation. Metformin treatment preserved p53 content with no significant difference 

compared to the normoxic control (Figure 22). Thus, the downregulation of complex I 

respiration with decreased ROS production may decrease cell death in part by downregulation 

p53 protein content as a downstream effector mechanism. 
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Figure 22. Metformin reduced p53 protein expression 

A. p53 blot for control, simulated ischemia roxygenation treated with or without metformin. B. 

Measurement p53 in metformin treated and untreated samples exposed to SI6/RO24 compare to 

time control. n=3, Mean ± SEM. *p<0.05 vs. control 
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Metformin increased Bcl-2 protein expression  

Bcl-2 family proteins contribute an important role in cell survival versus death pathway. 

We consequently examined the effects of simulated ischemia and reoxygenation on the 

expression of the antiapoptotic protein Bcl-2 in H9c2 cells. Increased expression of bcl-2 blocks 

lipid peroxidation and decreased cell death in cardiomyocytes exposed to hypoxia and 

reoxygenation (177). The changes in the protein level of Bcl-2 in response to simulated 

ischemia-reoxygenation are shown (Figure 23). Our results from immunoblotting showed that 

the expression of the anti-apoptotic protein Bcl-2 was decreased following simulated ischemia-

reoxygenation without metformin treatment. Metformin treatment increased expression of Bcl-2 

compared to non-ischemic control and simulated ischemia-reoxygenation untreated H9c2 

cardiomyoblast (Figure 23). 
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Figure 23. Metformin increased Bcl-2 protein expression 

A. Bcl-2 blot for normoxic control and simulated ischemia roxygenation treated with or without 
metformin. B. Measure Bcl-2 protein expression in metformin treated and untreated samples 
exposed to SI6/RO24 compare to time control. n=3, Mean ± SEM. *p<0.05 vs. control. †p<0.05 
metformin + SI/RO vs SI/RO alone 
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Metformin protected exposed thiol groups against modification 

As an index of oxidative modification during early reoxygenation, we sought an effect 

of metformin treatment on the modification of thiol groups. H9c2 cells were incubated with 

complex I and complex II substrates (Glutamate, Pyruvate, Malate and Succinate). The addition 

of succinate as complex II substrate was designed to maximized oxidative stress to include that 

generated through reverse electron transport. H9c2 cells reached hypoxia through normal 

respiration by consuming all the oxygen inside the Oroboros chamber. After 25 minutes of 

hypoxia in the Oroboros chamber with or without metformin treatment, Cyanine 3 water soluble 

fluorescent label dye at the final concentration of 40µM was added at the onset of reoxygenation 

with the addition of Alamithicin 10 ug/ml to permeabilize the inner mitochondrial membrane. 

Cy3 was able to label multiple protein bands. There is a highly decreased sulfhydryl labelling 

with Cy3 in the untreated hypoxia reoxygenation group. Cy3 results were normalized to the total 

protein stain gel by SYPRO® Ruby Protein Gel Stain. SYPRO Ruby is highly sensitive 

fluorescent stain used to detect of proteins separated by polyacrylamide gel electrophoresis 

(PAGE). We measured the individual thirteen KD protein band which possibly belongs to ND3 

mitochondria complex I subunits. This result supports that hypoxia reoxygenation leads to 

increased production of ROS (shown above) that results in sulfhydryl oxidation. Metformin 

likely by partial inhibition of complex I with a decrease in ROS generation as previously shown 

resulted in less sulfhydryl modification. The preservation of native sulfhydryl groups led to 

enhanced Cy3 labelling of native sulfhyryls, as seen in metformin treated cells that underwent 

hypoxia reoxygenation.  
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Figure 24. Metformin protects exposed thiol group against modification 

A. Measurement of exposed free thiol groups in metformin treated and untreated samples 
exposed to 25 minutes hypoxia and 30 minutes reoxygenation in Oroboros B. Measurement of 
13 KDa Cy3 labelled protein band, n=3, Mean ± SEM. *p<0.05 vs. control. †p<0.05 metformin 
+ HRO vs HRO alone 
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Metformin decreased the global S-nitrosylation of proteins 

One mechanism of sulfhydryl group modification is modification to form S-NO 

derivatives. Global S-NO modification was studied. Generation of NO or peroxynitrite can 

modify sulfhydryl groups. We studied S-NO modification using Thermo Scientific Pierce S-

Nitrosylation Western Blot Kit which provide sensitive recognition of protein S-nitrosocysteine 

post-translational modifications. Reduced S-nitrosylated cysteines was specifically labelled with 

iodoTMTzero™ reagent that binds irreversibly to the cysteine thiol in the samples which became 

easy to detect it by anti-TMT antibody. Metformin decreased the S-NO content and protected 

against a global S-nitrosylation of proteins. These findings are consistent with the preservation of 

native free sulfhydryl groups by metformin treatment during hypoxia and reoxygenation, likely 

through decreased oxidative stress via metformin-induced modulation of complex I. 
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Figure 25. Metformin reduce a global S-nitrosylation of proteins 

  Measure nitrosylation thiol group modification in metformin treated and untreated samples 

exposed to SI6/RO24 compare to time control. Indirect labeling of S-NO adducts has been 

achieved by blocking free thiols, S -nitrosylated cysteines are then selectively reduced with 

ascorbate and then the resulting free thiols are labeled with a iodoTMTzero reagent, which 

irreversibly binds to the cysteine thiol that was S -nitrosylated,  n=3, Mean ± SEM. *p<0.05  vs. 

control. †p<0.05 metformin + SI6/RO24 vs SI6/RO24 alone. Quantitative results were 

normalized to COX IV mitochondria protein. 
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Metformin significantly protects against ischemia induced cardiac injury in 18 month 

aging mice 

To translate our observation of protection in the cellular system to the intact heart, we 

studied the potential of metformin to protect the ex vivo isolated, perfused heart from aging mice, 

Elderly 18 month old mice were studied and compared to 3 month old controls. Metformin or 

vehicle control was administrated at the onset of reperfusion for 5 minutes in buffer-perfused 

mouse hearts, Metformin treatment at reperfusion decreased the infarct size (Figure 26).  These 

results support that transient, high dose metformin treatment at reperfusion decreases cardiac 

injury assessed following the early phase of reperfusion in the intact mouse heart, including in 

the aged mouse heart. Experiment done by Ms. Ying Hu and Dr. Qun Chen. 
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Figure 26. Metformin treatment only during early reperfusion significantly protects 
against cardiac injury in 18 month aging mice 

Myocardial infarct size was measured after 60 minutes reperfusion and expressed as percent of 

the affected area. n=3, Mean ± SEM. *p<0.05 vs. metformin untreated group.   
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AMPK is robustly active in the cytosol from ischemic mouse hearts. 

In line with the observation in the cell model, at the end of 25 minutes ischemia in the 

isolated perfused mouse heart, in cytosol from mouse hearts, AMPK was robustly phosphorylated 

(Figure 27). This finding again supports that metformin-mediated cardiac protection from delivery 

of metformin at reperfusion is in part via an AMPK-independent mechanism. AMPK is robustly 

activated before metformin is administrated. 
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Figure 27. AMPK is robustly active in the cytosol from ischemic heart. 

 Measurement of AMPK activation in the the cytosol samples from 25 minutes ischemic and 

non-ischemic hearts. Mean ± SEM. N=3; *p<0.05 vs. control. 
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Metformin inhibited complex I activity in ischemia-damaged mitochondria 

Compared to control, 25 minutes global ischemia significantly decreased complex I 

activity in mouse heart mitochondria (Figure 28).  Ischemia did not alter the activities of complex 

II or the mitochondrial marker enzyme citrate synthase. Metformin treatment of isolated 

mitochondria did not decrease complex I activity in control mitochondria from non-ischemic 

hearts, but it further decreased complex I activity in ischemic-damaged mitochondria (Figure 28).  

Metformin did not decrease complex II activity in neither control nor ischemic-damaged 

mitochondria (Figure 28).  These results indicate that ischemia-damaged mitochondria are more 

sensitive to metformin inhibition of complex I.  The inhibition by metformin was performed in 

mitochondria following isolation from control or ischemic (non-reperfused) hearts.   
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Figure 28. Metformin inhibited complex I activity selectively in ischemia-damaged 
mitochondria 

 Complex I activity was measured in mitochondria isolated from control or ischemic hearts. 

Mean ± SEM. †  p<0.05 metformin vs. non-metformin-treated mitochondria. n=4 in each group 
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Metformin does not inhibit the NADH oxidation site associated with the flavin 
mononucleotide (FMN) 

Metformin does not inhibit the NADH oxidation site associated with the flavin 

mononucleotide (FMN) cofactor that is located proximal in the path of electron transport. There 

is no difference between activity of both active (A-form) and deactive (D-form) in activity 

associated with FMN electron transport as we showed in the results of rotenone-insensitive 

NADH:tetrazolium reaction for Blue Native in-gel activity for mitochondria samples induced A 

and D-form as explained in method also the results from NADH:ferricyanide reductase (NFR) 

for mitochondria samples from 25 minutes ischemia and 60 minutes reperfusion mouse hearts 

and metformin treatment for 5 minutes at the onset of reoxygenation. Non-significant results for 

complex I NFR activity between metformin treated and untreated mitochondria (Figure 29). 
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Figure 29. Metformin does not inhibit the NADH oxidation site associated with the flavin 
mononucleotide (FMN) 

 A. Complex I in gel activity for mitochondria in A-Form and D-Form. B. In gel activity results. 
Mean ± SEM. n=4 in each group. C. NADH dehydrogenase part of complex I (NFR) for 
mitochondria derived from 25 minutes ischemic heart and 30 minutes REP, metformin was 
treated at the onset of REP. 
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CHAPTER 4: Discussion 

 

   Treatment at the onset of reperfusion following ischemic stress with acute, high dose 

metformin substantially decreases cardiac injury.  The study of in situ mitochondria in cells and 

isolated mitochondria supports that this high dose treatment regimen selectively inhibits the D- 

form of complex I.  Although chronic therapy with metformin is known to decrease cardiac 

injury in models of cardiac stress through activation of AMPK (133,178), acute metformin 

treatment at the onset of reperfusion occurs at a time when AMPK is already robustly activated 

by the preceding ischemia.  Furthermore, in support of AMPK-independent mechanisms of acute 

protection, high dose metformin treatment reduced cell death in vitro in H9c2 AMPK knock 

down cells.  Thus, protection by the acute, early reperfusion high dose treatment paradigm is not 

mediated solely via activation of AMPK.  Using our novel treatment approach with high dose 

metformin at the onset of reperfusion, cytoprotection was achieved in vitro in cells and in 

isolated hearts.  Thus, we found that using high dose metformin at the onset of reperfusion is 

cardioprotective through the AMPK-independent mechanism of partial inhibition of complex I.  

Metformin can decrease cardiac injury during ischemia and reperfusion in an integrative manner 

through complimentary AMPK-independent mechanism from acute therapy to inhibit complex I 

followed by canonical AMPK-dependent mechanisms. 
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Chronic, standard dose metformin therapy is generally thought to activate AMPK by 

decreasing the cellular ATP content through partial inhibition of complex I (178). Metformin has 

decreases complex I activity in submitochondrial particles and purified complex I (179).  Bridges 

et al. shows that high dose of metformin (mM range) inhibits complex I activity 

(NADH:ubiquinone oxidoreductase) (179).  In the diabetic patient receiving chronic metformin 

therapy, the metformin level usually is in micromolar range (180,181).  In order to achieve mM 

content within mitochondria, inner mitochondrial membrane potential is required for metformin 

to accumulate within mitochondria (179).  In the present study, H9c2 cells demonstrated acute 

inhibition of complex I respiration by metformin was greater following hypoxia than during 

normoxia. Although there was no acute inhibition by metformin when used during normoxia, we 

found significant inhibition by metformin after 24 hours incubation with H9c2 cells. These 

results indicate that metformin has a specific effects to inhibit D-form of mitochondria complex 

I. The D-form is the predominant one in loss of oxygen conditions such as ischemia. Inhibition 

of the D-form by metformin at the onset of reoxygenation will prevent the rapid reactivation of 

complex I at reoxygenation that also decreases the burst reactive oxygen species generated from 

forward and reverse electron transport.  Furthermore, acute metformin therapy rapidly decreased 

complex I activity in ischemia-damaged mouse heart mitochondria, but not in mitochondria from 

non-ischemic control hearts. The results in isolated mitochondria were consistent with and 

confirm the results in H9c2 cells and again support the likely metformin inhibition of the D-form 

of complex I. These findings are particularly intriguing, since they raise the potential for a 

reperfusion intervention that selectively targets the ischemia-damaged mitochondria that 

perpetrate cardiac injury during early reperfusion. 
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The majority of damage to mitochondria, including the ETC, occurs during ischemia 

(49,51,113,118,119).  Ischemic damage to mitochondria occurs in part via the pathologic action 

of the ETC during ischemia under conditions of low oxygen, favoring the production of ROS 

that damage the inner mitochondrial membrane and the ETC itself (65,66).  The damaged ETC 

in turn, augments cardiac injury during reperfusion (6,51).  Although treatment during 

reperfusion cannot restore ischemia-mediated damage to mitochondria, modulation of the 

ischemia-damaged ETC during early reperfusion does attenuate the ETC-driven injury to the 

myocyte (10,110,182).  Modulation of ETC activity at complex I reduces injury not only by 

attenuating the production of ROS (183), but also attenuates ETC effector mechanisms of 

opening of the permeability transition pore (184), activation of mitochondrial proteases (158), 

leading to activation of programmed cell death (185).  The optimal modulation of complex I 

appears to be a partial inhibition of the complex that does not lead to depolarization of 

mitochondrial membrane potential, yet blunts ROS production (123),  striking a key balance 

between less reactive oxygen species production without substantially impairing ATP synthesis. 

Complex I couples electron flux to vectoral proton translocation in order to generate an 

electrochemical gradient across the inner mitochondrial membrane (186,187).  This process 

harnesses chemical energy in a form that is used by mitochondria to phosphorylate ADP.  

Ischemia causes a functional defect within complex I that disrupts electron flow through the 

complex (7,83,118,119,188).  The site was localized to a portion of the complex near the co-

enzyme Q binding site that likely involves iron-sulfur centers of complex I (7,118,119).  Recent 

studies show that complex I exists in two different conformations, the ‘A-form’ and the ‘D-form’ 

conformations (55,118,119,181,189). Complex I converts to the D-form with oxygen deprivation 

and is reactivated during reoxygenation of the ischemic tissue with increased production of ROS. 
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(190,191) The D-form of complex I is increased during ischemia (55,118,119).  Metformin does 

not inhibit the NADH oxidation site associated with the flavin mononucleotide (FMN) cofactor 

that is located proximal in the path of electron transport because there is no difference between 

activity of both active and deactive forms. This was shown by the results of rotenone-insensitive 

NADH:tetrazolium reaction for Blue Native in-gel activity. Thus, our results are consistent with 

the notion that the mechanism of complex I inhibition by metformin involves metformin-induced 

stabilization of the D-Form of complex I.  

