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ABSTRACT 

Stat3 transcription factor is one of the mediators of cardioprotection, which is 

essential to decrease the severity of ischemia and reperfusion injury. Interestingly, 

Stat3 localization in mitochondria and its non-transcriptional role in modulation of 

complex I and II of the mitochondrial respiratory chain have been recently reported. 

Since mitochondria are both a target of ischemic damage and a source of cardiac 

ischemia/reperfusion injury, we investigated the role of mitochondria-localized Stat3 

in the response of these organelles to ischemic insult. 

We generated transgenic mice with cardiomyocyte-specific overexpression of 

mitochondria-localized Stat3 with a mutation in its DNA-binding domain 

(MLS-Stat3E) that blocked transcriptional activity of Stat3. Heart mitochondria 

expressing MLS-Stat3E exhibited 17% and 14% decrease in respiration localized to 

electron transport chain complexes I and II, respectively, but not to complex IV. 

Enzymatic assays revealed both complex I and II activities reduced when compared to 

the wild-type mitochondria. Ischemic conditions increased translocation of Stat3 to 

mitochondria. Ischemia caused 39% decrease in complex I-dependent respiration in 

the wild-type mitochondria but only 18% decrease in MLS-Stat3E. In both types of 

mice respiration rates were reduced about 45% and 30% when substrates for complex 

II and IV, respectively, were used. Enzymatic assays showed that as a result of 

ischemia, the maximal activities of complex I and IV were decreased in WT 

mitochondria but only of complex IV in MLS-Stat3E. Moreover, western blot 

revealed that the mitochondrial release of cytochrome c observed following ischemia 

in wild-type samples did not occur in MLS-Stat3E. We detected ischemia-induced 

augmented ROS production from complex I and III in WT mitochondria. Complex I 

was not a source of increased ROS in MLS-Stat3E due to ischemia. 

Obtained results implicate a novel cardioprotective pathway mediated by 

mitochondria-localized Stat3, which is independent of its transcriptional activity. The 

expression of MLS-Stat3E protects complex I against ischemic damage and results in 

lower ROS release from complex I, and blockade of cytochrome c release into the 

cytosol. Therefore, during ischemia Stat3 is an anti-apoptotic factor in the heart that 

works both as a signaling molecule involved in regulation of gene expression, and as 

a direct modulator of the mitochondrial electron transport chain. 
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CHAPTER I: INTRODUCTION 

 

1.1. Mitochondrial biology and structure 

Mitochondria are double membrane-enclosed organelles found in most 

eukaryotic cells (112). Their size ranges from 0.5 to 10 µm in diameter and their 

number per cell varies from one to over a thousand (3). Since in many tissues they 

produce the majority of cellular adenosine triphosphate (ATP), mitochondria are often 

called the power plants of the cell. However, they are involved in a variety of other 

processes, such as calcium homeostasis, ammonia detoxification (urea cycle), fatty 

acid oxidation, apoptosis (programmed cell death), certain heme synthesis reactions, 

steroid synthesis, and even cell signaling (198). Mitochondria are implicated in 

different types of diseases, among them congenital metabolic disorders (76), cardiac 

dysfunction (128) and are also thought to play an important role in the aging 

processes (175). Several characteristics make these organelles unique. For instance, 

each mitochondrion contains DNA that is replicated and transcribed entirely in this 

organelle and shows similarity to bacterial genome (3), presumably due to the 

bacterial origin of mitochondria (195). Moreover, this organelle consists of 

compartments that carry out specialized functions: the outer and inner membrane with 

intermembrane space between them, and matrix. Both membranes are composed of 

phospholipid bilayers and proteins but exhibit different properties. 

 The smooth outer mitochondrial membrane (OMM) surrounds the whole 

organelle and has a phospholipid:protein weight ratio about 1:1, which is similar to 

the plasma membrane (3). It is permeable only to the molecules that are smaller than 

5 kDa (e.g. metabolites) due to the presence of relatively large internal channels 

composed of porins. Bigger molecules like proteins must cross the outer membrane 

through specialized transporting complexes called TOM (translocase of the outer 

membrane) (220). 

 The mitochondrial intermembrane space (IMS) located between both 

membranes contains small molecules that are permeable to the outer membrane, such 
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as ions and carbohydrates, therefore their concentration is the same as in the cytosol. 

Large proteins are also present in this compartment, however they must be first 

transported mainly through the outer membrane via TOM complex. Some of the 

imported proteins possess N-terminal mitochondria-localizing sequences, which are 

recognized by TOM and later TIM (translocase of inner membrane) import machinery 

(220). One of the proteins in the intermembrane space is cytochrome c, a carrier of 

electrons in electron transfer chain and a mediator of apoptotic responses (186). 

 In contrast to the outer membrane, the inner mitochondrial membrane (IMM) 

has numerous invaginations called cristae what increases the space necessary for 

electron transport chain components and ATP synthase apparatus, which are localized 

in this segment of the inner membrane (193). IMM is a major permeability barrier 

between cytosol and mitochondrial matrix. One of the main contributors to this 

phenomenon is a phospholipid called cardiolipin (diphosphatidyl glycerol). This 

molecule is found almost exclusively in inner mitochondrial membrane where it 

sufficiently reduces the membrane’s permeability to protons, a crucial element in the 

establishment of proton-motive force necessary to produce ATP (238). The inner 

membrane also contains various transport proteins (e.g. TIM for polypeptides, 

numerous metabolite transporters like malate-aspartate shuttle system) that allow for 

tightly controlled exchange of metabolites and protein import across the IMM (220). 

 The inside of the mitochondrion is called matrix. It is comprised mainly of 

water and highly-concentrated mixture of hundreds of soluble enzymes, special 

mitochondrial ribosomes (rRNAs), transfer RNAs (tRNAs), and circular forms of 

mitochondrial DNA (mtDNA) present in two to ten copies per mitochondrion (80). 

The major functions of matrix-localized enzymes are associated with the citric acid 

cycle, oxidation of pyruvate and fatty acids, and the urea cycle (in liver and kidney 

mitochondria). 

 As mentioned earlier, mitochondria contain their own genetic material and 

a fully functional machinery to generate RNA and proteins. Mitochondrial DNA is 

a double-stranded circular molecule that consists of about 16 kbp and it encodes total 

of 32 genes: 13 protein genes (subunits of electron transport chain complexes I, III, 

IV, and ATP synthase, as depicted in Table 1.1), 2 rRNAs and 22 tRNAs (80). The 
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rest of the mitochondrial proteins are encoded by nuclear DNA and subsequently 

translocated into the mitochondria using TOM/TIM system (220). 

Complex Genes 

NADH:quinone oxidoreductase 

(complex I) 
ND1, ND2, ND3, ND4, ND4L, ND5, ND6 

quinone:cytochrome c oxidoreductase 

(complex III) 
CytB 

cytochrome c oxidase 

(complex IV) 
COX1, COX2, COX3 

F0F1 complex 

(ATP synthase, complex V) 
Atp6, Atp8 

 
Table 1.1. All the proteins that are encoded by mtDNA function as subunits of electron transport 
chain complexes. 

 

Mutations in mtDNA occur often and in high frequency due to a close 

proximity of mtDNA to the electron transport chain (ETC), which can generate 

reactive oxygen species (ROS) during conditions of oxidative stress and due to the 

lack of the efficient error checking machinery (70, 162). Therefore, disorders resulting 

from mutations in mtDNA arise spontaneously and relatively often (292). These 

disorders have very unique characteristics due to the way they are inherited (only 

maternal mtDNA is passed to the offspring) and the importance of mitochondria to 

the cell viability and function. One of the subclasses of these diseases distinguished 

by the presence of neuromuscular symptoms is recognized as a mitochondrial 

myopathy. However, many defects in nuclear-encoded mitochondrial proteins are also 

associated with a wide variety of clinical disease phenotypes, including mitochondrial 

myopathies (139). 

1.2. Overview of the mitochondrial respiration and respiratory control 

 The most crucial role of the mitochondria is to maintain cellular respiration in 

order to generate energy in the form of phosphoanhydride bonds of ATP molecules. 