Treatment with high dose metformin at the onset of reperfusion decreased cardiac 

injury, consistent with previous studies that reversible inhibition of complex I decreases cardiac 

injury during reperfusion (10,96,110,182). Metformin treatment at reperfusion does not improve 

oxidative phosphorylation since most damage to the ETC occurred during ischemia.  The key 

findings are that metformin treatment to modulate electron transport chain led to decreased 

production of ROS. Increase ROS production during early reperfusion can occurs by forward 

electron flow from complex I into complex III (121,122).  ROS production also occurs at the 

onset of reperfusion via reverse electron flow from complex II into complex I in the presence of 

accumulated succinate (112,117,192) supported by the presence of a mitochondrial membrane 

potential.  Although the relative contribution of forward and reverse electron transport is likely to 

vary based upon the presence of high concentration of succinate (onset of reperfusion), extent of 

mitochondrial damage (ability to support a membrane potential adequate to support reverse 

electron transport), issues which dynamically change as reperfusion continues, inhibition of 

complex I at the site distal in the complex attenuates ROS production from both forward and 

reverse electron transport.  The deactive form of complex I blocks ROS production via both 
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forward and reverse electron transport (83,112,192).  Thus, inhibition of complex I by metformin 

will protect against ROS production by both mechanisms. 

An increase in mitochondria permeability transition pore (MPTP) opening augments 

cardiac injury during reperfusion and is attenuated by transient blockade of electron transport at 

complex I (184,193).  Oxidative stress is a key mechanism contributing to MPTP opening during 

reperfusion (193).  Recent work found that reverse electron transport mediated ROS generation 

sensitizes to opening of the MPTP (194). Thus, metformin may decrease MPTP opening through 

reduction of ROS generation via complex I inhibition, protecting against reverse electron flow-

mediated ROS generation at the onset of reperfusion and likely forward electron transport 

mediated ROS from complex III as reperfusion continues. 

Simulated ischemia in H9c2 cells and stop flow ischemia in mouse hearts results in 

robust AMPK phosphorylation before the onset of reoxygenation/reperfusion.  Thus, metformin 

therapy is delivered into an already active AMPK system.  Metformin activates AMPK by 

increasing the phosphorylation of AMPKα at Thr-172 (195-197). We found that metformin 

protects cardiomyocytes and intact hearts against injury although AMPK is already active.  This 

finding strongly supports that the protective mechanism for metformin against early reperfusion 

is likely an AMPK-independent modulation of complex I as discussed above.  Previous studies 

confirm that metformin metabolic action in H9c2 cells can occur without AMPK activation 

(198). 

Multiple previous studies found that various treatment paradigms, most involving 

chronic pretreatment before ischemia with chronic low dose metformin protect against aspects of 

ischemia-reperfusion injury.  Metformin decreased the incidence of ischemia-reperfusion 

induced apoptosis in rat hearts (199), and oxidative stress–induced cardiomyocyte apoptosis in 
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dogs (200).  Metformin protects both the diabetic and non-diabetic heart during ischemia and 

reperfusion (133).  It is of interest that treatment at the onset of reperfusion with lower dose 

metformin than in the present study was protective in the previous work, although in an AMPK-

dependent fashion, since protection was not observed in the AMPK kinase dead mouse (133).  In 

contrast, treatment at the onset of reperfusion in the current study with high dose metformin 

protected in an AMPK-independent fashion, protecting the AMPK knockdown H9c2 cells.  

Taken together, these results support a key potential advantage in cardioprotection of integrated 

therapy with metformin during reperfusion.  Acute, high dose metformin therapy can be 

deployed as in the current study to attenuate the early ETC-driven cardiac cell death that occurs 

early in the course of reperfusion.  The cardioprotection of this treatment can be consolidated 

with the continued use of standard dose metformin during the more prolonged period of 

reperfusion to continue with AMPK activation to recruit AMPK mediated cardioprotection 

during the remodeling/recovery phase of reperfusion to blunt the transition to post-infarct 

ischemic cardiomyopathy.  Beneficial longer term impacts of AMPK-mediated signaling during 

reperfusion include the shift of substrate utilization toward glucose oxidation from fatty acid 

oxidation (197,201), the potential attenuation of endoplasmic reticulum stress (202), the 

activation of protective autophagy/mitophagy and the potential activation of mitochondrial 

biogenesis (196). We observed initial evidence of several of these processes by 24 hours of 

reoxygenation. 

We observed that expression of p53 was markedly upregulated after six hours simulated 

ischemia and twenty four hours of reoxygenation in H9c2 cells. p53 gene deletion enhanced 

cardiac function after myocardial infarction (203). There was a decreased expression of anti-

apoptotic Bcl-2 protein. Metformin was able to downregulate of p53 expression. Bcl-2 content 
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was greater in metformin treated samples compared to simulated ischemia reoxygenation 

samples. Studies in mice found that upregulation of anti-apoptotic Bcl-2 protein or genetic 

deletion of proapoptotic Bax protein inhibits apoptosis and decreased infarct size (204). Studies 

showed that hypoxia-induced p53 apoptosis in cardiac myocytes (205). Consequently, other 

interesting studies showed that inhibition of tumor suppressor p53 is cardioprotective against 

ischemic injury (206,207). 

To initially assess the effect of metformin in the autophagy process after SI6/RO24, we 

measured Beclin-1, the mammalian homolog of yeast Atg6, which is a crucial protein in the 

initiation of autophagosome formation (208). Previous studies revealed that Beclin1 expression 

is increased in hibernating myocardium (209) and throughout reperfusion, where increased 

autophagy (210) and is likely to be cardioprotective (211). 

  We found that simulated ischemia-reoxygenation treated with metformin at the onset of 

reoxygenation led to an increase in Beclin -1 content. This finding suggests that metformin 

favored the formation of autophagosome by upregulation of Beclin -1. Hypoxic stress induces 

reactive oxygen species generation, which plays an essential role in negatively regulating 

autophagy through activation of p53 (212). Based on these findings and the previous reports it 

can be speculated that oxidative stress by increased production of reactive oxygen species 

triggers upregulation of p53 that mediated inhibition of myocyte autophagy leading into 

subsequent apoptosis.  

Cysteine thiol modifications are increasingly known to occur under both physiological 

and pathophysiological conditions like aging and ischemia-reperfusion. Modification of reactive 

cysteine thiols alters the function of proteins through modulation of enzymatic activity and may 

be irreversibly oxidized by pathological conditions, and thus affect protein function (213-215). 
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Modification of cysteine residues by reactive oxygen species (ROS), reactive nitrogen species 

(RNS) and their interaction has appeared as a important means of changing the structure and 

function of various proteins (216) including mitochondrial protein complexes. These 

modification can alter mitochondrial complex activity (42). Thiols can react with ROS/RNS. 

Cysteine thiolate anion can be oxidized to nitrosothiols (SNO) and sulfoxidation products, 

sulfenic (SOH), sulfinic (SO2H), and sulfonic (SO3H) acids. Some of these reactions are 

reversible nitrosothiols; this reversible reaction can cause reversible modification in protein 

function (217). 

We found that there is highly decreased sulfhydryl labelling with Cy3 in untreated 

hypoxia reoxygenation group which reflect the modification of the thiol group resulted from 

oxidation and nitrosylation stress during hypoxia-reoxygenation. Metformin protects against 

thiol getting modification by decrease ROS generation and nitrosylation.  This result is consistent 

with the increased ROS generation and nitrosylation in H9c2 cells exposed to simulated 

ischemia-reoxygenation. Reaction with ROS could cause modification of the thiol group. Thus a 

decrease in reactive oxygen species production from metformin – induced modulation of 

complex I could be preserve and protect against modification. The preservation of native 

sulfhydryl groups led to strong Cy3 labelling of sulfhydryls, as seen in non-hypoxic control cells. 

Cy3 results were normalized to the total protein stain gel by SYPRO® Ruby Protein Gel Stain 

which is a highly sensitive fluorescent stain. We performed analysis on the individual thirteen 

KD protein band molecular weight of the ND3 mitochondria complex I subunits, Thiol stained at 

13 Kda band in metformin treated samples versus untreated hypoxia-reoxygenation thus it is 

possible that the exposed ND3 subunit in mitochondria complex I remains unmodified and is 
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labelled with cy3. In contrast, untreated hypoxia reoxygenation samples there is decreased 

labeling of this band with cy3 indicating this subunit has undergone sulfhydryl modification.  

We studied the type of modification to the protein thiol group could occur in the hypoxia 

reoxygenation model in response to increased oxidative stress that results from increase reactive 

oxygen species generation leading to increase thiol modification. Our results are in line with the 

above cy3 labeling results. We found that metformin protects against S-nitrosylation 

modification while there was a high general S-nitrosylation modification in samples from 

untreated hypoxia reoxygenation. Metformin inhibits The D-form of complex I causing 

decreased reactive oxygen species generation at the onset of reoxygenation, since reactive 

oxygen species and nitric oxide (·NO) interact together to produce various reactive nitrogen 

species (RNS) such as peroxynitrite (ONOO−) and nitrogen dioxide (NO2) leading to increased 

cell stress (oxidative and nitrosative stress) (218). 

Cysteine thiols are modified to produce S-nitrosothiol (SNO) (219). The increase of 

modified proteins is an essential hallmark associated with oxidative and nitrosative stress in 

pathological conditions like ischemia (220). 

The present study is built upon previous biochemical work that demonstrated the 

cardioprotective utility of the modulation of the ischemia-damaged ETC during early reperfusion 

(51,113).  The inhibition of ischemia-altered complex I with high dose, acutely administered 

metformin, in relative preference to undamaged complex I, opens a new potential paradigm of 

targeted treatment of reperfusion injury.  Next, a currently approved agent is used that has the 

potential to be repurposed for treatment of reperfusion injury.  Lastly, the present study opens a 

novel therapeutic paradigm for the treatment of reperfusion injury that will address both the early 

phase mitochondrial driven cell death with the potential of continued chronic therapy to activate 
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canonical AMPK cytoprotective mechanisms of autophagy and decreased apoptosis during the 

later phases of reperfusion (167,196,197,221).  Thus, surprisingly with the same agent, the acute 

phase of reperfusion and the recovery/remodeling phase of reperfusion injury can be addressed.  

It is likely that successful clinical intervention against reperfusion injury will require such 

complimentary therapy that approaches differing mechanisms of cardiac injury throughout the 

time course of reperfusion. 

  



 
 

104 
 

 

 

 

 

 

 

 

 

 

 

 

 

List of References   



 
 

105 
 

 

 

 

List of References 

1. Rosamond, W., Flegal, K., Friday, G., Furie, K., Go, A., Greenlund, K., Haase, 

N., Ho, M., Howard, V., Kissela, B., Kittner, S., Lloyd-Jones, D., McDermott, M., 

Meigs, J., Moy, C., Nichol, G., O'Donnell, C. J., Roger, V., Rumsfeld, J., Sorlie, 

P., Steinberger, J., Thom, T., Wasserthiel-Smoller, S., and Hong, Y. (2007) Heart 

disease and stroke statistics--2007 update: a report from the American Heart 

Association Statistics Committee and Stroke Statistics Subcommittee. Circulation 

115, e69-171 

2. Galluzzi, L., Kepp, O., Trojel-Hansen, C., and Kroemer, G. (2012) Mitochondrial 

control of cellular life, stress, and death. Circulation research 111, 1198-1207 

3. Chandra, D., Liu, J. W., and Tang, D. G. (2002) Early mitochondrial activation 

and cytochrome c up-regulation during apoptosis. The Journal of biological 

chemistry 277, 50842-50854 

4. Ajith, T. A., and Jayakumar, T. G. (2014) Mitochondria-targeted agents: Future 

perspectives of mitochondrial pharmaceutics in cardiovascular diseases. World J 

Cardiol 6, 1091-1099 



 
 

106 
 

5. Adlam, V. J., Harrison, J. C., Porteous, C. M., James, A. M., Smith, R. A., 

Murphy, M. P., and Sammut, I. A. (2005) Targeting an antioxidant to 

mitochondria decreases cardiac ischemia-reperfusion injury. Faseb J 19, 1088-

1095 

6. Chen, Q., Moghaddas, S., Hoppel, C. L., and Lesnefsky, E. J. (2006) Reversible 

blockade of electron transport during ischemia protects mitochondria and 

decreases myocardial injury following reperfusion. The Journal of pharmacology 

and experimental therapeutics 319, 1405-1412 

7. Chen, Q., Moghaddas, S., Hoppel, C. L., and Lesnefsky, E. J. (2008) Ischemic 

defects in the electron transport chain increase the production of reactive oxygen 

species from isolated rat heart mitochondria. American journal of physiology. Cell 

physiology 294, C460-466 

8. Venardos, K. M., Perkins, A., Headrick, J., and Kaye, D. M. (2007) Myocardial 

ischemia-reperfusion injury, antioxidant enzyme systems, and selenium: a 

review. Curr Med Chem 14, 1539-1549 

9. Szczepanek, K., Chen, Q., Larner, A. C., and Lesnefsky, E. J. (2012) 

Cytoprotection by the modulation of mitochondrial electron transport chain: the 

emerging role of mitochondrial STAT3. Mitochondrion 12, 180-189 

10. Xu, A., Szczepanek, K., Maceyka, M. W., Ross, T., Bowler, E., Hu, Y., Kenny, B., 

Mehfoud, C., Desai, P. N., Baumgarten, C. M., Chen, Q., and Lesnefsky, E. J. 