The inner membrane (cristae) and matrix are the sites of all the reactions that lead to 

the oxidation of pyruvate, fatty acids and amino acids to CO2 and H2O and to 

a coupled synthesis of ATP from ADP and Pi (inorganic phosphate) (3). The initial 
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steps involve a matrix-localized conversion of pyruvate (by pyruvate dehydrogenase) 

or fatty acids (in β-oxidation pathway) to acetyl CoA. Interestingly, in heart muscle 

the oxidation of fats is preferred over the glucose/pyruvate. The triglycerides are more 

efficient for energy storage than glucose because they are much more reduced than 

carbohydrates and therefore yield more energy when oxidized (328). Acetyl CoA 

enters the citric acid cycle also know as tricarboxylic acid cycle (TCA) or Kreb’s 

cycle, via reaction of condensation catalysed by citrate synthase enzyme, and is 

sequentially oxidized to CO2 coupled to the production of reduced cofactors: three 

molecules of nicotinamide adenine dinucleotide (NADH), one flavin adenine 

dinucleotide (FADH2) and one guanosine triphosphate (GTP) molecule (14, 18). 

NADH and FADH2 are cofactors that transfer electrons into the respiratory chain, 

which is localized in cristae of IMM. While NADH is diffusible but impermeable to 

inner membrane, the FADH2 is covalently bound to the succinate dehydrogenase, the 

only enzyme of TCA that is located in the inner membrane. GTP though is readily 

converted into ATP. Electron transfer from NADH and FADH2 to O2 occurs in cristae 

through four multimeric respiratory complexes (I-IV) and is coupled to the generation 

of the proton motive force (PMF) across the inner membrane (146, 279). The energy 

stored in this electrochemical gradient is finally used for the synthesis of ATP by the 

F0F1 complex (ATP synthase), which is also located in the inner membrane (204). The 

coupled processes of the electron transport chain-dependent NADH and FADH2 

oxidation and the phosphorylation of ADP to ATP driven by the proton-motive force 

generated in the ETC are known as oxidative phosphorylation. 

This highly sophisticated system of oxidative phosphorylation has been 

evolutionarily developed to increase recovery of the energy contained in glucose 

molecules (222). The conversion of glucose in glycolysis pathway yields two 

molecules of ATP, NADH and pyruvate. In anaerobic conditions (prokaryotes), or 

during intense exercise where aerobic metabolism cannot produce ATP quickly 

enough to supply the demands of the muscles, pyruvate can be converted into lactic 

acid in a process called fermentation, which uses two NADH but generates additional 

two ATP molecules. In contrast, in aerobic respiration glycolysis is followed by 

oxidative phosphorylation. This way, maximum of 38 molecules of ATP can be 

generated from one molecule of glucose. However, this number is hardly reached in 

reality due to the losses in energy, such as the cost of moving the pyruvate (from 
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glycolysis) into the matrix, translocation of Pi and ADP into the mitochondria, and 

ATP out of the mitochondria. All of them are transported actively using specific 

carriers that utilize the energy stored in the proton electrochemical gradient. 

Therefore, the theoretical efficiency of oxidative phosphorylation is lower and the 

likely maximum is closer to 30 ATP molecules per one molecule of glucose (250). In 

practice, the inner mitochondrial membrane is slightly permeable to protons. This 

phenomenon known as uncoupling occurs due to physiologic control or in pathologic 

states (3). An uncoupling protein-1 (UCP-1) is expressed and activated for instance in 

brown fat tissue, where it acts as a proton transporter and dissipates the proton 

gradient across the inner membrane (223). The proton-motive force in not used to 

produce ATP but to generate heat. This is extremely important in brown fat 

thermogenesis of newborns and in hibernating animals (208). Uncoupling in 

pathologic states may occur due to an inappropriate activation or induction of 

uncoupling proteins (29). 

 The rate of mitochondrial respiration depends on the ADP levels (18). In intact 

isolated mitochondria provided with NADH (in form of glutamate, malate, pyruvate) 

or FADH2 (as succinate), phosphate (Pi) and O2 but not ADP, the oxidation of the 

ETC substrates and the reduction of O2 decrease rapidly as a result of the endogenous 

ADP depletion due to the ATP generation. This situation is called a state 4 of 

mitochondrial respiration and is ADP-limited (43). Then, if ADP is added, the 

oxidation of the substrates is very rapidly restored and mitochondria enter actively 

respiring state 3. Therefore, ETC is able to utilize the reduced substrates only when 

ADP and Pi are available in the matrix to produce ATP. This phenomenon is called 

respiratory control. It exists due to the NADH and/or FADH2 oxidation coupled to the 

proton transport across the inner membrane. If the proton-motive force is not used to 

generate ATP, the electrochemical potential will increase dramatically. Then, the 

additional proton translocation across the inner membrane requires so much energy 

that it eventually stops, blocking the coupled substrate oxidation. Therefore, the ratio 

of state 3 to state 4, which is called respiratory control ratio (RCR), annotates how 

well the ETC part of respiration is coupled to phosphorylation of ADP (79). 

Uncoupling factors can overcome respiratory control, thus allowing NADH and/or 

FADH2 oxidation to be maintained independently from ADP availability. 

 



 

	  

20	  

1.3. Electron transport chain (ETC) and mitochondrial membrane potential 

(ΔΨm) 

 The ETC consists of four multi-subunit enzyme complexes and additional 

mobile electron carriers, ubiquinone (coenzyme Q10) in inner membrane and 

cytochrome c located in intermembrane space (146, 279) (Figure 1.1). The complexes 

diffuse in the inner membrane cristae individually or they are organized into larger 

supercomplexes called respirasomes (266). 

 Electrons are donated by complex I (NADH:ubiquinone oxidoreductase; 

EC 1.6.5.3) and II (succinate:ubiquinone oxidoreductase, EC 1.3.5.1) to ubiquinone, 

which carries them to complex III (ubiquinol:cytochrome c oxidoreductase, 

EC 1.10.2.2). However, other enzymes (electron-transferring flavoprotein 

(ETF):ubiquinone oxidoreductase, s,n-glycerophosphate dehydrogenase, 

dihydroorotate dehydrogenase) can provide the electrons to the ubiquinone pool but 

they are present only in some types of mitochondria and the reactions occur usually at 

a very low rate when compared with the main ETC inputs (222). From complex III, 

mobile cytochrome c carries the electrons to complex IV (cytochrome c oxygenase, 

EC 1.9.3.1) where they react with molecular oxygen to form water. Additionally in 

the liver, electrons generated during oxidation of sulfur-containing amino acids by 

sulfite oxidase can be fed into ETC at cytochrome c (222). 

Electrons in ETC are transferred via productive collisions. They start from 

high redox potential molecules (NADH, FADH2) and with passing from one complex 

to another they gradually lose energy, which in turn is utilized at three sites within 

a chain (complexes I, III and IV) to pump the protons from the matrix to IMS, 

generating a potential difference (ΔΨm) and proton gradient (ΔpH) across the 

membrane (Figure 1.1). The energy stored this way is referred to as a proton motive 

force and is used for chemical, osmotic and mechanical work, such as ATP 

production, mitochondrial calcium uptake, import of nuclear-encoded pre-proteins, 

functioning of antiporters (aspartate/glutamate, H+/K+, H+/Na+, 2H+/Ca2+) and 

symporters (H+/pyruvate, Pi/ADP) (142, 149, 222, 228). The proton motive force is 

dominated by ΔΨm and the ΔpH component contributes only 15% to its total 

(222, 270). Therefore, ΔΨm can be considered as a crucial indicator of mitochondrial 

function and metabolic activity (71, 281). 
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Figure 1.1. Schematic representation of mitochondrial electron transport chain. The sites of 
proton pumping (red dotted arrows) are located in complex I, III and IV. From each NADH two 
electrons are passed into molecular oxygen (O2) resulting in translocation of ten protons (H+). Six 
protons are pumped into IMS when succinate/FADH2 is used as an electron donor. NADH, reduced 
nicotinamide adenine dinucleotide; FMN, flavin mononucleotide; Fe-S, iron-sulfur cluster; 
Q, ubiquinone; cyt c, cytochrome c. 