(2014) Transient complex I inhibition at the onset of reperfusion by extracellular 



 
 

107 
 

acidification decreases cardiac injury. American journal of physiology. Cell 

physiology 306, C1142-1153 

11. Chen, Q., Vazquez, E. J., Moghaddas, S., Hoppel, C. L., and Lesnefsky, E. J. 

(2003) Production of reactive oxygen species by mitochondria: central role of 

complex III. The Journal of biological chemistry 278, 36027-36031 

12. Radad, K., Rausch, W. D., and Gille, G. (2006) Rotenone induces cell death in 

primary dopaminergic culture by increasing ROS production and inhibiting 

mitochondrial respiration. Neurochem Int 49, 379-386 

13. Lindsay, D. P., Camara, A. K., Stowe, D. F., Lubbe, R., and Aldakkak, M. (2015) 

Differential effects of buffer pH on Ca(2+)-induced ROS emission with inhibited 

mitochondrial complexes I and III. Front Physiol 6, 58 

14. Mamputu, J. C., Wiernsperger, N. F., and Renier, G. (2003) Antiatherogenic 

properties of metformin: the experimental evidence. Diabetes Metab 29, 6s71-76 

15. Dyck, J. R., and Lopaschuk, G. D. (2006) AMPK alterations in cardiac physiology 

and pathology: enemy or ally? The Journal of physiology 574, 95-112 

16. Jiang, T., Yu, J. T., Zhu, X. C., Wang, H. F., Tan, M. S., Cao, L., Zhang, Q. Q., 

Gao, L., Shi, J. Q., Zhang, Y. D., and Tan, L. (2014) Acute metformin 

preconditioning confers neuroprotection against focal cerebral ischaemia by pre-

activation of AMPK-dependent autophagy. British journal of pharmacology 171, 

3146-3157 



 
 

108 
 

17. Ashabi, G., Khodagholi, F., Khalaj, L., Goudarzvand, M., and Nasiri, M. (2014) 

Activation of AMP-activated protein kinase by metformin protects against global 

cerebral ischemia in male rats: interference of AMPK/PGC-1alpha pathway. 

Metab Brain Dis 29, 47-58 

18. Marín-García, J. (2005) Mitochondria and the Heart, Boston, MA : Springer US 

19. Pardee, J. D. (2011) Cell Origin, Structure and Function: How Cells Make a 

Living. Colloquium Series on the Cell Biology of Medicine 2, 1-48 

20. Scheffler, I. E. (2001) Mitochondria make a come back. Advanced Drug Delivery 

Reviews 49, 3-26 

21. Lehninger, A. L., Nelson, D. L., and Cox, M. M. (2013) Lehninger principles of 

biochemistry, W.H. Freeman, New York 

22. Howland, J. (2001) Mitochondria, Immo E Scheffler 

Wiley-Liss, New York, 1999, 367 pages, ISBN 0-471-19422-0, $99 (Book review).   

23. Nisoli, E., and Carruba, M. O. (2006) Nitric oxide and mitochondrial biogenesis. 

Journal of cell science 119, 2855-2862 

24. Carroll, J., Fearnley, I. M., Shannon, R. J., Hirst, J., and Walker, J. E. (2003) 

Analysis of the subunit composition of complex I from bovine heart mitochondria. 

Molecular & cellular proteomics : MCP 2, 117-126 

25. Friedrich, T. (2001) Complex I: A Chimaera of a Redox and Conformation-Driven 

Proton Pump? Journal of Bioenergetics and Biomembranes 33, 169-177 



 
 

109 
 

26. Hirst, J. (2013) Mitochondrial complex I. Annu Rev Biochem 82, 551-575 

27. Ohnishi, T., Ohnishi, S. T., Shinzawa-Itoh, K., Yoshikawa, S., and Weber, R. T. 

(2012) EPR detection of two protein-associated ubiquinone components (SQNf 

and SQNs) in the membrane in situ and in proteoliposomes of isolated bovine 

heart complex I. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1817, 

1803-1809 

28. Wirth, C., Brandt, U., Hunte, C., and Zickermann, V. (2016) Structure and 

function of mitochondrial complex I. Biochimica et Biophysica Acta (BBA) - 

Bioenergetics 1857, 902-914 

29. Mårten, W. (1984) Two protons are pumped from the mitochondrial matrix per 

electron transferred between NADH and ubiquinone. Febs Lett 169, 300-304 

30. Hinchliffe, P., and Sazanov, L. A. (2005) Organization of Iron-Sulfur Clusters in 

Respiratory Complex I. Science 309, 771-774 

31. Friedrich, T. (1998) The NADH:ubiquinone oxidoreductase (complex I) from 

Escherichia coli. Biochimica et biophysica acta 1364, 134-146 

32. Sazanov, L. A., Peak-Chew, S. Y., Fearnley, I. M., and Walker, J. E. (2000) 

Resolution of the membrane domain of bovine complex I into subcomplexes: 

implications for the structural organization of the enzyme. Biochemistry-Us 39, 

7229-7235 



 
 

110 
 

33. Holt, P. J., Morgan, D. J., and Sazanov, L. A. (2003) The Location of NuoL and 

NuoM Subunits in the Membrane Domain of the Escherichia coli Complex I: 

IMPLICATIONS FOR THE MECHANISM OF PROTON PUMPING. Journal of 

Biological Chemistry 278, 43114-43120 

34. Weissig, V. (2003) Mitochondrial-Targeted Drug and DNA Delivery. 20, 62 

35. Zamzami, N., Marchetti, P., Castedo, M., Decaudin, D., Macho, A., Hirsch, T., 

Susin, S. A., Petit, P. X., Mignotte, B., and Kroemer, G. (1995) Sequential 

reduction of mitochondrial transmembrane potential and generation of reactive 

oxygen species in early programmed cell death. The Journal of Experimental 

Medicine 182, 367-377 

36. Mitchell, P. (1966) Chemiosmotic coupling in oxidative and photosynthetic 

phosphorylation. Biological reviews of the Cambridge Philosophical Society 41, 

445-502 

37. Zorov, D. B., Juhaszova, M., and Sollott, S. J. (2014) Mitochondrial Reactive 

Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol Rev 94, 909-

950 

38. Huss, J. M., and Kelly, D. P. (2005) Mitochondrial energy metabolism in heart 

failure: a question of balance. J Clin Invest 115, 547-555 

39. Garcia-Rivas Gde, J., Carvajal, K., Correa, F., and Zazueta, C. (2006) Ru360, a 

specific mitochondrial calcium uptake inhibitor, improves cardiac post-ischaemic 

functional recovery in rats in vivo. British journal of pharmacology 149, 829-837 



 
 

111 
 

40. Bottje, W. (2015) Chapter 4 - Mitochondrial Physiology A2 - Scanes, Colin G. in 

Sturkie's Avian Physiology (Sixth Edition), Academic Press, San Diego. pp 39-51 

41. Heller, A., Brockhoff, G., and Goepferich, A. (2012) Targeting drugs to 

mitochondria. European Journal of Pharmaceutics and Biopharmaceutics 82, 1-

18 

42. Chouchani, E. T., James, A. M., Fearnley, I. M., Lilley, K. S., and Murphy, M. P. 

(2011) Proteomic approaches to the characterization of protein thiol modification. 

Current Opinion in Chemical Biology 15, 120-128 

43. Eltzschig, H. K., and Eckle, T. (2011) Ischemia and reperfusion--from mechanism 

to translation. Nature medicine 17, 1391-1401 

44. Wood, K. C., and Gladwin, M. T. (2007) The hydrogen highway to reperfusion 

therapy. Nature medicine 13, 673-674 

45. Lesnefsky, E. J., Moghaddas, S., Tandler, B., Kerner, J., and Hoppel, C. L. 

(2001) Mitochondrial dysfunction in cardiac disease: ischemia--reperfusion, 

aging, and heart failure. J Mol Cell Cardiol 33, 1065-1089 

46. Lesnefsky, E. J., and Hoppel, C. L. (2003) Ischemia-reperfusion injury in the 

aged heart: role of mitochondria. Arch Biochem Biophys 420, 287-297 

47. Chen, E. L. a. Q. (2009) Mitochondria and cardiac injury: A journey from 

reperfusion to ischemia and back again. in The Research signpost/Transworld 

Research Network. pp 229-267 



 
 

112 
 

48. McCord, J. M. (1988) Free radicals and myocardial ischemia: overview and 

outlook. Free Radic Biol Med 4, 9-14 

49. Lesnefsky, E. J., Chen, Q., Slabe, T. J., Stoll, M. S., Minkler, P. E., Hassan, M. 

O., Tandler, B., and Hoppel, C. L. (2004) Ischemia, rather than reperfusion, 

inhibits respiration through cytochrome oxidase in the isolated, perfused rabbit 

heart: role of cardiolipin. American journal of physiology. Heart and circulatory 

physiology 287, H258-267 

50. Rouslin, W. (1983) Mitochondrial complexes I, II, III, IV, and V in myocardial 

ischemia and autolysis. The American journal of physiology 244, H743-748 

51. Chen, Q., Camara, A. K., Stowe, D. F., Hoppel, C. L., and Lesnefsky, E. J. 

(2007) Modulation of electron transport protects cardiac mitochondria and 

decreases myocardial injury during ischemia and reperfusion. American journal 

of physiology. Cell physiology 292, C137-147 

52. Bridges, Hannah R., Jones, Andrew J. Y., Pollak, Michael N., and Hirst, J. (2014) 

Effects of metformin and other biguanides on oxidative phosphorylation in 

mitochondria. Biochemical Journal 462, 475-487 

53. Dröse, S., Brandt, U., and Wittig, I. (2014) Mitochondrial respiratory chain 

complexes as sources and targets of thiol-based redox-regulation. Biochimica et 

Biophysica Acta (BBA) - Proteins and Proteomics 1844, 1344-1354 

54. Maklashina, E., Sher, Y., Zhou, H. Z., Gray, M. O., Karliner, J. S., and Cecchini, 

G. (2002) Effect of anoxia/reperfusion on the reversible active/de-active transition 



 
 

113 
 

of NADH-ubiquinone oxidoreductase (complex I) in rat heart. Biochimica et 

biophysica acta 1556, 6-12 

55. Gorenkova, N., Robinson, E., Grieve, D. J., and Galkin, A. (2013) Conformational 

change of mitochondrial complex I increases ROS sensitivity during ischemia. 

Antioxidants & redox signaling 19, 1459-1468 

56. Vinogradov, A. D., and Grivennikova, V. G. (2005) Generation of superoxide-

radical by the NADH:ubiquinone oxidoreductase of heart mitochondria. 

Biochemistry. Biokhimiia 70, 120-127 

57. Ohnishi, S. T., Ohnishi, T., Muranaka, S., Fujita, H., Kimura, H., Uemura, K., 

Yoshida, K., and Utsumi, K. (2005) A possible site of superoxide generation in 

the complex I segment of rat heart mitochondria. J Bioenerg Biomembr 37, 1-15 

58. Kussmaul, L., and Hirst, J. (2006) The mechanism of superoxide production by 

NADH:ubiquinone oxidoreductase (complex I) from bovine heart mitochondria. 

Proc Natl Acad Sci U S A 103, 7607-7612 

59. Pryde, K. R., and Hirst, J. (2011) Superoxide is produced by the reduced flavin in 

mitochondrial complex I: a single, unified mechanism that applies during both 

forward and reverse electron transfer. The Journal of biological chemistry 286, 

18056-18065 

60. Herrero, A., and Barja, G. (2000) Localization of the site of oxygen radical 

generation inside the complex I of heart and nonsynaptic brain mammalian 

mitochondria. J Bioenerg Biomembr 32, 609-615 



 
 

114 
 

61. Kushnareva, Y., Murphy, A. N., and Andreyev, A. (2002) Complex I-mediated 

reactive oxygen species generation: modulation by cytochrome c and NAD(P)+ 

oxidation-reduction state. The Biochemical journal 368, 545-553 

62. Krishnamoorthy, G., and Hinkle, P. C. (1988) Studies on the electron transfer 

pathway, topography of iron-sulfur centers, and site of coupling in NADH-Q 

oxidoreductase. The Journal of biological chemistry 263, 17566-17575 

63. Kotlyar, A. B., Sled, V. D., Burbaev, D. S., Moroz, I. A., and Vinogradov, A. D. 

(1990) Coupling site I and the rotenone-sensitive ubisemiquinone in tightly 

coupled submitochondrial particles. Febs Lett 264, 17-20 

64. Sazanov, L. A. (2007) Respiratory complex I: mechanistic and structural insights 

provided by the crystal structure of the hydrophilic domain. Biochemistry-Us 46, 

2275-2288 

65. Lesnefsky, E. J., Chen, Q., Moghaddas, S., Hassan, M. O., Tandler, B., and 

Hoppel, C. L. (2004) Blockade of electron transport during ischemia protects 

cardiac mitochondria. The Journal of biological chemistry 279, 47961-47967 

66. Chen, Q., Hoppel, C. L., and Lesnefsky, E. J. (2006) Blockade of electron 

transport before cardiac ischemia with the reversible inhibitor amobarbital 

protects rat heart mitochondria. The Journal of pharmacology and experimental 

therapeutics 316, 200-207 

67. Murphy, M. P. (2009) How mitochondria produce reactive oxygen species. The 

Biochemical journal 417, 1-13 



 
 

115 
 

68. Chouchani, E. T., Pell, V. R., James, A. M., Work, L. M., Saeb-Parsy, K., Frezza, 

C., Krieg, T., and Murphy, M. P. (2016) A Unifying Mechanism for Mitochondrial 

Superoxide Production during Ischemia-Reperfusion Injury. Cell metabolism 23, 

254-263 

69. Hirst, J., King, M. S., and Pryde, K. R. (2008) The production of reactive oxygen 

species by complex I. Biochemical Society transactions 36, 976-980 

70. Lambert, A. J., and Brand, M. D. (2004) Inhibitors of the quinone-binding site 

allow rapid superoxide production from mitochondrial NADH:ubiquinone 

oxidoreductase (complex I). The Journal of biological chemistry 279, 39414-

39420 

71. Liu, Y., Fiskum, G., and Schubert, D. (2002) Generation of reactive oxygen 

species by the mitochondrial electron transport chain. Journal of neurochemistry 

80, 780-787 

72. Sinha, K., Das, J., Pal, P. B., and Sil, P. C. (2013) Oxidative stress: the 

mitochondria-dependent and mitochondria-independent pathways of apoptosis. 