 

1.3.1. NADH:ubiquinone oxydoreductase 

 The complex I activity combines the transfer of two electrons from NADH to 

ubiquinone with pumping of four protons from the matrix to the intermembrane space 

(3). It contains at least 46 subunits that assemble into one large complex with 

approximate size of 980 kDa (122). Despite such complexity, only fourteen subunits 

are essential for its catalytic function: seven highly hydrophobic mtDNA-encoded 

subunits (ND1, ND2, ND3, ND4, ND4L, ND5, ND6) and seven hydrophilic 

nuclear-encoded subunits (NDUFV1, NDUFV2, NDUFS1, NDUFS2, NDUFS3, 

NDUFS7, NDUFS8) (77, 122, 150). The function of remaining 31 additional proteins 

is largely unknown. Electron microscopy analysis reveals that complex I assumes an 

L-shaped conformation and consists of a peripheral, matrix-protruding arm, which 

contains NADH dehydrogenase activity with flavin mononucleotide (FMN), and an 

inner membrane-immersed arm consisting of all mtDNA-encoded subunits with 

ubiquinone- and rotenone-binding site. 
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Fully assembled mammalian complex I accepts electrons from NADH into 

FMN cofactor located in NDUFV1 subunit (118). Then electrons are tunneled through 

the chain of eight iron-sulfur clusters: N3 (NDUFV1), N1b (NDUFS1), 

N4 (NDUFS1), N5 (NDUFS1), N6a (NDUFS8), N6b (NDUFS8) and N2 (NDUFS7). 

In six of these clusters iron atoms are coordinated to a total of four sulfur atoms 

([4Fe-4S]) and other two display a [2Fe-2S] configuration. There is another 

iron-sulfur cluster N1a (in NDUFV2) located close to FMN but not thought to be 

involved in electrol transfer to ubiquinone (122). After reaching N2 cluster, electrons 

are transferred to the ubiquinone-binding site. There are confusing reports as to the 

exact location of this site. The Thermus thermophilus crystal structure studies predict 

that coenzyme Q binding occurs at subunits NDUFS2 and NDUFS7 (259). Other 

studies using site-directed mutagenesis of these two proteins seem to confirm this 

observation (293). Complex I inhibitors act at the terminal electron donating step by 

inhibition of ubiquinone reduction. One of them, the naturally found plant alkaloid 

rotenone is the most commonly used to study complex I activity in the mitochondria. 

Photoaffinity labeling techniques and mutagenesis studies reveal that NDUFS2 and 

NDUFS7 (Q-site), ND1 and ND5 subunits contribute to the rotenone inhibition site 

within complex I (82). The net reaction of complex I activity is summarized below: 

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

IMS 

 Both nuclear- and mitochondrial-encoded subunits of complex I must be 

assembled properly into a fully functional enzyme. Seven assisting proteins known as 

assembly factors, e.g. NDUFAF1, NDUFAF2, Ecsit, and others, accompany this 

multistep process (248). The majority of them act at the earlier stages of assembly of 

so-called subcomplexes. Any decreases in expression of assembly proteins lead to 

reduced stability of complex I formation, which results in pathology (75) (163). 

The activity of complex I can be altered in both physiologic and pathologic 

conditions by different mechanisms. One of them is a change in expression of 

particular subunits that is often observed in variety of diseases resulting from 

mutations in mtDNA (292). The inefficient and/or erroneous assembly of the complex 

or supercomplex formation can lead to decreased integrated respiration (163, 264). 

Moreover, enzymatic activity may be regulated by specific post-transcriptional 

modifications of particular subunits. It has been already reported that complex I can 
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undergo phosphorylation (192), glutathionylation (17, 45, 291), 

acetylation/deacetylation (2) and even S-nitrosation (38, 60). 

 Mutations in the subunits of complex I have been associated with neurological 

and neuromuscular diseases, including Leigh syndrome (125, 196, 303), Leber's 

hereditary optic neuropathy (36, 209) and even with etiology of Parkinson’s disease 

(145, 269). 

1.3.2. Succinate:ubiquinone oxidoreductase 

 Complex II is the simplest of all respiratory complexes in ETC (3). It consists 

of four nuclear-DNA encoded proteins: two larger hydrophilic SDHa and SDHb, 

which protrude into matrix, and two hydrophobic subunits SDHc and SDHd 

embedded in inner membrane (288). Complex II is the only enzyme that participates 

both in TCA cycle and ETC by catalyzing the oxidation of TCA intermediate 

succinate to fumarate coupled with reduction of ubiquinone to ubiquinol. The 

electrons from succinate are accepted on covalently bound FAD cofactor located in 

SDHa. Therefore, this part of the complex exhibits activity of succinate 

dehydrogenase. Next, the electrons are tunneled through three iron-sulfur clusters 

([2Fe-2S], [4Fe-4S], [3Fe-4S]) within SDHb into membrane-anchored subunits that 

contain cytochrome b560 and a quinone-binding site (222). However, transfer of 

electrons through complex II does not result in any proton translocation from matrix 

to IMS as summarized in equation below: 

FADH2 + ubiquinone (Q)   FAD + ubiquinol (QH2) 

Despite a very simple structure of succinate:ubiquinone oxidoreductase, its activity is 

tightly regulated. It is known that flavoprotein part of the complex (SDHa) undergoes 

few different posttranslational modifications, such as acetylation/deacetylation (59), 

glutathionylation (56) and phosphorylation (256), resulting with the changes in the 

enzymatic activity. 

 Two distinct classes of complex II inhibitors exist (222). Succinate-analogue 

inhibitors, including synthetic malonate and TCA intermediates malate and 

oxaloacetate, bind to the succinate pocket in SDHa. They comprise the first class of 

inhibitors. Molecules that belong to the second class, such as TTFA 

(thenoyltrifluoroacetone), bind to the ubiquinone pocket. It is not entirely elucidated 
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why oxaloacetate, a common molecule of TCA, exhibits one of the strongest 

inhibitory effects on succinate dehydrogenase. However, it has been speculated that it 

may play a protective role in blocking the unfavorable reverse electron flow from 

complex II into I, which can result in superoxide generation by complex I (210). 

 Mutations in SDHa subunit have been reported to cause a classical 

mitochondrial neurogenerative disease, encephalomyopathy in childhood, while the 

mutations found in the genes of the other three subunits have been associated with 

sporadic paragangliomas and/or pheochromocytomas and the inherited autosomal 

cancer-susceptibility syndromes (35). 

1.3.3. Ubiquinone:cytochrome c oxidoreductase 

 Complex III, known also as mitochondrial bc1 complex, is a multi-subunit 

enzyme encoded by both the mtDNA (cytochrome b, CytB) and the nuclear genome 

(remaining ten peptides). Structural studies showed that the functional complex is 

present as a dimer (319). Three of the subunits contain prostetic groups: cytochrome b 

has two b-type hemes (bL and bH); cytochrome c1 has one c-type heme (c1); and the 

Rieske iron-sulfur protein harbors [2Fe-2S] cluster. The Core I and II subunits 

constitute about 50% of the molecular mass of complex III and exhibit mainly 

a structural role. 

 Complex III contains two separate reaction centers for ubiquinol (Figure 1.1) 

(64). Qo is located on the outer/intermembrane space side of the complex, while 

Qi (inner) is localized in the part of the complex facing the mitochondrial matrix. 

Electron transport within bc1 complex coupled with proton pumping into IMS 

involves a concerted oxidation of QH2 in the process known as Q cycle (34). It is 

initiated with the oxidation of QH2 at outer Q site and followed by bifurcation of the 

electron transfer. One electron is given to the [2Fe-2S] cluster within Rieske subunit, 

which is then oxidized by cytochrome c1, which in turn is oxidized by mobile 

cytochrome c with a single electron moved and two protons pumped into IMS. Single 

electron transfer from ubiquinol at Qo site results in formation of semiquinone. This 

form of Q donates the second electron to the chain of hemes bL and bH and becomes 

fully oxidized to ubiquinone. Reduced heme bH gives one electron to inner Q site 

resulting in the formation of semiquinone. The second half of the cycle is initiated 

again by second round of QH2 oxidation at Qo resulting in second reduced molecule 
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of mobile cytochrome c, another two protons translocated into intermembrane space, 

and the successive reduction of hemes bL and bH culminating with the complete 

reduction of semiquinone at Qi to ubiquinone. The quinone reduction at Qi involves 

an uptake of two protons from matrix. Therefore, a net result of the Q cycle shows 

that for every pair of electrons taken from QH2 to two molecules of cytochrome c, 

four protons are translocated to the intermembrane space and two protons are 

removed from the mitochondrial matrix. The overall reaction is summarized below: 

QH2 + 2 cyt-c (Fe3+
ox) + 2 H+

matrix   Q + 2 cyt-c (Fe2+
red) + 4 H+

IMS 

 There are two types of complex III-specific inhibitors based on their targets 

(184). Myxothiazol and stigmatellin bind to the distinct pockets within Qo site 

blocking the transfer of electrons into complex III from reduced QH2. Myxothiazol’s 

binding-site is located very close to cytochrome bL, while stigmatellin interacts 

strongly with Rieske protein. Antimycin A, a second class inhibitor, blocks the 

electron transfer from bH heme to oxidized Qi site by binding with this ubiquinone. 