Archives of toxicology 87, 1157-1180 

73. Farrugia, G., and Balzan, R. (2012) Oxidative stress and programmed cell death 

in yeast. Frontiers in oncology 2, 64 

74. Grivennikova, V. G., and Vinogradov, A. D. (2006) Generation of superoxide by 

the mitochondrial Complex I. Biochimica et Biophysica Acta (BBA) - 

Bioenergetics 1757, 553-561 



 
 

116 
 

75. Chance, B., Sies, H., and Boveris, A. (1979) Hydroperoxide metabolism in 

mammalian organs. Physiol Rev 59, 527-605 

76. McCord, J. M., and Fridovich, I. (1969) Superoxide dismutase. An enzymic 

function for erythrocuprein (hemocuprein). The Journal of biological chemistry 

244, 6049-6055 

77. Saran, M., and Bors, W. (1991) Direct and indirect measurements of oxygen 

radicals. Klinische Wochenschrift 69, 957-964 

78. Gille, G., and Sigler, K. (1995) Oxidative stress and living cells. Folia 

microbiologica 40, 131-152 

79. Shackelford, R. E., Kaufmann, W. K., and Paules, R. S. (2000) Oxidative stress 

and cell cycle checkpoint function11Both Drs. Paules and Kaufmann received 

their doctoral degrees in Experimental Pathology from the University of North 

Carolina at Chapel Hill School of Medicine (in 1984 and 1979, respectively). Free 

Radical Biology and Medicine 28, 1387-1404 

80. Imlay, J. A., Chin, S. M., and Linn, S. (1988) Toxic DNA damage by hydrogen 

peroxide through the Fenton reaction in vivo and in vitro. Science 240, 640-642 

81. Richter, C., Park, J. W., and Ames, B. N. (1988) Normal oxidative damage to 

mitochondrial and nuclear DNA is extensive. Proceedings of the National 

Academy of Sciences 85, 6465-6467 



 
 

117 
 

82. Vinogradov, A. D. (1998) Catalytic properties of the mitochondrial NADH–

ubiquinone oxidoreductase (Complex I) and the pseudo-reversible active/inactive 

enzyme transition. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1364, 

169-185 

83. Drose, S., Stepanova, A., and Galkin, A. (2016) Ischemic A/D transition of 

mitochondrial complex I and its role in ROS generation. Biochimica et biophysica 

acta 1857, 946-957 

84. Babot, M., Birch, A., Labarbuta, P., and Galkin, A. (2014) Characterisation of the 

active/de-active transition of mitochondrial complex I. Biochimica et biophysica 

acta 1837, 1083-1092 

85. Lennon, S. V., Martin, S. J., and Cotter, T. G. (1991) Dose-dependent induction 

of apoptosis in human tumour cell lines by widely diverging stimuli. Cell 

proliferation 24, 203-214 

86. Kam, P. C., and Ferch, N. I. (2000) Apoptosis: mechanisms and clinical 

implications. Anaesthesia 55, 1081-1093 

87. Haunstetter, A., and Izumo, S. (1998) Apoptosis: basic mechanisms and 

implications for cardiovascular disease. Circulation research 82, 1111-1129 

88. Krajewski, S., Krajewska, M., Shabaik, A., Miyashita, T., Wang, H. G., and Reed, 

J. C. (1994) Immunohistochemical determination of in vivo distribution of Bax, a 

dominant inhibitor of Bcl-2. The American journal of pathology 145, 1323-1336 



 
 

118 
 

89. Wawryk-Gawda, E., Chylinska-Wrzos, P., Lis-Sochocka, M., Chlapek, K., Bulak, 

K., Jedrych, M., and Jodlowska-Jedrych, B. (2014) P53 protein in proliferation, 

repair and apoptosis of cells. Protoplasma 251, 525-533 

90. Vaseva, A. V., and Moll, U. M. (2013) Identification of p53 in mitochondria. 

Methods in molecular biology (Clifton, N.J.) 962, 75-84 

91. Marchenko, N. D., Zaika, A., and Moll, U. M. (2000) Death signal-induced 

localization of p53 protein to mitochondria. A potential role in apoptotic signaling. 

The Journal of biological chemistry 275, 16202-16212 

92. Vaseva, A. V., Marchenko, N. D., Ji, K., Tsirka, S. E., Holzmann, S., and Moll, U. 

M. (2012) p53 opens the mitochondrial permeability transition pore to trigger 

necrosis. Cell 149, 1536-1548 

93. Liu, C. W., Yang, F., Cheng, S. Z., Liu, Y., Wan, L. H., and Cong, H. L. (2017) 

Rosuvastatin postconditioning protects isolated hearts against ischemia-

reperfusion injury: The role of radical oxygen species, PI3K-Akt-GSK-3beta 

pathway, and mitochondrial permeability transition pore. Cardiovascular 

therapeutics 35, 3-9 

94. Bernardi, P., and Di Lisa, F. (2015) The mitochondrial permeability transition 

pore: molecular nature and role as a target in cardioprotection. Journal of 

molecular and cellular cardiology 78, 100-106 



 
 

119 
 

95. Halestrap, A. P., Clarke, S. J., and Javadov, S. A. (2004) Mitochondrial 

permeability transition pore opening during myocardial reperfusion--a target for 

cardioprotection. Cardiovascular research 61, 372-385 

96. Mohsin, A., Chen, Q., Quan, N., Maceyka, M., Samidurai, A., Thompson, J., Hu, 

Y., Li, J., and Lesnefsky, E. J. (2016) Abstract 19919: Cardioprotection During 

Early Reperfusion via Complex I Inhibition by Metformin. Circulation 134, 

A19919-A19919 

97. Choi, A. M., Ryter, S. W., and Levine, B. (2013) Autophagy in human health and 

disease. The New England journal of medicine 368, 651-662 

98. Sheng, R., and Qin, Z.-h. (2015) The divergent roles of autophagy in ischemia 

and preconditioning. Acta Pharmacologica Sinica 36, 411-420 

99. Klionsky, D. J., Abdalla, F. C., Abeliovich, H., Abraham, R. T., Acevedo-Arozena, 

A., Adeli, K., Agholme, L., Agnello, M., Agostinis, P., Aguirre-Ghiso, J. A., Ahn, H. 

J., Ait-Mohamed, O., Ait-Si-Ali, S., Akematsu, T., Akira, S., Al-Younes, H. M., Al-

Zeer, M. A., Albert, M. L., Albin, R. L., Alegre-Abarrategui, J., Aleo, M. F., 

Alirezaei, M., Almasan, A., Almonte-Becerril, M., Amano, A., Amaravadi, R., 

Amarnath, S., Amer, A. O., Andrieu-Abadie, N., Anantharam, V., Ann, D. K., 

Anoopkumar-Dukie, S., Aoki, H., Apostolova, N., Arancia, G., Aris, J. P., 

Asanuma, K., Asare, N. Y., Ashida, H., Askanas, V., Askew, D. S., Auberger, P., 

Baba, M., Backues, S. K., Baehrecke, E. H., Bahr, B. A., Bai, X. Y., Bailly, Y., 

Baiocchi, R., Baldini, G., Balduini, W., Ballabio, A., Bamber, B. A., Bampton, E. 

T., Banhegyi, G., Bartholomew, C. R., Bassham, D. C., Bast, R. C., Jr., Batoko, 



 
 

120 
 

H., Bay, B. H., Beau, I., Bechet, D. M., Begley, T. J., Behl, C., Behrends, C., 

Bekri, S., Bellaire, B., Bendall, L. J., Benetti, L., Berliocchi, L., Bernardi, H., 

Bernassola, F., Besteiro, S., Bhatia-Kissova, I., Bi, X., Biard-Piechaczyk, M., 

Blum, J. S., Boise, L. H., Bonaldo, P., Boone, D. L., Bornhauser, B. C., Bortoluci, 

K. R., Bossis, I., Bost, F., Bourquin, J. P., Boya, P., Boyer-Guittaut, M., Bozhkov, 

P. V., Brady, N. R., Brancolini, C., Brech, A., Brenman, J. E., Brennand, A., 

Bresnick, E. H., Brest, P., Bridges, D., Bristol, M. L., Brookes, P. S., Brown, E. J., 

Brumell, J. H., Brunetti-Pierri, N., Brunk, U. T., Bulman, D. E., Bultman, S. J., 

Bultynck, G., Burbulla, L. F., Bursch, W., Butchar, J. P., Buzgariu, W., Bydlowski, 

S. P., Cadwell, K., Cahova, M., Cai, D., Cai, J., Cai, Q., Calabretta, B., Calvo-

Garrido, J., Camougrand, N., Campanella, M., Campos-Salinas, J., Candi, E., 

Cao, L., Caplan, A. B., Carding, S. R., Cardoso, S. M., Carew, J. S., Carlin, C. 

R., Carmignac, V., Carneiro, L. A., Carra, S., Caruso, R. A., Casari, G., Casas, 

C., Castino, R., Cebollero, E., Cecconi, F., Celli, J., Chaachouay, H., Chae, H. J., 

Chai, C. Y., Chan, D. C., Chan, E. Y., Chang, R. C., Che, C. M., Chen, C. C., 

Chen, G. C., Chen, G. Q., Chen, M., Chen, Q., Chen, S. S., Chen, W., Chen, X., 

Chen, X., Chen, X., Chen, Y. G., Chen, Y., Chen, Y., Chen, Y. J., Chen, Z., 

Cheng, A., Cheng, C. H., Cheng, Y., Cheong, H., Cheong, J. H., Cherry, S., 

Chess-Williams, R., Cheung, Z. H., Chevet, E., Chiang, H. L., Chiarelli, R., 

Chiba, T., Chin, L. S., Chiou, S. H., Chisari, F. V., Cho, C. H., Cho, D. H., Choi, 

A. M., Choi, D., Choi, K. S., Choi, M. E., Chouaib, S., Choubey, D., Choubey, V., 

Chu, C. T., Chuang, T. H., Chueh, S. H., Chun, T., Chwae, Y. J., Chye, M. L., 

Ciarcia, R., Ciriolo, M. R., Clague, M. J., Clark, R. S., Clarke, P. G., Clarke, R., 



 
 

121 
 

Codogno, P., Coller, H. A., Colombo, M. I., Comincini, S., Condello, M., 

Condorelli, F., Cookson, M. R., Coombs, G. H., Coppens, I., Corbalan, R., 

Cossart, P., Costelli, P., Costes, S., Coto-Montes, A., Couve, E., Coxon, F. P., 

Cregg, J. M., Crespo, J. L., Cronje, M. J., Cuervo, A. M., Cullen, J. J., Czaja, M. 

J., D'Amelio, M., Darfeuille-Michaud, A., Davids, L. M., Davies, F. E., De Felici, 

M., de Groot, J. F., de Haan, C. A., De Martino, L., De Milito, A., De Tata, V., 

Debnath, J., Degterev, A., Dehay, B., Delbridge, L. M., Demarchi, F., Deng, Y. Z., 

Dengjel, J., Dent, P., Denton, D., Deretic, V., Desai, S. D., Devenish, R. J., Di 

Gioacchino, M., Di Paolo, G., Di Pietro, C., Diaz-Araya, G., Diaz-Laviada, I., 

Diaz-Meco, M. T., Diaz-Nido, J., Dikic, I., Dinesh-Kumar, S. P., Ding, W. X., 

Distelhorst, C. W., Diwan, A., Djavaheri-Mergny, M., Dokudovskaya, S., Dong, 

Z., Dorsey, F. C., Dosenko, V., Dowling, J. J., Doxsey, S., Dreux, M., Drew, M. 

E., Duan, Q., Duchosal, M. A., Duff, K., Dugail, I., Durbeej, M., Duszenko, M., 

Edelstein, C. L., Edinger, A. L., Egea, G., Eichinger, L., Eissa, N. T., 

Ekmekcioglu, S., El-Deiry, W. S., Elazar, Z., Elgendy, M., Ellerby, L. M., Eng, K. 

E., Engelbrecht, A. M., Engelender, S., Erenpreisa, J., Escalante, R., Esclatine, 

A., Eskelinen, E. L., Espert, L., Espina, V., Fan, H., Fan, J., Fan, Q. W., Fan, Z., 

Fang, S., Fang, Y., Fanto, M., Fanzani, A., Farkas, T., Farre, J. C., Faure, M., 

Fechheimer, M., Feng, C. G., Feng, J., Feng, Q., Feng, Y., Fesus, L., Feuer, R., 

Figueiredo-Pereira, M. E., Fimia, G. M., Fingar, D. C., Finkbeiner, S., Finkel, T., 

Finley, K. D., Fiorito, F., Fisher, E. A., Fisher, P. B., Flajolet, M., Florez-McClure, 

M. L., Florio, S., Fon, E. A., Fornai, F., Fortunato, F., Fotedar, R., Fowler, D. H., 

Fox, H. S., Franco, R., Frankel, L. B., Fransen, M., Fuentes, J. M., Fueyo, J., 



 
 

122 
 

Fujii, J., Fujisaki, K., Fujita, E., Fukuda, M., Furukawa, R. H., Gaestel, M., Gailly, 

P., Gajewska, M., Galliot, B., Galy, V., Ganesh, S., Ganetzky, B., Ganley, I. G., 

Gao, F. B., Gao, G. F., Gao, J., Garcia, L., Garcia-Manero, G., Garcia-Marcos, 

M., Garmyn, M., Gartel, A. L., Gatti, E., Gautel, M., Gawriluk, T. R., Gegg, M. E., 

Geng, J., Germain, M., Gestwicki, J. E., Gewirtz, D. A., Ghavami, S., Ghosh, P., 

Giammarioli, A. M., Giatromanolaki, A. N., Gibson, S. B., Gilkerson, R. W., 

Ginger, M. L., Ginsberg, H. N., Golab, J., Goligorsky, M. S., Golstein, P., Gomez-

Manzano, C., Goncu, E., Gongora, C., Gonzalez, C. D., Gonzalez, R., Gonzalez-

Estevez, C., Gonzalez-Polo, R. A., Gonzalez-Rey, E., Gorbunov, N. V., Gorski, 

S., Goruppi, S., Gottlieb, R. A., Gozuacik, D., Granato, G. E., Grant, G. D., 

Green, K. N., Gregorc, A., Gros, F., Grose, C., Grunt, T. W., Gual, P., Guan, J. 

L., Guan, K. L., Guichard, S. M., Gukovskaya, A. S., Gukovsky, I., Gunst, J., 

Gustafsson, A. B., Halayko, A. J., Hale, A. N., Halonen, S. K., Hamasaki, M., 

Han, F., Han, T., Hancock, M. K., Hansen, M., Harada, H., Harada, M., Hardt, S. 

E., Harper, J. W., Harris, A. L., Harris, J., Harris, S. D., Hashimoto, M., Haspel, J. 

A., Hayashi, S., Hazelhurst, L. A., He, C., He, Y. W., Hebert, M. J., Heidenreich, 

K. A., Helfrich, M. H., Helgason, G. V., Henske, E. P., Herman, B., Herman, P. 

K., Hetz, C., Hilfiker, S., Hill, J. A., Hocking, L. J., Hofman, P., Hofmann, T. G., 

Hohfeld, J., Holyoake, T. L., Hong, M. H., Hood, D. A., Hotamisligil, G. S., 

Houwerzijl, E. J., Hoyer-Hansen, M., Hu, B., Hu, C. A., Hu, H. M., Hua, Y., 

Huang, C., Huang, J., Huang, S., Huang, W. P., Huber, T. B., Huh, W. K., Hung, 

T. H., Hupp, T. R., Hur, G. M., Hurley, J. B., Hussain, S. N., Hussey, P. J., 

Hwang, J. J., Hwang, S., Ichihara, A., Ilkhanizadeh, S., Inoki, K., Into, T., Iovane, 



 
 

123 
 

V., Iovanna, J. L., Ip, N. Y., Isaka, Y., Ishida, H., Isidoro, C., Isobe, K., Iwasaki, 

A., Izquierdo, M., Izumi, Y., Jaakkola, P. M., Jaattela, M., Jackson, G. R., 

Jackson, W. T., Janji, B., Jendrach, M., Jeon, J. H., Jeung, E. B., Jiang, H., 

Jiang, H., Jiang, J. X., Jiang, M., Jiang, Q., Jiang, X., Jiang, X., Jimenez, A., Jin, 

M., Jin, S., Joe, C. O., Johansen, T., Johnson, D. E., Johnson, G. V., Jones, N. 