 Complex III gene mutations result mainly in exercise intolerance and 

cardiomyopathy (70). Additionally, the mutation in mtDNa-encoded cytochrome b 

has been reported to cause septo-optic dysplasia (273) and multisystem disorder 

(deafness, mental retardation, retinitis pigmentosa, cataract, growth retardation, 

epilepsy) (318). Furthermore, Bjornstad syndrome (deafness, hair abnormalities) 

(120) and the Finnish lethal GRACILE syndrome (growth retardation, amino aciduria, 

iron overload, lactic acidosis, cholestasis) (310) have been shown to be a result of the 

mutation in BCs1L assembly protein, which assists in the maturation of the Rieske 

protein. 

1.3.4. Cytochrome c oxidase 

 Complex IV is a final step in the electron transfer chain (3). It is a large 

complex composed of several metal prosthetic groups (two hemes and two copper 

centers) and thirteen proteins, three of which are encoded by mtDNA (COX1, COX2, 

COX3) and other ten by nuclear DNA (298). COX1 contains twelve transmembrane 

α helices that are organized in three groups of four helices with a central pore. The 

first group contains heme a, the second heme a3-copper CuB center, and the third is 

empty. Subunit COX2 contains a binuclear copper center CuA. The nuclear encoded 
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subunits (COX4 - COX8) are considered to contribute to the stability, assembly and 

regulation of the oxygenase. However, their exact functions are only partially 

delineated. Complex IV can exist as a monomer, which is sufficient for electron 

transfer and oxygen reduction but for proton translocation across the inner membrane 

the cytochrome c oxidase must be present as a dimer (18). 

 The transfer of electrons from four reduced cytochrome c molecules results in 

reduction of one O2 to two molecules of H2O, the reaction that uses four protons from 

matrix (222). Electron transfer through complex IV is coupled with the translocation 

of four protons from the matrix to the intermembrane space. The net reaction is 

summarized below: 

4 cyt-c (Fe2+
red) + 8 H+

matrix + O2   4 cyt-c (Fe3+
ox) + 4 H+

IMS + 2 H2O 

 Electrons from reduced cytochrome c are transferred to the binuclear CuA 

center in COX2 and then to heme a and finally to heme a3-CuB center (both in 

COX1), where the reduction of oxygen occurs. The mechanism of conversion of O2 to 

H2O at heme a3-CuB center involves a rapid four electrons reduction with immediate 

oxygen-oxygen bond cleavage, avoiding superoxide formation (18). 

 The oxygen binding site of complex IV also binds ligands such as carbon 

monoxide (CO), cyanide anions (CN-), azide anions (N3
-), and hydrogen sulfide 

(H2S), resulting in competitive inhibition of the oxidase activity, which in turn leads 

to chemical asphyxiation of the cells (222). 

The regulation of cytochrome c oxidase activity has been extensively studied. 

Myocardial complex IV is profoundly regulated by nitric oxide (NO) levels (207) and 

by cAMP-dependent phosphorylation of specific COX subunits (167). Additionally, 

the role for ATP and ADP in the allosteric control of this oxidase activity is well 

established. For instance, ATP can bind to a heart isoform of COX6a, but not to the 

liver variant. The ATP binding site is located between COX6a-H (heart) subunit on 

one monomer of oxidase and COX1 protein from another monomer. Moreover, the 

interaction between these two proteins contributes to dimer stability, thus allowing the 

proton pumping from the matrix to IMS. Therefore, in the presence of high ATP/ADP 

ratio, ATP binding to the heart enzyme uncouples proton flux from electron transfer 
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(87). Furthermore, ATP can reduce complex IV activity through allosteric interactions 

with COX4 subunit at high ATP/ADP (217). 

Genetic mutations altering complex IV functionality and/or structure usually 

result in very severe and often fatal metabolic dysfunctions. The majority of 

cytochrome c oxidase disorders are caused by mutations to nuclear-encoded assembly 

proteins, such as SURF1, SCO1, SCO2, COX10 and COX15 (241). Specific defects 

in these genes may result in oxidase deficiency with a variety of clinical phenotypes, 

including Leigh syndrome and other neuropathies. Alterations in SCO2 and especially 

in COX15, the latter involved in heme biosynthesis, cause fatal infantile hypertophic 

cardiomyopathy (8, 237). 

1.4. Mitochondria as a source of reactive oxygen species (ROS) 

 Mitochondria have been considered the important generators of the reactive 

oxygen species (ROS) with mitochondrial electron transport chain as a major source 

of oxidative radicals (7, 141, 301). An uncontrolled increase in ROS production can 

contribute to the mitochondrial damage in a variety of pathological states (12, 15). 

Furthermore, the excessive generation of ROS is damaging to cardiomyocytes, 

potentially by permeabilization of mitochondrial outer membrane (106). However, the 

small amounts of ROS can function as a trigger in ischemic preconditioning by 

activating protein kinases such as protein kinase C (PKC) (11) or p38 MAP kinase 

leading to the subsequent translocation of transcription factor NF-κB to the nucleus 

where it regulates gene expression (68). Therefore, mitochondrial ROS generation has 

also been established a redox signaling pathway that provides interactive signaling 

feedback between these organelles and the rest of the cell (73). This phenomenon has 

been reported during ischemic preconditioning (233) and postconditioning (299), 

where it contributes to the cytoprotective signal transduction at the level of the 

cardiomyocytes (15). 

The initial mitochondrial ROS, superoxide (O2
-), is produced by one-electon 

reduction of dioxygen (O2). Theoretically, a wide range of electron carriers within the 

mitochondria can potentially reduce oxygen. However, the small-molecule electron 

donors such as NADH, NADPH, ubiquinol and glutathione (GSH) do not react with 

O2 to produce superoxide anion. Instead, mitochondrial O2
- is generated at 

redox-active prosthetic groups within proteins or when reduced electron carriers, like 
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QH2, are bound to proteins. Therefore, the electron transport chain is a perfect 

candidate for ROS production in the mitochondria. Indeed, it is now very well 

documented that complex I and III are the main sites of superoxide generation in both 

physiologic and pathologic conditions (54, 187) (Figure 2.2 in Materials and 

Methods). 

1.4.1. Complex I-mediated ROS production 

 It has been reported that isolated complex I in the presence of NADH 

produces O2
- and that the specific inhibitor rotenone enhances its production by 

binding to the ubiquinone site (39). As mentioned earlier, the complex I electron 

carriers include FMN, iron-sulfur clusters, and likely two semiquinones. Published 

reports regarding the possible oxygen-reducing site within this complex are 

conflicting. Thermodynamic studies indicate Fe-S center N1a (157) and the FMN 

(155) as the main superoxide producing sites. However, the studies based on the use 

of specific inhibitors of complex I suggest that the ROS generating sites are: the FMN 

(187), Fe-S center N2 (91), and iron-sulfur proteins and semiquinones in general 

(113). It is very possible that all of these sites participate in superoxide production. 

Additionally, it appears that the NADH/NAD+ ratio correlates with the rate of 

FMN-linked superoxide generation (158). Excess NADH leads to the fully reduced 

state of FMN, which favors the reduction of O2 at the flavin cofactor. The 

NADH/NAD+ ratio increases in the presence of respiratory chain inhibition caused by 

damage, ischemia, mutations, loss of cytochrome c, or when ADP availability is 

decreased (ADP-limited state 4 respiration) (157, 158). In contrast, when 

mitochondria respire normally on NADH-linked substrates, the NADH/NAD+ ratio is 

low and only a very small amount of superoxide is generated (313). Reverse electron 

transfer (RET) is another mechanism by which complex I produces large amounts of 

superoxide (187, 313). However, the RET is not a physiological phenomenon. It 

occurs when ubiquinone pool is fully reduced by supplied electrons (e.g. from 

succinate) and at the same time proton motive force is significant (ADP-depleted state 

4 when there is no or very low ATP production) (42, 119). Then, electrons flow back 

from ubiquinol into complex I and reduce NAD+ at FMN. Under these conditions 

complex I produces extensive amounts of superoxide, especially in brain 

mitochondria (187, 313). Moreover, this generation of ROS is abolished in the 

presence of rotenone, which confirms that in RET electrons enter complex I through 
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Q-binding site (161). However, the site in complex I of the RET-linked superoxide 

generation is unclear (123). There are reports that again indicate FMN cofactor as the 

ROS site (187). Lambert and Brand proposed that additional RET-related O2
- 

production occurs at a semiquinone radical formed in Q-binding site of complex I 

(161). However, other reports provide evidence that the one-electron donor to oxygen 

in complex I is located prior to the Q-binding site (91). Their results also suggest that 

the superoxide generation site can be the iron-sulfur cluster N2, based on its 

physicochemical properties and ability to interact with endogenous ubiquinone. 

Notably, the ROS production from complex I is considered to be targeted to the 

matrix of the mitochondria (52). 

1.4.2. Complex III-mediated ROS production 

 Complex III has been considered a dominant source of superoxide production 

(39, 225, 283). Inhibition of Qi center by antimycin A results in the production of 

large amounts of superoxide due to the reaction of O2 with semiquinone bound to the 

Qo site (39, 187, 302). However, Qi center can also be a site of O2
- formation 

especially when electron flow into Qo is limited (247). The superoxide generated at 

Qo site in complex III is released at both sides of the inner membrane (155, 211, 283) 

but at Qi to the matrix only (247). Interestingly, under the conditions of high proton 

motive force (state 4), resulting in reduced Q pool (from succinate), the main site of 
O2

- generation remains at the complex I through RET mechanism (187). 

1.4.3. Other sites of ROS production in the mitochondria 

 There are other sites in the mitochondria located outside of the electron 

transport chain that contribute to the superoxide production (7). However, it is unclear 

whether they generate a quantitatively significant contribution to mitochondrial ROS. 

 It has been reported that also the catalytic activity of electron transport chain 

complex II can contribute to the superoxide generation in the mitochondria 

(56, 100, 202, 323). Two regions of this enzyme have been suggested to be 

responsible for ROS production. One is located on the FAD cofactor and is modulated 

by FADH semiquinone (202), whereas the second one is likely to be located on the 

Q-binding site (100, 323). However, all these reports come from the studies on the 

lower organisms (100, 202, 323) or from in vitro isolated mammalian complex II (56). 
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Therefore, although the damaged or mutated complex can produce ROS (103, 329), it 

seems that the main source of complex II-driven superoxide generation in intact 

mitochondria is based on the reverse electron transport into the complex I, which 

results in ROS release from the sites within complex I (187, 313). 

The group of enzymes containing flavin prostetic groups in their redox active 

center are the main suspects, especially when their function is to donate electrons into 

NADH or ubiquinol pools. Under conditions of high proton motive force, both pools 

remain highly reduced, which leads to a blockade of the electron transfer to NADH 

and ubiquinol. The α-ketoglutarate dehydrogenase (αKGDH), contains flavin center, 

which can produce ROS when availability of its electron acceptor NAD+ is limiting 

(294). Furthermore, enzymes transferring electrons to the ubiquinol pool, such as 

succinate dehydrogenase and electron transfer flavoprotein (ETF), can increase 

superoxide generation by RET mechanism (31). Additionally, ETF:Q oxidoreductase 

may produce ROS by itself directed to the intermembrane space (283). Another 

Q-linked enzyme located on the outer surface of the inner membrane, 

α-glycerophosphate dehydrogenase (αGPDH), donates electrons from 

α-glycerophosphate to ubiquinol, which can lead to increased ROS production, 

mainly by RET, although some is released from the enzyme itself (296). However, the 

physiological relevance of αGPDH contribution to oxygen radicals generation is 

unclear due to a very low expression of this enzyme in most of mammalian tissues 

(153), though it may be important in the brain (296). 

Additionally, there are other mitochondrial enzymes that can generate ROS 

and are not connected with NADH and Q pools, such as cytochrome P450 complex in 

the matrix, which receives electrons from NADPH (108). Furthermore, mitochondrial 

intermembrane space protein, p66shc, has been recently described as a hydrogen 

peroxide (H2O2)-generating enzyme (92). It uses electron transferred from reduced 

cytochrome c to generate peroxide, which in turn appears to activate the apoptotic 

program (92). Last but not least, monoamine oxidase is a flavoenzyme (containing 

FAD) located within the outer mitochondrial membrane, facing the intermembrane 

space (69). It is responsible for the oxidative deamination of neurotransmitters, which 

results in the formation of aldehydes, ammonia and H2O2. However, it is still unclear 

how significant contributors these sites are to the overall production of ROS by 

mitochondria (7). 
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1.4.4. Mitochondrial ROS scavenging system 

 The assessment of superoxide production in mitochondria is extremely 

difficult due to a short half-life of this oxygen radical, mainly due to the rapid 

dismutation into hydrogen peroxide (H2O2). This process occurs either spontaneously 

(258) or is catalyzed by the tetrameric mitochondrial manganese superoxide 

dismutase (MnSOD or SOD2) located in the matrix (199): 

O2
- + O2

- + 2 H+ MnSOD  H2O2 + O2 

Due to a high intra-mitochondrial concentration (3 – 10 µM) and reaction rate 

(k = 2.3109 M-1s-1) of MnSOD, the steady-state superoxide amount in matrix of 

normally respiring mitochondria is very low (37). In the presence of the redox-active 

transition metals (copper and iron), H2O2 can form a very active and damaging 

hydroxyl radical (OH), for which no scavenging enzyme exists (170). These forms 

of ROS may cause direct damage to membrane lipids, proteins and mitochondrial 

DNA (33, 315). Therefore, mitochondrial matrix contains a special system of 

peroxidases that remove hydrogen peroxide before it can react with active forms of 

metals. These include peroxiredoxins 3 and 5 (249), glutathione peroxidases 1 

and 4 (137), and trace amounts of catalase (255). The glutathione peroxidase (GPx) 

reaction is coupled to the glutathione disulfide-reduced glutathione couple 

(GSSG/GSH) and the rate of H2O2 removal depends on GSH concentration (221). 

H2O2 + 2 GSH Gpx  2 H2O + GSSG 

Glutathione is a part of a non-enzymatic antioxidant system that also contains 

ascorbic acid (vitamin C), α-tocopherol (vitamin E), flavonoids and carotenoids (304). 

 The difficulties in assessing mitochondria-generated superoxide can be 

overcome by the measurement of H2O2 release from the mitochondria (in contrast to 

the charged O2
- molecule that cannot pass the inner membrane without transporters) 

(30). Typically, it is achieved by the monitoring of oxidation of non-fluorescent dye 

by H2O2 in the presence of peroxidase to form a fluorescent product (30, 54). 

However, one has to take into consideration that the H2O2 released from the 

mitochondria is the amount that has already exceeded the threshold of ROS 

scavenging systems capabilities. Probably that is why in normal respiring 

mitochondria the H2O2 levels are very low. Therefore, during the measurements, the 
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isolated intact mitochondria are supplied with excess of metabolic substrates that lead 

to the depletion of ADP and the establishment of high superoxide-generating state 4 

of mitochondrial respiration (157, 158, 187). 

1.5. Myocardial ischemia and reperfusion injury 

 An imbalance between the supply and demand of oxygen in the heart tissue 

due to restricted coronary blood flow results in myocardial ischemia (134). The 

absence of oxygen and metabolic substrates decreases the energy available to 

cardiomyocytes and leads to the tissue injury (infarction). The extent of the injury is 

determined by various factors including the duration of ischemia, the severity of 

ischemia (zero-flow versus low-blood flow) and the accompanying inflammatory 

response. It is also apparent that heart reperfusion, which is a requisite for cardiac 

tissue survival, can also increase injury over and above that sustained during 

ischemia, and independently lead to myocardial cell death (6, 15, 28, 94, 301, 317). 

This phenomenon is called ischemia-reperfusion injury and is a major cause of 

morbidity and mortality in western nations. Fortunately, it has become clear that the 

cardiac response to ischemia-reperfusion insult can be manipulated to delay or 

decrease the severity of the injury, which has motivated intense studies on the 

mechanisms of cardioprotection. 