L., Joseph, B., Joseph, S. K., Joubert, A. M., Juhasz, G., Juillerat-Jeanneret, L., 

Jung, C. H., Jung, Y. K., Kaarniranta, K., Kaasik, A., Kabuta, T., Kadowaki, M., 

Kagedal, K., Kamada, Y., Kaminskyy, V. O., Kampinga, H. H., Kanamori, H., 

Kang, C., Kang, K. B., Kang, K. I., Kang, R., Kang, Y. A., Kanki, T., Kanneganti, 

T. D., Kanno, H., Kanthasamy, A. G., Kanthasamy, A., Karantza, V., Kaushal, G. 

P., Kaushik, S., Kawazoe, Y., Ke, P. Y., Kehrl, J. H., Kelekar, A., Kerkhoff, C., 

Kessel, D. H., Khalil, H., Kiel, J. A., Kiger, A. A., Kihara, A., Kim, D. R., Kim, D. 

H., Kim, D. H., Kim, E. K., Kim, H. R., Kim, J. S., Kim, J. H., Kim, J. C., Kim, J. K., 

Kim, P. K., Kim, S. W., Kim, Y. S., Kim, Y., Kimchi, A., Kimmelman, A. C., King, 

J. S., Kinsella, T. J., Kirkin, V., Kirshenbaum, L. A., Kitamoto, K., Kitazato, K., 

Klein, L., Klimecki, W. T., Klucken, J., Knecht, E., Ko, B. C., Koch, J. C., Koga, 

H., Koh, J. Y., Koh, Y. H., Koike, M., Komatsu, M., Kominami, E., Kong, H. J., 

Kong, W. J., Korolchuk, V. I., Kotake, Y., Koukourakis, M. I., Kouri Flores, J. B., 

Kovacs, A. L., Kraft, C., Krainc, D., Kramer, H., Kretz-Remy, C., Krichevsky, A. 

M., Kroemer, G., Kruger, R., Krut, O., Ktistakis, N. T., Kuan, C. Y., Kucharczyk, 

R., Kumar, A., Kumar, R., Kumar, S., Kundu, M., Kung, H. J., Kurz, T., Kwon, H. 

J., La Spada, A. R., Lafont, F., Lamark, T., Landry, J., Lane, J. D., Lapaquette, 

P., Laporte, J. F., Laszlo, L., Lavandero, S., Lavoie, J. N., Layfield, R., Lazo, P. 



 
 

124 
 

A., Le, W., Le Cam, L., Ledbetter, D. J., Lee, A. J., Lee, B. W., Lee, G. M., Lee, 

J., Lee, J. H., Lee, M., Lee, M. S., Lee, S. H., Leeuwenburgh, C., Legembre, P., 

Legouis, R., Lehmann, M., Lei, H. Y., Lei, Q. Y., Leib, D. A., Leiro, J., Lemasters, 

J. J., Lemoine, A., Lesniak, M. S., Lev, D., Levenson, V. V., Levine, B., Levy, E., 

Li, F., Li, J. L., Li, L., Li, S., Li, W., Li, X. J., Li, Y. B., Li, Y. P., Liang, C., Liang, 

Q., Liao, Y. F., Liberski, P. P., Lieberman, A., Lim, H. J., Lim, K. L., Lim, K., Lin, 

C. F., Lin, F. C., Lin, J., Lin, J. D., Lin, K., Lin, W. W., Lin, W. C., Lin, Y. L., 

Linden, R., Lingor, P., Lippincott-Schwartz, J., Lisanti, M. P., Liton, P. B., Liu, B., 

Liu, C. F., Liu, K., Liu, L., Liu, Q. A., Liu, W., Liu, Y. C., Liu, Y., Lockshin, R. A., 

Lok, C. N., Lonial, S., Loos, B., Lopez-Berestein, G., Lopez-Otin, C., Lossi, L., 

Lotze, M. T., Low, P., Lu, B., Lu, B., Lu, B., Lu, Z., Luciano, F., Lukacs, N. W., 

Lund, A. H., Lynch-Day, M. A., Ma, Y., Macian, F., MacKeigan, J. P., Macleod, K. 

F., Madeo, F., Maiuri, L., Maiuri, M. C., Malagoli, D., Malicdan, M. C., Malorni, 

W., Man, N., Mandelkow, E. M., Manon, S., Manov, I., Mao, K., Mao, X., Mao, Z., 

Marambaud, P., Marazziti, D., Marcel, Y. L., Marchbank, K., Marchetti, P., 

Marciniak, S. J., Marcondes, M., Mardi, M., Marfe, G., Marino, G., Markaki, M., 

Marten, M. R., Martin, S. J., Martinand-Mari, C., Martinet, W., Martinez-Vicente, 

M., Masini, M., Matarrese, P., Matsuo, S., Matteoni, R., Mayer, A., Mazure, N. 

M., McConkey, D. J., McConnell, M. J., McDermott, C., McDonald, C., 

McInerney, G. M., McKenna, S. L., McLaughlin, B., McLean, P. J., McMaster, C. 

R., McQuibban, G. A., Meijer, A. J., Meisler, M. H., Melendez, A., Melia, T. J., 

Melino, G., Mena, M. A., Menendez, J. A., Menna-Barreto, R. F., Menon, M. B., 

Menzies, F. M., Mercer, C. A., Merighi, A., Merry, D. E., Meschini, S., Meyer, C. 



 
 

125 
 

G., Meyer, T. F., Miao, C. Y., Miao, J. Y., Michels, P. A., Michiels, C., Mijaljica, 

D., Milojkovic, A., Minucci, S., Miracco, C., Miranti, C. K., Mitroulis, I., Miyazawa, 

K., Mizushima, N., Mograbi, B., Mohseni, S., Molero, X., Mollereau, B., 

Mollinedo, F., Momoi, T., Monastyrska, I., Monick, M. M., Monteiro, M. J., Moore, 

M. N., Mora, R., Moreau, K., Moreira, P. I., Moriyasu, Y., Moscat, J., Mostowy, 

S., Mottram, J. C., Motyl, T., Moussa, C. E., Muller, S., Muller, S., Munger, K., 

Munz, C., Murphy, L. O., Murphy, M. E., Musaro, A., Mysorekar, I., Nagata, E., 

Nagata, K., Nahimana, A., Nair, U., Nakagawa, T., Nakahira, K., Nakano, H., 

Nakatogawa, H., Nanjundan, M., Naqvi, N. I., Narendra, D. P., Narita, M., 

Navarro, M., Nawrocki, S. T., Nazarko, T. Y., Nemchenko, A., Netea, M. G., 

Neufeld, T. P., Ney, P. A., Nezis, I. P., Nguyen, H. P., Nie, D., Nishino, I., Nislow, 

C., Nixon, R. A., Noda, T., Noegel, A. A., Nogalska, A., Noguchi, S., Notterpek, 

L., Novak, I., Nozaki, T., Nukina, N., Nurnberger, T., Nyfeler, B., Obara, K., 

Oberley, T. D., Oddo, S., Ogawa, M., Ohashi, T., Okamoto, K., Oleinick, N. L., 

Oliver, F. J., Olsen, L. J., Olsson, S., Opota, O., Osborne, T. F., Ostrander, G. K., 

Otsu, K., Ou, J. H., Ouimet, M., Overholtzer, M., Ozpolat, B., Paganetti, P., 

Pagnini, U., Pallet, N., Palmer, G. E., Palumbo, C., Pan, T., Panaretakis, T., 

Pandey, U. B., Papackova, Z., Papassideri, I., Paris, I., Park, J., Park, O. K., 

Parys, J. B., Parzych, K. R., Patschan, S., Patterson, C., Pattingre, S., Pawelek, 

J. M., Peng, J., Perlmutter, D. H., Perrotta, I., Perry, G., Pervaiz, S., Peter, M., 

Peters, G. J., Petersen, M., Petrovski, G., Phang, J. M., Piacentini, M., Pierre, P., 

Pierrefite-Carle, V., Pierron, G., Pinkas-Kramarski, R., Piras, A., Piri, N., 

Platanias, L. C., Poggeler, S., Poirot, M., Poletti, A., Pous, C., Pozuelo-Rubio, M., 



 
 

126 
 

Praetorius-Ibba, M., Prasad, A., Prescott, M., Priault, M., Produit-Zengaffinen, N., 

Progulske-Fox, A., Proikas-Cezanne, T., Przedborski, S., Przyklenk, K., 

Puertollano, R., Puyal, J., Qian, S. B., Qin, L., Qin, Z. H., Quaggin, S. E., Raben, 

N., Rabinowich, H., Rabkin, S. W., Rahman, I., Rami, A., Ramm, G., Randall, G., 

Randow, F., Rao, V. A., Rathmell, J. C., Ravikumar, B., Ray, S. K., Reed, B. H., 

Reed, J. C., Reggiori, F., Regnier-Vigouroux, A., Reichert, A. S., Reiners, J. J., 

Jr., Reiter, R. J., Ren, J., Revuelta, J. L., Rhodes, C. J., Ritis, K., Rizzo, E., 

Robbins, J., Roberge, M., Roca, H., Roccheri, M. C., Rocchi, S., Rodemann, H. 

P., Rodriguez de Cordoba, S., Rohrer, B., Roninson, I. B., Rosen, K., Rost-

Roszkowska, M. M., Rouis, M., Rouschop, K. M., Rovetta, F., Rubin, B. P., 

Rubinsztein, D. C., Ruckdeschel, K., Rucker, E. B., 3rd, Rudich, A., Rudolf, E., 

Ruiz-Opazo, N., Russo, R., Rusten, T. E., Ryan, K. M., Ryter, S. W., Sabatini, D. 

M., Sadoshima, J., Saha, T., Saitoh, T., Sakagami, H., Sakai, Y., Salekdeh, G. 

H., Salomoni, P., Salvaterra, P. M., Salvesen, G., Salvioli, R., Sanchez, A. M., 

Sanchez-Alcazar, J. A., Sanchez-Prieto, R., Sandri, M., Sankar, U., Sansanwal, 

P., Santambrogio, L., Saran, S., Sarkar, S., Sarwal, M., Sasakawa, C., 

Sasnauskiene, A., Sass, M., Sato, K., Sato, M., Schapira, A. H., Scharl, M., 

Schatzl, H. M., Scheper, W., Schiaffino, S., Schneider, C., Schneider, M. E., 

Schneider-Stock, R., Schoenlein, P. V., Schorderet, D. F., Schuller, C., Schwartz, 

G. K., Scorrano, L., Sealy, L., Seglen, P. O., Segura-Aguilar, J., Seiliez, I., 

Seleverstov, O., Sell, C., Seo, J. B., Separovic, D., Setaluri, V., Setoguchi, T., 

Settembre, C., Shacka, J. J., Shanmugam, M., Shapiro, I. M., Shaulian, E., 

Shaw, R. J., Shelhamer, J. H., Shen, H. M., Shen, W. C., Sheng, Z. H., Shi, Y., 



 
 

127 
 

Shibuya, K., Shidoji, Y., Shieh, J. J., Shih, C. M., Shimada, Y., Shimizu, S., 

Shintani, T., Shirihai, O. S., Shore, G. C., Sibirny, A. A., Sidhu, S. B., Sikorska, 

B., Silva-Zacarin, E. C., Simmons, A., Simon, A. K., Simon, H. U., Simone, C., 

Simonsen, A., Sinclair, D. A., Singh, R., Sinha, D., Sinicrope, F. A., Sirko, A., Siu, 

P. M., Sivridis, E., Skop, V., Skulachev, V. P., Slack, R. S., Smaili, S. S., Smith, 

D. R., Soengas, M. S., Soldati, T., Song, X., Sood, A. K., Soong, T. W., Sotgia, 

F., Spector, S. A., Spies, C. D., Springer, W., Srinivasula, S. M., Stefanis, L., 

Steffan, J. S., Stendel, R., Stenmark, H., Stephanou, A., Stern, S. T., Sternberg, 

C., Stork, B., Stralfors, P., Subauste, C. S., Sui, X., Sulzer, D., Sun, J., Sun, S. 

Y., Sun, Z. J., Sung, J. J., Suzuki, K., Suzuki, T., Swanson, M. S., Swanton, C., 

Sweeney, S. T., Sy, L. K., Szabadkai, G., Tabas, I., Taegtmeyer, H., Tafani, M., 

Takacs-Vellai, K., Takano, Y., Takegawa, K., Takemura, G., Takeshita, F., 

Talbot, N. J., Tan, K. S., Tanaka, K., Tanaka, K., Tang, D., Tang, D., Tanida, I., 

Tannous, B. A., Tavernarakis, N., Taylor, G. S., Taylor, G. A., Taylor, J. P., 

Terada, L. S., Terman, A., Tettamanti, G., Thevissen, K., Thompson, C. B., 

Thorburn, A., Thumm, M., Tian, F., Tian, Y., Tocchini-Valentini, G., Tolkovsky, A. 

M., Tomino, Y., Tonges, L., Tooze, S. A., Tournier, C., Tower, J., Towns, R., 

Trajkovic, V., Travassos, L. H., Tsai, T. F., Tschan, M. P., Tsubata, T., Tsung, A., 

Turk, B., Turner, L. S., Tyagi, S. C., Uchiyama, Y., Ueno, T., Umekawa, M., 

Umemiya-Shirafuji, R., Unni, V. K., Vaccaro, M. I., Valente, E. M., Van den 

Berghe, G., van der Klei, I. J., van Doorn, W., van Dyk, L. F., van Egmond, M., 

van Grunsven, L. A., Vandenabeele, P., Vandenberghe, W. P., Vanhorebeek, I., 

Vaquero, E. C., Velasco, G., Vellai, T., Vicencio, J. M., Vierstra, R. D., Vila, M., 



 
 

128 
 

Vindis, C., Viola, G., Viscomi, M. T., Voitsekhovskaja, O. V., von Haefen, C., 

Votruba, M., Wada, K., Wade-Martins, R., Walker, C. L., Walsh, C. M., Walter, J., 

Wan, X. B., Wang, A., Wang, C., Wang, D., Wang, F., Wang, F., Wang, G., 

Wang, H., Wang, H. G., Wang, H. D., Wang, J., Wang, K., Wang, M., Wang, R. 