 Cell death as a result of ischemia-reperfusion injury has been reported to have 

features of both apoptosis and necrosis (201). The exact contribution of both in 

myocardial cell injury is still unclear. Pharmacological inhibition of pro-apoptotic 

signaling pathways during reperfusion is able to reduce both apoptotic and necrotic 

components of cell death (330). Therefore, it seems that they both share the common 

mechanisms in the early stages of cell death. 

 Necrosis is characterized by cell swelling leading to plasma membrane 

disruption with release of cytosolic components that in turn trigger an inflammatory 

response (90). Rupture of the plasma membrane can be facilitated by proteolytic 

degradation of crucial cytoskeletal and membrane proteins, such as calpain-mediated 

cleavage of ankyrin and fodrin, anchor proteins for Na+/K+-ATPase (138). Calpains 

are Ca2+-dependent proteases, and the increase in cytosolic free Ca2+ concentration 

has been consistently observed in ischemia and reperfusion (284). 
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 Apoptosis is programmed cell death. It results in chromatin condensation, 

DNA fragmentation, cell shrinkage, and plasma membrane budding with release of 

apoptotic bodies, which are phagocytized by other cells in the organism (147). The 

inflammatory response is not involved in apoptosis due to the preserved cell 

membrane integrity. Apoptosis already occurs during ischemia and is accelerated in 

reperfusion (28) or it can be triggered at the onset of the reperfusion (94). In severely 

ischemic tissue, apoptosis progresses to necrosis as a result of ATP loss, which 

inhibits energy-dependent processes (e.g. functioning of ion pumps) resulting in 

swelling and rupturing of the cell membrane (284). Transduction of apoptotic signals 

can be divided into two pathways. The extrinsic pathway is a receptor-mediated 

cascade triggered by tumor necrosis factor-α (TNF-α) and Fas receptors and 

orchestrated by activation of caspase-8 and caspase-3 (215) The intrinsic pathway is 

mediated through mitochondria and activated by various stimuli such as ischemia and 

reperfusion or hypoxia (322). The pro-apoptotic stimuli of the intrinsic pathway 

induce increased permeability of the outer mitochondrial membrane (106). This 

phenomenon is associated with the opening of mitochondrial permeability transition 

pore (MPTP), which is a protein complex located at the junctions of both 

mitochondrial membranes (65). It has been reported to contain the voltage-dependent 

anion channel (VDAC, porin) in the OMM, the adenine nucleotide translocase (ANT) 

in the IMM and cyclophilin-D in the matrix, although the exact structure of MPTP is 

still unknown (325). MPTP opening occurs at the onset of and during the reperfusion 

phase as a result of calcium overload, depletion of adenine nucleotides, increase in 

phosphate levels, augmented ROS generation and mitochondrial depolarization (106). 

In contrast, low pH inhibits pore opening. During cardiac ischemia, electron transport 

chain and proton pumping ceases leading to the reduction of mitochondrial membrane 

potential (ΔΨm). In order to maintain ΔΨm ATP synthase starts to work in a reverse 

mode to hydrolize ATP generated from glycolysis (98). The calcium uptake into the 

mitochondria depends on ΔΨm (212, 213). However, with the onset of reperfusion, 

ETC functioning and membrane potential are restored. Unfortunately, this leads to the 

additional accumulation of Ca2+ in the mitochondria, likely to predispose the MPT 

pore opening (213). Therefore, any agents that are able to inhibit calcium uptake 

(ruthenium red) (205) or mildly dissipate the ΔΨm (diazoxide) (126) may be 

considered as cardioprotective. 
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Ischemia-mediated permeabilization of outer mitochondrial membrane results 

in the release of cytochrome c, Smac/DIABLO, HtrA2/Omi, endonuclease G (EndoG) 

and apoptosis-inducing factor (AIF) into the cytosol (102). All of these proteins play 

a crucial role in apoptosis signaling (325). In cytosol, cytochrome c binds to the Apaf-

1 protein and activates caspase-9, which in turn activates caspase-3, the ‘executioner’ 

of the apoptotic pathway (28). Apoptosis is an energy-dependent process, thus the 

presence of ATP is necessary to execute the apoptotic program. Therefore, severe 

ischemia with substantial ATP depletion limits caspase activation and leads to the 

necrosis. Smac/DIABLO and HtrA2/Omi neutralize caspase-inhibitory proteins, 

which results in activation of caspases (289, 308). EndoG and AIF translocate to the 

nucleus where they orchestrate the DNA fragmentation (41, 180). 

Apoptosis is highly regulated by the Bcl-2 family of proteins (101). Its 

members exhibit both, the anti-apoptotic (Bcl-2 and Bcl-xL), and pro-apoptotic (Bak, 

Bax, BAD, Bid, Bim) function. It has been reported that Bcl-2 family proteins 

(Bcl-xL) can bind directly to the components of MPTP controlling the pore opening 

and closing (276). Additionally, pro-apoptotic members of Bcl-2 family, Bak and 

Bax, can oligomerize into channel structures in the outer mitochondrial membrane 

(mitochondrial outer membrane permeabilization, MOMP) independently of the 

MPTP (152), and thus mediate the cytochrome c release. This process can be 

regulated by anti-apoptotic peptides, for instance it is known that Bcl-2 sequesters 

inactivated, monomeric form of Bax, preventing its oligomerization in OMM (96). 

Moreover, Bcl-2 family proteins seem to converge the intrinsic and extrinsic apoptotic 

pathways. For instance, after Bid is cleaved by death receptor-dependent caspase-8, it 

translocates to the mitochondria and induces MPT pore opening (324). The Bcl-2 

family proteins can be regulated through different mechanisms. Phosphorylation of 

Bim results in its degradation by proteasomes (179), while phosphorylation of BAD 

by kinases leads to its inactivation (19), all resulting in the inhibition of pro-apoptotic 

signaling. 

Any manipulations that inhibit MPTP opening or enhance pore closure (106), 

influence cytosolic free Ca2+ concentration (205, 216) and regulate the pro- and 

anti-apoptotic proteins (124, 136, 185) should provide cardioprotection against 

ischemia-reperfusion injury. This concept is a basis of the cardioprotective strategy of 

pre- and postconditioning (Figure 1.2). 
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Figure 1.2. Schematic presentation of pre- and postconditioning as the means of cardioprotection 
against ischemia and reperfusion injury. ROS, reactive oxygen species; Jak, Janus kinase; Stat, 
signal transducer and activator of transcription; SAFE, survivor activating factor enhancement 
pathway; PI3K, phosphatidylinositol 3-kinase; Akt, serine-threonine Akt kinase; MAPKs, 
mitogen-activated protein kinases; ERK, extracellular signal-regulated kinase; RISK, reperfusion injury 
salvage kinase pathway; PKCε, protein kinase C isoform ε; p70S6K, serine-threonine kinase of S6 
ribosomal protein; GSK-3β, glycogen synthase kinase-3β; mTOR, mammalian target of rapamycin; 
eNOS, endothelial nitric oxide synthase; mito KATP, mitochondrial ATP-sensitive potassium channel; 
Bcl-2, B-cell lymphoma 2 protein; Bax, Bcl-2-associated X protein; MPT, mitochondrial permeability 
transition; MOMP, mitochondrial outer membrane permeabilization. Figure adapted from Liem et. al 
(182). 

 

1.6. Preconditioning and postconditioning in myocardial ischemia and 

reperfusion injury 

In the last two decades, a considerable effort has been directed toward 

developing the methods to limit infarct size and other manifestations of ischemia and 

reperfusion injury. In 1986, Murry et al. introduced the concept of ischemic 

preconditioning (IPC), which consisted of repetitive brief periods of ischemia that 

protected cardiac tissue from a subsequent longer ischemic insult (214). Ischemic 

preconditioning reduces infarct size, attenuates apoptosis and preserves vascular 

endothelial function with decreased neutrophil accumulation (25). Additionally, the 

application of chemical compounds, such as mitochondrial potassium channel opener 
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diazoxide or PKCε stimulant phorbol 12-myristate 13-acetate (PMA) (151), before 

the onset of ischemia to attenuate infarction is considered a pharmacological 

preconditioning (PPC). 