C., Wang, X., Wang, X., Wang, Y. J., Wang, Y., Wang, Z., Wang, Z. C., Wang, 

Z., Wansink, D. G., Ward, D. M., Watada, H., Waters, S. L., Webster, P., Wei, L., 

Weihl, C. C., Weiss, W. A., Welford, S. M., Wen, L. P., Whitehouse, C. A., 

Whitton, J. L., Whitworth, A. J., Wileman, T., Wiley, J. W., Wilkinson, S., Willbold, 

D., Williams, R. L., Williamson, P. R., Wouters, B. G., Wu, C., Wu, D. C., Wu, W. 

K., Wyttenbach, A., Xavier, R. J., Xi, Z., Xia, P., Xiao, G., Xie, Z., Xie, Z., Xu, D. 

Z., Xu, J., Xu, L., Xu, X., Yamamoto, A., Yamamoto, A., Yamashina, S., 

Yamashita, M., Yan, X., Yanagida, M., Yang, D. S., Yang, E., Yang, J. M., Yang, 

S. Y., Yang, W., Yang, W. Y., Yang, Z., Yao, M. C., Yao, T. P., Yeganeh, B., 

Yen, W. L., Yin, J. J., Yin, X. M., Yoo, O. J., Yoon, G., Yoon, S. Y., Yorimitsu, T., 

Yoshikawa, Y., Yoshimori, T., Yoshimoto, K., You, H. J., Youle, R. J., Younes, A., 

Yu, L., Yu, L., Yu, S. W., Yu, W. H., Yuan, Z. M., Yue, Z., Yun, C. H., Yuzaki, M., 

Zabirnyk, O., Silva-Zacarin, E., Zacks, D., Zacksenhaus, E., Zaffaroni, N., Zakeri, 

Z., Zeh, H. J., 3rd, Zeitlin, S. O., Zhang, H., Zhang, H. L., Zhang, J., Zhang, J. P., 

Zhang, L., Zhang, L., Zhang, M. Y., Zhang, X. D., Zhao, M., Zhao, Y. F., Zhao, 

Y., Zhao, Z. J., Zheng, X., Zhivotovsky, B., Zhong, Q., Zhou, C. Z., Zhu, C., Zhu, 

W. G., Zhu, X. F., Zhu, X., Zhu, Y., Zoladek, T., Zong, W. X., Zorzano, A., 

Zschocke, J., and Zuckerbraun, B. (2012) Guidelines for the use and 

interpretation of assays for monitoring autophagy. Autophagy 8, 445-544 



 
 

129 
 

100. Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., 

Kominami, E., Ohsumi, Y., and Yoshimori, T. (2000) LC3, a mammalian 

homologue of yeast Apg8p, is localized in autophagosome membranes after 

processing. The EMBO journal 19, 5720-5728 

101. Komatsu, M., and Ichimura, Y. (2010) Physiological significance of selective 

degradation of p62 by autophagy. FEBS letters 584, 1374-1378 

102. Pattingre, S., Espert, L., Biard-Piechaczyk, M., and Codogno, P. (2008) 

Regulation of macroautophagy by mTOR and Beclin 1 complexes. Biochimie 90, 

313-323 

103. Wang, J., Whiteman, M. W., Lian, H., Wang, G., Singh, A., Huang, D., and 

Denmark, T. (2009) A non-canonical MEK/ERK signaling pathway regulates 

autophagy via regulating Beclin 1. The Journal of biological chemistry 284, 

21412-21424 

104. Aldakkak, M., Stowe, D. F., Chen, Q., Lesnefsky, E. J., and Camara, A. K. (2008) 

Inhibited mitochondrial respiration by amobarbital during cardiac ischaemia 

improves redox state and reduces matrix Ca2+ overload and ROS release. 

Cardiovascular research 77, 406-415 

105. Chen, Q., and Lesnefsky, E. J. (2006) Depletion of cardiolipin and cytochrome c 

during ischemia increases hydrogen peroxide production from the electron 

transport chain. Free radical biology & medicine 40, 976-982 



 
 

130 
 

106. Ong, S. B., Samangouei, P., Kalkhoran, S. B., and Hausenloy, D. J. (2015) The 

mitochondrial permeability transition pore and its role in myocardial ischemia 

reperfusion injury. Journal of molecular and cellular cardiology 78, 23-34 

107. Griffiths, E. J., and Halestrap, A. P. (1995) Mitochondrial non-specific pores 

remain closed during cardiac ischaemia, but open upon reperfusion. Biochemical 

Journal 307, 93-98 

108. Hausenloy, D. J., Ong, S. B., and Yellon, D. M. (2009) The mitochondrial 

permeability transition pore as a target for preconditioning and postconditioning. 

Basic research in cardiology 104, 189-202 

109. Paillard, M., Gomez, L., Augeul, L., Loufouat, J., Lesnefsky, E. J., and Ovize, M. 

(2009) Postconditioning inhibits mPTP opening independent of oxidative 

phosphorylation and membrane potential. Journal of molecular and cellular 

cardiology 46, 902-909 

110. Stewart, S., Lesnefsky, E. J., and Chen, Q. (2009) Reversible blockade of 

electron transport with amobarbital at the onset of reperfusion attenuates cardiac 

injury. Translational research : the journal of laboratory and clinical medicine 153, 

224-231 

111. Ambrosio, G., Zweier, J. L., Duilio, C., Kuppusamy, P., Santoro, G., Elia, P. P., 

Tritto, I., Cirillo, P., Condorelli, M., Chiariello, M., and et al. (1993) Evidence that 

mitochondrial respiration is a source of potentially toxic oxygen free radicals in 



 
 

131 
 

intact rabbit hearts subjected to ischemia and reflow. The Journal of biological 

chemistry 268, 18532-18541 

112. Chouchani, E. T., Pell, V. R., Gaude, E., Aksentijevic, D., Sundier, S. Y., Robb, 

E. L., Logan, A., Nadtochiy, S. M., Ord, E. N. J., Smith, A. C., Eyassu, F., Shirley, 

R., Hu, C. H., Dare, A. J., James, A. M., Rogatti, S., Hartley, R. C., Eaton, S., 

Costa, A. S. H., Brookes, P. S., Davidson, S. M., Duchen, M. R., Saeb-Parsy, K., 

Shattock, M. J., Robinson, A. J., Work, L. M., Frezza, C., Krieg, T., and Murphy, 

M. P. (2014) Ischaemic accumulation of succinate controls reperfusion injury 

through mitochondrial ROS. Nature 515, 431-435 

113. Lesnefsky, E. J., Chen, Q., Tandler, B., and Hoppel, C. L. (2017) Mitochondrial 

Dysfunction and Myocardial Ischemia-Reperfusion: Implications for Novel 

Therapies. Annu Rev Pharmacol Toxicol 57, 535-565 

114. Nadtochiy, S. M., Burwell, L. S., and Brookes, P. S. (2007) Cardioprotection and 

mitochondrial S-nitrosation: effects of S-nitroso-2-mercaptopropionyl glycine 

(SNO-MPG) in cardiac ischemia-reperfusion injury. Journal of molecular and 

cellular cardiology 42, 812-825 

115. Shiva, S. (2010) Mitochondria as metabolizers and targets of nitrite. Nitric Oxide 

22, 64-74 

116. Shiva, S., Sack, M. N., Greer, J. J., Duranski, M., Ringwood, L. A., Burwell, L., 

Wang, X., MacArthur, P. H., Shoja, A., Raghavachari, N., Calvert, J. W., 

Brookes, P. S., Lefer, D. J., and Gladwin, M. T. (2007) Nitrite augments tolerance 



 
 

132 
 

to ischemia/reperfusion injury via the modulation of mitochondrial electron 

transfer. J Exp Med 204, 2089-2102 

117. Pell, V. R., Chouchani, E. T., Murphy, M. P., Brookes, P. S., and Krieg, T. (2016) 

Moving Forwards by Blocking Back-Flow: The Yin and Yang of MI Therapy. 

Circulation research 118, 898-906 

118. Galkin, A., Abramov, A. Y., Frakich, N., Duchen, M. R., and Moncada, S. (2009) 

Lack of oxygen deactivates mitochondrial complex I: implications for ischemic 

injury? The Journal of biological chemistry 284, 36055-36061 

119. Galkin, A., and Moncada, S. (2007) S-nitrosation of mitochondrial complex I 

depends on its structural conformation. The Journal of biological chemistry 282, 

37448-37453 

120. Tompkins, A. J., Burwell, L. S., Digerness, S. B., Zaragoza, C., Holman, W. L., 

and Brookes, P. S. (2006) Mitochondrial dysfunction in cardiac ischemia-

reperfusion injury: ROS from complex I, without inhibition. Biochimica et 

biophysica acta 1762, 223-231 

121. Chen, Q., Vazquez, E. J., Moghaddas, S., Hoppel, C. L., and Lesnefsky, E. J. 

(2003) Production of reactive oxygen species by mitochondria: Central role of 

complex III. The Journal of biological chemistry 278, 36027-36031 

122. Ross, T., Szczepanek, K., Bowler, E., Hu, Y., Larner, A., Lesnefsky, E. J., and 

Chen, Q. (2013) Reverse electron flow-mediated ROS generation in ischemia-



 
 

133 
 

damaged mitochondria: role of complex I inhibition vs. depolarization of inner 

mitochondrial membrane. Biochimica et biophysica acta 1830, 4537-4542 

123. Szczepanek, K., Xu, A., Hu, Y., Thompson, J., He, J., Larner, A. C., Salloum, F. 

N., Chen, Q., and Lesnefsky, E. J. (2015) Cardioprotective function of 

mitochondrial-targeted and transcriptionally inactive STAT3 against ischemia and 

reperfusion injury. Basic Res Cardiol 110, 53 

124. STEIN, S. C., WOODS, A., JONES, N. A., DAVISON, M. D., and CARLING, D. 

(2000) The regulation of AMP-activated protein kinase by phosphorylation. 

Biochemical Journal 345, 437-443 

125. Warden, S. M., Richardson, C., O'Donnell, J., Jr., Stapleton, D., Kemp, B. E., and 

Witters, L. A. (2001) Post-translational modifications of the beta-1 subunit of 

AMP-activated protein kinase affect enzyme activity and cellular localization. The 

Biochemical journal 354, 275-283 

126. Matsiukevich, D., Piraino, G., Klingbeil, L. R., Hake, P. W., Wolfe, V., O'Connor, 

M., and Zingarelli, B. (2016) The Ampk Activator Aicar Ameliorates Age-

Dependent Myocardial Injury in Murine Hemorrhagic Shock. Shock (Augusta, 

Ga.)  

127. Guo, L., Xu, J. M., and Mo, X. Y. (2015) Ischemic postconditioning regulates 

cardiomyocyte autophagic activity following ischemia/reperfusion injury. 

Molecular medicine reports 12, 1169-1176 



 
 

134 
 

128. Varjabedian, L., Bourji, M., Pourafkari, L., and Nader, N. D. (2018) 

Cardioprotection by Metformin: Beneficial Effects Beyond Glucose Reduction. 

American Journal of Cardiovascular Drugs 18, 181-193 

129. Mungai, P. T., Waypa, G. B., Jairaman, A., Prakriya, M., Dokic, D., Ball, M. K., 

and Schumacker, P. T. (2011) Hypoxia Triggers AMPK Activation through 

Reactive Oxygen Species-Mediated Activation of Calcium Release-Activated 

Calcium Channels. Molecular and Cellular Biology 31, 3531-3545 

130. Feng, Y., Zhang, Y., and Xiao, H. (2018) AMPK and cardiac remodelling. 

Science China Life Sciences 61, 14-23 

131. Meng, R., Pei, Z., Zhang, A., Zhou, Y., Cai, X., Chen, B., Liu, G., Mai, W., Wei, 

J., and Dong, Y. (2011) AMPK activation enhances PPARalpha activity to inhibit 

cardiac hypertrophy via ERK1/2 MAPK signaling pathway. Archives of 

biochemistry and biophysics 511, 1-7 

132. Meng, R. S., Pei, Z. H., Yin, R., Zhang, C. X., Chen, B. L., Zhang, Y., Liu, D., Xu, 

A. L., and Dong, Y. G. (2009) Adenosine monophosphate-activated protein 

kinase inhibits cardiac hypertrophy through reactivating peroxisome proliferator-

activated receptor-alpha signaling pathway. European journal of pharmacology 

620, 63-70 

133. Calvert, J. W., Gundewar, S., Jha, S., Greer, J. J., Bestermann, W. H., Tian, R., 

and Lefer, D. J. (2008) Acute metformin therapy confers cardioprotection against 

myocardial infarction via AMPK-eNOS-mediated signaling. Diabetes 57, 696-705 



 
 

135 
 

134. Foretz, M., Guigas, B., Bertrand, L., Pollak, M., and Viollet, B. (2014) Metformin: 

from mechanisms of action to therapies. Cell metabolism 20, 953-966 

135. Matthews, D. R., Cull, C. A., Stratton, I. M., Holman, R. R., and Turner, R. C. 

(1998) UKPDS 26: Sulphonylurea failure in non-insulin-dependent diabetic 

patients over six years. UK Prospective Diabetes Study (UKPDS) Group. 

Diabetic medicine : a journal of the British Diabetic Association 15, 297-303 

136. Boyle, J. G., Salt, I. P., and McKay, G. A. (2010) Metformin action on AMP-

activated protein kinase: a translational research approach to understanding a 

potential new therapeutic target. Diabetic medicine : a journal of the British 

Diabetic Association 27, 1097-1106 

137. Whittington, H. J., Hall, A. R., McLaughlin, C. P., Hausenloy, D. J., Yellon, D. M., 

and Mocanu, M. M. (2013) Chronic metformin associated cardioprotection 

against infarction: not just a glucose lowering phenomenon. Cardiovascular 

drugs and therapy 27, 5-16 

138. Aguilar, D., Chan, W., Bozkurt, B., Ramasubbu, K., and Deswal, A. (2011) 

Metformin use and mortality in ambulatory patients with diabetes and heart 

failure. Circulation. Heart failure 4, 53-58 

139. Zilinyi, R., Czompa, A., Czegledi, A., Gajtko, A., Pituk, D., Lekli, I., and Tosaki, A. 

(2018) The Cardioprotective Effect of Metformin in Doxorubicin-Induced 

Cardiotoxicity: The Role of Autophagy. Molecules (Basel, Switzerland) 23 



 
 

136 
 

140. Sen, S., Kundu, B. K., Wu, H. C., Hashmi, S. S., Guthrie, P., Locke, L. W., Roy, 

R. J., Matherne, G. P., Berr, S. S., Terwelp, M., Scott, B., Carranza, S., Frazier, 

O. H., Glover, D. K., Dillmann, W. H., Gambello, M. J., Entman, M. L., and 

Taegtmeyer, H. (2013) Glucose regulation of load-induced mTOR signaling and 

ER stress in mammalian heart. Journal of the American Heart Association 2, 

e004796 

141. Drose, S., Stepanova, A., and Galkin, A. (2016) Ischemic A/D transition of 

mitochondrial complex I and its role in ROS generation. Biochimica et biophysica 

acta  

142. Grivennikova, V. G., and Vinogradov, A. D. (2006) Generation of superoxide by 

the mitochondrial Complex I. Biochimica et biophysica acta 1757, 553-561 

143. (!!! INVALID CITATION !!! [15]).  