Interestingly, preconditioning consists of two chronologically and 

mechanistically distinct phases (214). An early phase develops very quickly but lasts 

only 1 – 2 hours, and is caused by rapid release of several signaling molecules such as 

adenosine and opioid agonists. The signal initiated by binding of adenosine to 

G-coupled receptors results in the activation of phosphatidylinositol 3-kinase 

(PI3K)/serine-threonine Akt kinase, protein kinase G and C (PKG and PKC), which 

subsequently lead to opening of the mitochondrial ATP-sensitive potassium (mKATP) 

channels. This in turn prevents calcium overload and MPTP opening (151, 213). 

Therefore, the early phase of preconditioning involves rapid changes in proteins 

(posttranslational modifications) or protein-protein interactions. However, the late 

phase is caused by gene regulation and de novo synthesis of cardioprotective proteins 

(Figure 1.3). Therefore, it develops slower (6 – 24 h) but lasts much longer 

(2 – 4 days) (194). The late phase is usually triggered by the release of small chemical 

signaling molecules such as ROS, NO, opioid agonists and adenosine (25). They 

cause an activation of complex signal trunsduction cascades (274). These signaling 

pathways involve protein kinases, such as PKC, the Src/Lck isoform of tyrosine 

kinases, serine-threonine Akt kinase, extracellular signal-regulated kinase 1 and 2 

(Erk1/2), Janus-activated kinases 1 and 2 (Jak1/2), and others (Figure 1.2 and 1.3) 

(25). Their function is to activate stress-responsive transcription factors localized in 

cytoplasm, among them NF-κB, Stat1 and Stat3, resulting in upregulation of the 

cardioprotective genes and subsequent synthesis of the proteins (e.g. MnSOD, heme 

oxygenase-1 (HO-1) and heat shock proteins (HSPs)) that participate in the protection 

by late preconditioning (26). Interestingly, some of the kinases involved in the late 

phase also contribute to the early phase of preconditioning. However, their role is not 

to drive gene expression but to modify (e.g. phosphorylate) the existing proteins 

(165, 182, 213, 320). 
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Figure 1.3. Schematic presentation of late phase mechanism of preconditioning in 
cardioprotection against ischemia and reperfusion injury. ROS, reactive oxygen species; NO, nitric 
oxide; eNOS, endothelial nitric oxide synthase; Jak, Janus kinase; PKCε, protein kinase C isoform ε; 
Src/Lck TKs, tyrosine kinases Src and Lck; Stat, signal transducer and activator of transcription; 
NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; iNOS, inducible nitric oxide 
synthase; COX-2, cyclooxygenase-2, prostaglandin-endoperoxide synthase 2; HO-1, heme 
oxygenase-1; MnSOD, mitochondrial manganese superoxide dismutase 2; HSPs, heat shock proteins. 
Figure adapted from Bolli et al. (25). 

 

Although preconditioning has been successfully implemented into some 

clinical procedures, its use is limited to the cases where the onset of ischemia is 

planned, such as coronary angioplasty (168) and bypass surgery (140). Zhao et al. 

developed the concept of cardiac postconditioning as an implementation of 

cardioprotective therapy at the onset of the reperfusion (330). Zhao reported that 

intermittent reperfusion, after ischemia, can also reduce infarct size (ischemic 

postconditioning, iPoco). Interestingly, it has been shown that the myocardial 

protection achieved by postconditioning is mediated at least in part by several of 

signaling kinases that are also responsible for protection in preconditioning, such as 

Akt and Erk1/2 (recently defined as reperfusion injury salvage kinase pathway, RISK) 

(110). Additionally, iPoco slows recovery of extracellular pH that results in a lower 

intracellular pH, which also reduces probability of the MPTP opening at the onset of 
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reperfusion (61, 88). Cyclosporin A, which is the inhibitor of MPTP, is one of the 

effective examples of pharmacological postconditioning (pPoco) (9, 93). 

1.7. Mitochondria as a target and a source of ischemic damage 

Mitochondria are the organelles that provide ATP to sustain cell life. 

However, they can also be a source of the programmed cell death if the insult is mild, 

and even necrosis if the insult is severe (102). 

During ongoing cardiac ischemia and reperfusion, mitochondria are both the 

targets and the sources of damage (28, 174, 175). Myocardial ischemia disrupts the 

mitochondrial electron transport chain that results in decrease in the rate of the 

integrated respiration and increase in ROS generation. This in turn predisposes 

mitochondria to MPTP opening, cytochrome c release and activation of apoptosis. 

 Ischemia decreases activities of complex I and III, the content of cytochrome 

c, and respiration through cytochrome oxidase, as shown in different animal models 

(52, 86, 173, 177, 242, 254, 307). Twenty minutes of ischemia reduces complex I 

activity (86, 254). The damage to the phosphorylation aparatus, including ATP 

synthase and the adenine nucleotide transporter, occurs also early in the course of 

ischemia (10, 74, 254), although it does not yet attenuate the maximal rates of 

respiration (176). Extended ischemia results in progressive damage to parts of the 

electron transport chain distal to complex I (177, 243), including reduced complex III 

activity and the depletion of cardiolipin, which in turn leads to the cytochrome c loss 

and the impaired cytochrome c oxidase activity (143, 173, 176). 

 Ischemic damage to the mitochondria persists during reperfusion without 

apparent evidence of additional substantial damage to the distal ETC caused by 

reperfusion (172). The decreased cardiolipin and cytochrome c contents as well as 

cytochrome c oxidase respiration, persist but do not worsen during reperfusion 

(47, 172). However, some studies suggest that ETC may sustain additional damage, 

especially at complex I (52, 307). 

 For many years it was thought that during cardiac ischemia oxygen content 

would decrease to anoxia due to its consumption by cytochrome c oxygenase. 

However, it is now known that low levels of oxygen remain available during ischemic 

period (135). It appears that under these conditions, the generation of reactive oxygen 
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species (ROS) actually increases (16, 148, 306). Augmented ROS levels are now 

considered to be the mediators of ischemia-induced damage to the mitochondrial 

respiratory chain (171). 

 Substantial decreases in complex I activity (47, 239, 254, 307) due to the 

ischemia leads to an increase in electron leak and the production of ROS (52, 225). 

Additionally, complex I undergoes ischemia-mediated post-translational 

modifications such as phosphorylation (55), S-nitrosylation (38) and glutathionylation 

(45). Some reports have shown that the ischemia-induced decrease in NADH 

dehydrogenase activity (NFR) appears likely due to the loss of the FMN component 

(225, 254). However, the increased ROS production by complex I due to ischemia 

without apparent decrease in NFR activity supports a possibility of a different site of 

damage distal to the NFR part of complex I (52). Complex I is considered to be both 

the target and a source of ischemic damage. A treatment of isolated rabbit hearts 

immediately before ischemia with rotenone decreases ischemic damage to the distal 

parts of ETC (171). Rotenone blockade during ischemia maintains cardiolipin and 

cytochrome c content and oxidation through complex IV (171). Moreover, the 

complex I blockade with rotenone during ischemia decreases oxidative potential in 

the mitochondria (16, 54). Therefore, it has been suggested that the proximal electron 

transport chain mediates the damage to its distal part during the progression of 

ischemia (171). 

 Myocardial ischemia is not thought to damage complex II (175). However, 

recent studies have shown that in post-ischemic rat hearts subjected to in vivo regional 

or global ischemia/reperfusion the protective glutathionylation of key sulfhydryl 

groups in the complex II is lost, which results in a decrease of this enzyme activity 

(56). 

 It has been reported that the decrease in complex III activity in ischemia is 

a result of the functional inactivation of iron-sulfur protein subunit (173). Electron 

paramagnetic resonance (EPR) signal from [2Fe-2S] cluster decreases after ischemia 

without degradation of the protein (173). Since superoxide generation during 

simulated ischemia in cardiomyocytes is decreased by myxothiazol-mediated 

blockade of electron flow into complex III, this enzyme has emerged as one of the 

major sites of ROS production during ischemia (16). The majority of ROS produced 
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in complex III originates from the Qo center. However, the Qi center, can also be a site 

of superoxide release, especially when electron transfer into Qo is limited (63, 247). 

Therefore, ischemia-driven inactivation of iron-sulfur cluster in complex III combined 

with a progressive loss of cytochrome c, the electron acceptor from Qo, should result 

in impairment of Qo center leading in turn to the increase in ROS generation at Qi site. 