144. Wojtovich, A. P., Nadtochiy, S. M., Brookes, P. S., and Nehrke, K. (2012) 

Ischemic preconditioning: The role of mitochondria and aging. Experimental 

Gerontology 47, 1-7 

145. Lemasters, J. J., Theruvath, T. P., Zhong, Z., and Nieminen, A. L. (2009) 

Mitochondrial calcium and the permeability transition in cell death. Biochimica et 

biophysica acta 1787, 1395-1401 

146. Hansford, R. G. (1983) Bioenergetics in aging. Biochimica et Biophysica Acta 

(BBA) - Reviews on Bioenergetics 726, 41-80 



 
 

137 
 

147. Shigenaga, M. K., Hagen, T. M., and Ames, B. N. (1994) Oxidative damage and 

mitochondrial decay in aging. Proceedings of the National Academy of Sciences 

91, 10771-10778 

148. Lesnefsky, E. J., and Hoppel, C. L. (2003) Ischemia–reperfusion injury in the 

aged heart: role of mitochondria. Archives of Biochemistry and Biophysics 420, 

287-297 

149. Lesnefsky, E. J., He, D., Moghaddas, S., and Hoppel, C. L. (2006) Reversal of 

mitochondrial defects before ischemia protects the aged heart. FASEB journal : 

official publication of the Federation of American Societies for Experimental 

Biology 20, 1543-1545 

150. Gómez, L. A., and Hagen, T. M. (2012) Age-related decline in mitochondrial 

bioenergetics: Does supercomplex destabilization determine lower oxidative 

capacity and higher superoxide production? Seminars in Cell & Developmental 

Biology 23, 758-767 

151. Lesnefsky, E. J., Chen, Q., and Hoppel, C. L. (2016) Mitochondrial Metabolism in 

Aging Heart. Circulation research 118, 1593-1611 

152. Das, A., Xi, L., and Kukreja, R. C. (2005) Phosphodiesterase-5 inhibitor sildenafil 

preconditions adult cardiac myocytes against necrosis and apoptosis. Essential 

role of nitric oxide signaling. The Journal of biological chemistry 280, 12944-

12955 



 
 

138 
 

153. Gnaiger, E., Kuznetsov, A. V., Schneeberger, S., Seiler, R., Brandacher, G., 

Steurer, W., and Margreiter, R. (2000) Mitochondria in the Cold. Springer Berlin 

Heidelberg, Berlin, Heidelberg 

154. Zhang, J. Y., Sun, G. B., Luo, Y., Wang, M., Wang, W., Du, Y. Y., Yu, Y. L., and 

Sun, X. B. (2017) Salvianolic Acid A Protects H9c2 Cells from Arsenic Trioxide-

Induced Injury via Inhibition of the MAPK Signaling Pathway. Cellular physiology 

and biochemistry : international journal of experimental cellular physiology, 

biochemistry, and pharmacology 41, 1957-1969 

155. Jochmans, D., Leyssen, P., and Neyts, J. (2012) A novel method for high-

throughput screening to quantify antiviral activity against viruses that induce 

limited CPE. Journal of virological methods 183, 176-179 

156. Gonzalez-Reyes, A., Menaouar, A., Yip, D., Danalache, B., Plante, E., Noiseux, 

N., Gutkowska, J., and Jankowski, M. (2015) Molecular mechanisms underlying 

oxytocin-induced cardiomyocyte protection from simulated ischemia-reperfusion. 

Molecular and cellular endocrinology 412, 170-181 

157. Moore, C. E. J., Wang, X., Xie, J., Pickford, J., Barron, J., Regufe da Mota, S., 

Versele, M., and Proud, C. G. (2016) Elongation factor 2 kinase promotes cell 

survival by inhibiting protein synthesis without inducing autophagy. Cellular 

Signalling 28, 284-293 

158. Chen, Q., Paillard, M., Gomez, L., Ross, T., Hu, Y., Xu, A., and Lesnefsky, E. J. 

(2011) Activation of mitochondrial mu-calpain increases AIF cleavage in cardiac 



 
 

139 
 

mitochondria during ischemia-reperfusion. Biochemical and biophysical research 

communications 415, 533-538 

159. Reimer, K. A., Lowe, J. E., Rasmussen, M. M., and Jennings, R. B. (1977) The 

wavefront phenomenon of ischemic cell death. 1. Myocardial infarct size vs 

duration of coronary occlusion in dogs. Circulation 56, 786-794 

160. Hearse, D. J., Humphrey, S. M., and Chain, E. B. (1973) Abrupt reoxygenation of 

the anoxic potassium-arrested perfused rat heart: a study of myocardial enzyme 

release. Journal of molecular and cellular cardiology 5, 395-407 

161. Borchi, E., Parri, M., Papucci, L., Becatti, M., Nassi, N., Nassi, P., and Nediani, 

C. (2009) Role of NADPH oxidase in H9c2 cardiac muscle cells exposed to 

simulated ischaemia-reperfusion. Journal of cellular and molecular medicine 13, 

2724-2735 

162. Granger, D. N., and Kvietys, P. R. (2015) Reperfusion injury and reactive oxygen 

species: The evolution of a concept(). Redox Biology 6, 524-551 

163. Amini, P., Stojkov, D., Felser, A., Jackson, C. B., Courage, C., Schaller, A., 

Gelman, L., Soriano, M. E., Nuoffer, J. M., Scorrano, L., Benarafa, C., Yousefi, 

S., and Simon, H. U. (2018) Neutrophil extracellular trap formation requires 

OPA1-dependent glycolytic ATP production. Nature communications 9, 2958 

164. Eliyahu, E., Pnueli, L., Melamed, D., Scherrer, T., Gerber, A. P., Pines, O., 

Rapaport, D., and Arava, Y. (2010) Tom20 mediates localization of mRNAs to 



 
 

140 
 

mitochondria in a translation-dependent manner. Molecular and cellular biology 

30, 284-294 

165. Hüttemann, M., Pecina, P., Rainbolt, M., Sanderson, T. H., Kagan, V. E., 

Samavati, L., Doan, J. W., and Lee, I. (2011) The multiple functions of 

cytochrome c and their regulation in life and death decisions of the mammalian 

cell: from respiration to apoptosis. Mitochondrion 11, 369-381 

166. Jones, D. C., Prabhakaran, K., Li, L., Gunasekar, P. G., Shou, Y., Borowitz, J. L., 

and Isom, G. E. (2003) Cyanide Enhancement of Dopamine-Induced Apoptosis 

in Mesencephalic Cells Involves Mitochondrial Dysfunction and Oxidative Stress. 

NeuroToxicology 24, 333-342 

167. Qi, D., and Young, L. H. (2015) AMPK: energy sensor and survival mechanism in 

the ischemic heart. Trends in endocrinology and metabolism: TEM 26, 422-429 

168. Fujii, N., Hayashi, T., Hirshman, M. F., Smith, J. T., Habinowski, S. A., Kaijser, L., 

Mu, J., Ljungqvist, O., Birnbaum, M. J., Witters, L. A., Thorell, A., and Goodyear, 

L. J. (2000) Exercise induces isoform-specific increase in 5'AMP-activated 

protein kinase activity in human skeletal muscle. Biochemical and biophysical 

research communications 273, 1150-1155 

169. Coven, D. L., Hu, X., Cong, L., Bergeron, R., Shulman, G. I., Hardie, D. G., and 

Young, L. H. (2003) Physiological role of AMP-activated protein kinase in the 

heart: graded activation during exercise. American journal of physiology. 

Endocrinology and metabolism 285, E629-636 



 
 

141 
 

170. Yang, J. R., Yao, F. H., Zhang, J. G., Ji, Z. Y., Li, K. L., Zhan, J., Tong, Y. N., Lin, 

L. R., and He, Y. N. (2014) Ischemia-reperfusion induces renal tubule pyroptosis 

via the CHOP-caspase-11 pathway. American journal of physiology. Renal 

physiology 306, F75-84 

171. Carriere, A., Carmona, M. C., Fernandez, Y., Rigoulet, M., Wenger, R. H., 

Penicaud, L., and Casteilla, L. (2004) Mitochondrial reactive oxygen species 

control the transcription factor CHOP-10/GADD153 and adipocyte differentiation: 

a mechanism for hypoxia-dependent effect. The Journal of biological chemistry 

279, 40462-40469 

172. Quentin, T., Steinmetz, M., Poppe, A., and Thoms, S. (2012) Metformin 

differentially activates ER stress signaling pathways without inducing apoptosis. 

Disease Models & Mechanisms 5, 259-269 

173. McCullough, K. D., Martindale, J. L., Klotz, L. O., Aw, T. Y., and Holbrook, N. J. 

(2001) Gadd153 sensitizes cells to endoplasmic reticulum stress by down-

regulating Bcl2 and perturbing the cellular redox state. Molecular and cellular 

biology 21, 1249-1259 

174. Liu, X., Chhipa, R. R., Nakano, I., and Dasgupta, B. (2014) The AMPK inhibitor 

compound C is a potent AMPK-independent antiglioma agent. Molecular cancer 

therapeutics 13, 596-605 

175. McCormick, J., Suleman, N., Scarabelli, T. M., Knight, R. A., Latchman, D. S., 

and Stephanou, A. (2012) STAT1 deficiency in the heart protects against 



 
 

142 
 

myocardial infarction by enhancing autophagy. Journal of cellular and molecular 

medicine 16, 386-393 

176. Wolff, S., Erster, S., Palacios, G., and Moll, U. M. (2008) p53's mitochondrial 

translocation and MOMP action is independent of Puma and Bax and severely 

disrupts mitochondrial membrane integrity. Cell research 18, 733-744 

177. Shen, J.-G., Quo, X.-S., Jiang, B., Li, M., Xin, W.-j., and Zhao, B.-L. (2000) 

Chinonin, a novel drug against cardiomyocyte apoptosis induced by hypoxia and 

reoxygenation. Biochimica et Biophysica Acta (BBA) - Molecular Basis of 

Disease 1500, 217-226 

178. Varjabedian, L., Bourji, M., Pourafkari, L., and Nader, N. D. (2018) 

Cardioprotection by Metformin: Beneficial Effects Beyond Glucose Reduction. 

American journal of cardiovascular drugs : drugs, devices, and other 

interventions  

179. Bridges, H. R., Jones, A. J., Pollak, M. N., and Hirst, J. (2014) Effects of 

metformin and other biguanides on oxidative phosphorylation in mitochondria. 

Biochem J 462, 475-487 

180. Fontaine, E. (2014) Metformin and respiratory chain complex I: the last piece of 

the puzzle? Biochem J 463, e3-5 

181. Babot, M., and Galkin, A. (2013) Molecular mechanism and physiological role of 

active-deactive transition of mitochondrial complex I. Biochem Soc Trans 41, 

1325-1330 



 
 

143 
 

182. Chen, Q., Ross, T., Hu, Y., and Lesnefsky, E. J. (2012) Blockade of electron 

transport at the onset of reperfusion decreases cardiac injury in aged hearts by 

protecting the inner mitochondrial membrane. Journal of aging research 2012, 

753949 

183. Kevin, L. G., Camara, A. K., Riess, M. L., Novalija, E., and Stowe, D. F. (2003) 

Ischemic preconditioning alters real-time measure of O2 radicals in intact hearts 

with ischemia and reperfusion. American journal of physiology. Heart and 

circulatory physiology 284, H566-574. 

184. Chen, Q., Paillard, M., Gomez, L., Li, H., Hu, Y., and Lesnefsky, E. J. (2012) 

Postconditioning modulates ischemia-damaged mitochondria during reperfusion. 

J Cardiovasc Pharmacol 59, 101-108 

185. Chen, Q., and Lesnefsky, E. J. (2011) Blockade of electron transport during 

ischemia preserves bcl-2 and inhibits opening of the mitochondrial permeability 

transition pore. FEBS Lett 585, 921-926 

186. Lesnefsky, E. J., Moghaddas, S., Tandler, B., Kerner, J., and Hoppel, C. L. 

(2001) Mitochondrial dysfunction in cardiac disease: ischemia-reperfusion, aging, 

and heart failure. Journal of molecular and cellular cardiology 33, 1065-1089 

187. Hirst, J., and Roessler, M. M. (2016) Energy conversion, redox catalysis and 

generation of reactive oxygen species by respiratory complex I. Biochimica et 

biophysica acta 1857, 872-883 



 
 

144 
 

188. Vinogradov, A. D., and Grivennikova, V. G. (2016) Oxidation of NADH and ROS 

production by respiratory complex I. Biochimica et biophysica acta 1857, 863-871 

189. Galkin, A., Meyer, B., Wittig, I., Karas, M., Schagger, H., Vinogradov, A., and 

Brandt, U. (2008) Identification of the mitochondrial ND3 subunit as a structural 

component involved in the active/deactive enzyme transition of respiratory 

complex I. The Journal of biological chemistry 283, 20907-20913 

190. Dröse, S., Stepanova, A., and Galkin, A. (2016) Ischemic A/D transition of 

mitochondrial complex I and its role in ROS generation. Biochimica et Biophysica 

Acta (BBA) - Bioenergetics 1857, 946-957 

191. Kotlyar, A. B., and Vinogradov, A. D. (1990) Slow active/inactive transition of the 

mitochondrial NADH-ubiquinone reductase. Biochimica et Biophysica Acta (BBA) 

- Bioenergetics 1019, 151-158 

192. Chouchani, E. T., Methner, C., Nadtochiy, S. M., Logan, A., Pell, V. R., Ding, S., 

James, A. M., Cocheme, H. M., Reinhold, J., Lilley, K. S., Partridge, L., Fearnley, 

I. M., Robinson, A. J., Hartley, R. C., Smith, R. A., Krieg, T., Brookes, P. S., and 

Murphy, M. P. (2013) Cardioprotection by S-nitrosation of a cysteine switch on 

mitochondrial complex I. Nature medicine 19, 753-759 

193. Li, B., Chauvin, C., De Paulis, D., De Oliveira, F., Gharib, A., Vial, G., Lablanche, 

S., Leverve, X., Bernardi, P., Ovize, M., and Fontaine, E. (2012) Inhibition of 

complex I regulates the mitochondrial permeability transition through a 



 
 

145 
 

phosphate-sensitive inhibitory site masked by cyclophilin D. Biochimica et 

biophysica acta 1817, 1628-1634 

194. Andrienko, T. N., Pasdois, P., Pereira, G. C., Ovens, M. J., and Halestrap, A. P. 

(2017) The role of succinate and ROS in reperfusion injury - A critical appraisal. 

Journal of molecular and cellular cardiology 110, 1-14 

195. Quan, N., Sun, W., Wang, L., Chen, X., Bogan, J. S., Zhou, X., Cates, C., Liu, Q., 

Zheng, Y., and Li, J. (2017) Sestrin2 prevents age-related intolerance to 

ischemia and reperfusion injury by modulating substrate metabolism. Faseb j 31, 

4153-4167 

196. Quan, N., Wang, L., Chen, X., Luckett, C., Cates, C., Rousselle, T., Zheng, Y., 

and Li, J. (2018) Sestrin2 prevents age-related intolerance to post myocardial 

infarction via AMPK/PGC-1alpha pathway. Journal of molecular and cellular 

cardiology 115, 170-178 

197. Zaha, V. G., and Young, L. H. (2012) AMP-activated protein kinase regulation 

and biological actions in the heart. Circulation research 111, 800-814 

198. Saeedi, R., Parsons, H. L., Wambolt, R. B., Paulson, K., Sharma, V., Dyck, J. R., 

Brownsey, R. W., and Allard, M. F. (2008) Metabolic actions of metformin in the 

heart can occur by AMPK-independent mechanisms. American journal of 

physiology. Heart and circulatory physiology 294, H2497-2506 

199. Solskov, L., Lofgren, B., Kristiansen, S. B., Jessen, N., Pold, R., Nielsen, T. T., 

Botker, H. E., Schmitz, O., and Lund, S. (2008) Metformin induces 



 
 

146 
 

cardioprotection against ischaemia/reperfusion injury in the rat heart 24 hours 

after administration. Basic Clin Pharmacol Toxicol 103, 82-87 

200. Sasaki, H., Asanuma, H., Fujita, M., Takahama, H., Wakeno, M., Ito, S., Ogai, A., 

Asakura, M., Kim, J., Minamino, T., Takashima, S., Sanada, S., Sugimachi, M., 

Komamura, K., Mochizuki, N., and Kitakaze, M. (2009) Metformin prevents 

progression of heart failure in dogs: role of AMP-activated protein kinase. 

Circulation 119, 2568-2577 

201. Li, J., Qi, D., Cheng, H., Hu, X., Miller, E. J., Wu, X., Russell, K. S., Mikush, N., 

Zhang, J., Xiao, L., Sherwin, R. S., and Young, L. H. (2013) Urocortin 2 

autocrine/paracrine and pharmacologic effects to activate AMP-activated protein 

kinase in the heart. Proc Natl Acad Sci U S A 110, 16133-16138 

202. Chen, Q., Thompson, J., Hu, Y., Das, A., and Lesnefsky, E. J. (2017) Metformin 

attenuates ER stress-induced mitochondrial dysfunction. Translational research : 

the journal of laboratory and clinical medicine 190, 40-50 

203. Sano, M., Minamino, T., Toko, H., Miyauchi, H., Orimo, M., Qin, Y., Akazawa, H., 

Tateno, K., Kayama, Y., Harada, M., Shimizu, I., Asahara, T., Hamada, H., 

Tomita, S., Molkentin, J. D., Zou, Y., and Komuro, I. (2007) p53-induced 

inhibition of Hif-1 causes cardiac dysfunction during pressure overload. Nature 

446, 444-448 

204. Chatterjee, S., Stewart, A. S., Bish, L. T., Jayasankar, V., Kim, E. M., Pirolli, T., 

Burdick, J., Woo, Y. J., Gardner, T. J., and Sweeney, H. L. (2002) Viral gene 



 
 

147 
 

transfer of the antiapoptotic factor Bcl-2 protects against chronic postischemic 

heart failure. Circulation 106, I212-217 

205. Kimata, M., Matoba, S., Iwai-Kanai, E., Nakamura, H., Hoshino, A., Nakaoka, M., 

Katamura, M., Okawa, Y., Mita, Y., Okigaki, M., Ikeda, K., Tatsumi, T., and 

Matsubara, H. (2010) p53 and TIGAR regulate cardiac myocyte energy 

homeostasis under hypoxic stress. American Journal of Physiology-Heart and 

Circulatory Physiology 299, H1908-H1916 

206. Hoshino, A., Matoba, S., Iwai-Kanai, E., Nakamura, H., Kimata, M., Nakaoka, M., 

Katamura, M., Okawa, Y., Ariyoshi, M., Mita, Y., Ikeda, K., Ueyama, T., Okigaki, 

M., and Matsubara, H. (2012) p53-TIGAR axis attenuates mitophagy to 

exacerbate cardiac damage after ischemia. Journal of molecular and cellular 

cardiology 52, 175-184 

207. Chen, Q., and Lesnefsky, E. J. (2015) Heart mitochondria and calpain 1: 

Location, function, and targets. Biochimica et Biophysica Acta (BBA) - Molecular 

Basis of Disease 1852, 2372-2378 

208. Liang, X. H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H., 

and Levine, B. (1999) Induction of autophagy and inhibition of tumorigenesis by 

beclin 1. Nature 402, 672-676 

209. Yan, L., Vatner, D. E., Kim, S. J., Ge, H., Masurekar, M., Massover, W. H., Yang, 

G., Matsui, Y., Sadoshima, J., and Vatner, S. F. (2005) Autophagy in chronically 

ischemic myocardium. Proc Natl Acad Sci U S A 102, 13807-13812 



 
 

148 
 

210. Matsui, Y., Takagi, H., Qu, X., Abdellatif, M., Sakoda, H., Asano, T., Levine, B., 

and Sadoshima, J. (2007) Distinct roles of autophagy in the heart during 

ischemia and reperfusion: roles of AMP-activated protein kinase and Beclin 1 in 

mediating autophagy. Circulation research 100, 914-922 

211. Sciarretta, S., Yee, D., Nagarajan, N., Bianchi, F., Saito, T., Valenti, V., Tong, M., 

Del Re, D. P., Vecchione, C., Schirone, L., Forte, M., Rubattu, S., Shirakabe, A., 

Boppana, V. S., Volpe, M., Frati, G., Zhai, P., and Sadoshima, J. (2018) 

Trehalose-Induced Activation of Autophagy Improves Cardiac Remodeling After 

Myocardial Infarction. Journal of the American College of Cardiology 71, 1999-

2010 

212. Xin, X. Y., Pan, J., Wang, X. Q., Ma, J. F., Ding, J. Q., Yang, G. Y., and Chen, S. 

D. (2011) 2-methoxyestradiol attenuates autophagy activation after global 

ischemia. The Canadian journal of neurological sciences. Le journal canadien 

des sciences neurologiques 38, 631-638 

213. Mallis, R. J., Hamann, M. J., Zhao, W., Zhang, T., Hendrich, S., and Thomas, J. 

A. (2002) Irreversible thiol oxidation in carbonic anhydrase III: protection by S-

glutathiolation and detection in aging rats. Biological chemistry 383, 649-662 

214. Kim, J. R., Yoon, H. W., Kwon, K. S., Lee, S. R., and Rhee, S. G. (2000) 

Identification of proteins containing cysteine residues that are sensitive to 

oxidation by hydrogen peroxide at neutral pH. Anal Biochem 283, 214-221 



 
 

149 
 

215. Ying, J., Clavreul, N., Sethuraman, M., Adachi, T., and Cohen, R. A. (2007) Thiol 

Oxidation in Signaling and Response to Stress: Detection and Quantification of 

Physiological and Pathophysiological Thiol Modifications. Free radical biology & 

medicine 43, 1099-1108 

216. Schafer, F. Q., and Buettner, G. R. (2001) Redox environment of the cell as 

viewed through the redox state of the glutathione disulfide/glutathione couple. 

Free radical biology & medicine 30, 1191-1212 

217. Woo, H. A., Jeong, W., Chang, T. S., Park, K. J., Park, S. J., Yang, J. S., and 

Rhee, S. G. (2005) Reduction of cysteine sulfinic acid by sulfiredoxin is specific 

to 2-cys peroxiredoxins. The Journal of biological chemistry 280, 3125-3128 

218. Squadrito, G. L., and Pryor, W. A. (1998) Oxidative chemistry of nitric oxide: the 

roles of superoxide, peroxynitrite, and carbon dioxide. Free Radical Biology and 

Medicine 25, 392-403 

219. Sen, N., and Snyder, S. H. (2010) Protein modifications involved in 

neurotransmitter and gasotransmitter signaling. Trends in Neurosciences 33, 

493-502 

220. Stadtman, E. R., and Berlett, B. S. (1998) Reactive oxygen-mediated protein 

oxidation in aging and disease. Drug metabolism reviews 30, 225-243 

221. Ma, H., Wang, J., Thomas, D. P., Tong, C., Leng, L., Wang, W., Merk, M., 

Zierow, S., Bernhagen, J., Ren, J., Bucala, R., and Li, J. (2010) Impaired 



 
 

150 
 

macrophage migration inhibitory factor-AMP-activated protein kinase activation 

and ischemic recovery in the senescent heart. Circulation 122, 282-292 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

151 
 

 

 

 

VITA 
 

Ahmed Abdul Hussein Mohsin was born on November 20, 1978 in Baghdad, Iraq. He graduated 

from Almahomudia high school in Baghdad, Iraq in 1996. He received his Bachelor of Medical 

Laboratory Techniques in 2000 from the College of Health & Medical Technology, in Baghdad, 

Iraq. He completed Master of Medical Laboratory Technology in 2004 from College of Health & 

Medical Technology, Baghdad, Iraq. He joined Biochemistry and Molecular Biology department 

for Doctor of Philosophy degree in 2013. 

Positions/Employment, Memberships and Honors 

2001 – 2004          Technical Trainer: in College of Health &Medical Tech. / 2001-2004. 

2004-2013             Lecturer in College of Health &Medical Tech.  

2016                Member of the American Heart Association (AHA) 

2017                      Served as the student representative on an Assistant professor to Associate 

                              Professor promotion committee 

 

 

 



 
 

152 
 

 Peer Reviewed Publications and Presentation 

1- Ahmed Mohsin; Estimation of some physical and chemical parameters for water in selected 

Baghdad areas; Uruk Scientific J. 2011, 4(1):27-31. 

 

2- Mohsin, A., Chen, Q., Quan, N., Maceyka, M., Samidurai, A., Thompson, J., Hu, Y., Li, J., 

and Lesnefsky, E. J. (2016) Abstract 19919: Cardioprotection During Early Reperfusion via 

Complex I Inhibition by Metformin. Circulation 134, A19919-A19919. 

 

3- Ma, Y., Min, H. K., Oh, U., Hawkridge, A. M., Wang, W., Mohsin, A. A., Chen, Q., Sanyal, 

A., Lesnefsky, E. J., and Fang, X. (2017) The lignan manassantin is a potent and specific 

inhibitor of mitochondrial complex I and bioenergetic activity in mammals. The Journal of 

biological chemistry 292, 20989-20997 

 

 


	Modulation of electron transport by Metformin in cardiac protection: role of complex I
	Downloaded from

	Acknowledgement
	List of Figures
	LIST OF TABLES
	CHAPTER 1: Introduction
	Background and Significance
	Mitochondrial structure and function
	Role of mitochondria in Ischemia-Reperfusion injury
	Role of Complex I and ROS generation
	Reverse Electron Transport and ROS generation
	Mitochondria oxidative stress
	Complex I A-D transition
	Mitochondria regulate cell death
	Mitochondria and Autophagy
	Modulation of ETC to protect against IR injury
	Intervention by metformin to modulation ETC
	Mitochondria defects in aged heart
	CHAPTER 2: Materials and Methods
	Cells culture and simulated ischemia-reoxygenation
	Cell transfection
	Immunoblot analysis
	High resolution respirometry-OROBOROS
	Measurement of H2O2 cell production using The O2k-Fluorescence LED2-Module
	Cell Viability assay
	Protease Viability Marker Assay
	Estimation of reactive oxygen species
	Caspase 3/7 activity
	Cy3 labelling
	Detection of S-Nitrosylation
	Immunofluorescence staining
	Preparation of mouse hearts for perfusion
	Isolation of mouse heart mitochondria
	NADH-ferricyanide reductase (NFR)
	Blue Native-PAGE
	Statistical analysis
	CHAPTER 3: Results
	Partial inhibition of complex I by treatment with metformin
	Acute metformin treatment selectively inhibits complex I function during reoxygenation after 10 minutes of hypoxia
	Metformin selectively inhibits complex I after 25 minutes of hypoxia
	Metformin did not affect cell viability during normoxia
	Metformin does not affect mitochondria morphology under normoxic condition
	Metformin reduced cell death in H9c2 cells exposed to 24 hours chemical hypoxia
	KCN treatment activate AMPK in H9c2 cells
	Metformin protected H9c2 cells against SI/RO-Induced cardiac cell injury.
	Metformin reduced apoptosis and total cell death
	Metformin decreased caspase 3/7 activity
	Short time metformin treatment decreased cell death induced by simulated ischemia-reoxygenation.
	AMPK activation in simulated ischemia is independent of metformin
	Blockade of complex I by metformin during reoxygenation decreases ROS generation
	Metformin treatment reduced CHOP ER stress marker in H9c2 cells
	Metformin treatment in AMPK downregulated systems
	Metformin protects against SI/RO causing cell death in AMPK KD cells.
	Metformin decreased ROS generation from AMPK KD cells following simulated ischemia and reoxygenation.
	Influence of metformin on autophagy
	Metformin reduced p53 protein expression
	Metformin increased Bcl-2 protein expression
	Metformin protected exposed thiol groups against modification
	Metformin decreased the global S-nitrosylation of proteins
	Metformin significantly protects against ischemia induced cardiac injury in 18 month aging mice
	AMPK is robustly active in the cytosol from ischemic mouse hearts.
	Metformin inhibited complex I activity in ischemia-damaged mitochondria
	Metformin does not inhibit the NADH oxidation site associated with the flavin mononucleotide (FMN)
	CHAPTER 4: Discussion
	List of References
	VITA