It has been further suggested that the Qi center is a source of ischemia-induced ROS 

production that leads to the oxidative modifications of cardiolipin, which results in the 

loss of this phospholipid and subsequently cytochrome c release from the inner 

membrane (50). Perfusion of rabbit hearts with antimycin A prior to ischemia results 

in blockade of the electron transfer into Qi center of complex III, preserves cardiolipin 

content and decreases the loss of cytochrome c, similar to the rotenone’s action (171). 

ROS generation from Qi center may not be abundant but likely damages the ETC 

functionality. However with the progression of ischemia and during reperfusion, it is 

the Qo site that produces the majority of superoxide from complex III (206). As 

mentioned earlier, this site directs the ROS toward the intermembrane space and away 

from the inner mitochondrial membrane. Superoxide produced from Qo locus can be 

released from the mitochondria through the voltage dependent anion channel (VDAC) 

causing oxidative damage to the myocyte (107). 

Ischemia decreases activity of cytochrome c oxidase by different mechanisms. 

Induction of posttranslational modifications of the main subunits of complex IV as 

a result of ischemic insult can lead to the functional inactivation of the complex (246). 

Moreover, cytochrome c oxidase activity can be severely affected by the selective 

depletion of cardiolipin (CL) (176), the phospholipid enriched in the inner 

mitochondrial membrane necessary for optimal enzymatic activity of this complex 

(252, 309). Potential mechanisms of overall cardiolipin loss include hydrolysis by 

phospholipase A2 (275) or oxidative damage (227, 240). Cardiolipin is oxidatively 

sensitive due to the presence of linoleic acid (C18:2) acyl groups with two unsaturated 

cis double bonds (18). Ischemia-induced decrease in CL content is likely a result of 

generated peroxy-groups in this phospholipid, which are unstable and decompose 

rapidly (227). The mechanism of CL oxidation may result from the formation of 

cytochrome c-cardiolipin peroxidase, which can occur in pathologic settings, under 

conditions of oxidative stress (increased H2O2). As mentioned earlier, Qi center in 

complex III is likely to be a source of ROS during ischemia that causes cardiolipin 
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modifications (50), although other sites of superoxide generation should not be 

excluded from the consideration. 

Cardiolipin destruction allows cytochrome c detachment from the inner 

membrane, which is the first step in cytochrome c release from mitochondria (232). 

The second step is the increased outer membrane leakage, facilitated by pro-apoptotic 

factors and MPTP opening. Interestingly, oxidants generated by the ETC during 

ischemia deplete the content of the anti-apoptotic protein Bcl-2 (48). Moreover, one 

of the by-products of cardiolipin oxidative modification mediated by cytochrome 

c-CL peroxidase is monolysocardiolipin that accumulates in the outer membrane and 

recruits pro-apoptotic peptides t-Bid and Bax leading to Bax polimerization and 

formation of the pore in the outer mitochondrial membrane (MOMP) (78, 159). 

Moreover, the generation of cytochrome c-cardiolipin peroxidase results in 

redox potential shifts, such that complex III is not able to reduce cytochrome c 

anymore (311). The loss of cytochrome c leads to the increased ROS generation from 

electron transport chain (51). Thus, the presence of the ischemic damage together with 

the distal blocks in ETC due to the ischemic damage are a cause of increased cardiac 

injury during reperfusion by oxidative mechanisms of ROS. Interestingly, the net 

release of ROS related to the ischemic damage of ETC can be abolished by blockade 

of electron transfer with rotenone (171). However, the use of reversible inhibitors of 

complex I would be a preferential choice. Amobarbital (Amytal®) is a short-acting 

barbiturate that reversibly inhibits complex I at the rotenone-binding site (129, 282). 

Similarly to rotenone, amobarbital attenuates H2O2 net release from mitochondria due 

to the preservation of oxidative phosphorylation and cytochrome c content (47, 53). 

Moreover, this inhibition of electron transport leads to reduced calcium loading 

during reperfusion, which together with lower ROS levels would result in decreased 

MPTP opening and smaller cardiac infarction (4). Therefore, the reduction of electron 

flow through ETC applied before ischemic insult exhibits cardioprotective features. 

 The presence of damaged mitochondria during reperfusion reduces energy 

production, increases ROS and activates cell death programs by cytochrome c release. 

Therefore, ischemic damage to the electron transport chain is considered an important 

link between ischemia and the progression of cardiac injury during reperfusion. 

 



 

	  

42	  

1.8. Myocardial Jak/Stat pathway and role of Stat3 in heart 

 Studies with knock-out mouse models demonstrated an important role for the 

gp130 receptor/interleukin-6 (IL-6) class of cytokines in cardioprotection against 

pathological stress by preserving cardiac function, promoting cardiomyocyte survival 

and inducing compensatory hypertrophy (85, 144). The IL-6 family consists of IL-6, 

IL-11, leukemia inhibitory factor (LIF), oncostatin M (OSM), ciliary neurotrophic 

factor (CNTF), cardiotrophin-1 (CT-1), and cardiotrophin-like cytokine (CLC). They 

all exhibit pleiotropic effects (111). In different cell types including cardiomyocytes, 

the trunsduction of the signal from gp130 receptor utilizes three main downstream 

pathways: the Jak (Janus kinase)/Stat (signal transducer and activator of transcription) 

signaling cascade, the Ras/Raf/MAPK axis, and the PI3K/Akt pathway (121, 156). 

Each of these signaling cascades is important in heart physiology but the 

Stat-dependent pathway seems to play a key role in cardiac ischemia/reperfusion 

injury, hypertrophy, and post-partum cardiomyopathy (27, 116, 117). 

1.9. Structure of Stat3 

 Signal transducer and activator of transcription-3 (Stat3) belongs to a family 

of structurally related proteins that consists of: Stat1, Stat2, Stat3, Stat4, Stat5A, 

Stat5B, and Stat6 (66, 178, 183). The functional protein domains are conserved 

between all seven Stats. Stat3 has an amino-terminal domain (with highest diversity 

within Stat family) involved in dimerization and tetramerization, a coiled-coil domain 

important for protein-protein interactions, a DNA-binding protein, a linker, an SH2 

domain mediating binding with receptor and/or Stat dimerization, and 

a carboxy-terminal transactivation domain (66, 183) (Figure 1.4). It has been well 

established that Stat3 plays important roles in cell growth, anti-apoptosis signaling 

and cell transformation, and is constitutively active in various cancers (66). 
Furthermore, there are two main isoforms of Stat3 (α and β) due to the alternative 

splicing of the 3’-end of the transcript. The much less expressed Stat3β lacks 

55 amino acids at the C-terminal but gains seven unique amino acids. Thus, this 

shorter variant has the Tyr705 site, but not Ser727 (Figure 1.4), a residue necessary 

for enhanced transcriptional activity but not for the binding to the DNA (261). While 

both isoforms are activated by similar cytokines, Stat3β has a higher DNA-binding 

activity and stability than Stat3α. However, variant α is transcriptionally more potent, 



 

	  

43	  

therefore suggesting that Stat3β can act as a dominant negative Stat3 isoform (40, 

261, 262). 

 Unlike all other Stat family members, deletion of Stat3 is embryonically lethal 

(290), which requires the use of conditional Stat3 knock-out mice. 

 

Figure 1.4. Stat3 structure. N-TD, N-terminal domain; C-C, coiled-coil domain; DBD, DNA-binding 
domain; LD, linker domain; SH2, Src homology-2 domain; TAD, transactivation domain; 7AA, seven 
additional amino acids in Stat3β isoform. 

 

1.10. The Jak/Stat signaling pathway 

 The Jak/Stat pathway transduces signals from the plasma membrane to the 

nucleus (156). Upon the receptor activation, Stat proteins are phosphorylated (at 

tyrosine 705 in Stat3) by activated Jak kinases (Jak2 for Stat3) located on cytoplasmic 

domain of the receptor. The tyrosine phosphorylation of Stat3 is required for homo- or 

heterodimerization of the protein, nuclear translocation, and DNA binding. In the 

heart, Stat3 regulates the expression of genes that encode the proteins involved in 

inflammation, apoptosis, angiogenesis, cellular signaling, and others (115, 116, 178). 

A second important phosphorylation site in Stat3 has been located at serine 727 

(Ser727), which influences the transcriptional activity of the protein (178). The 

mitogen-activated kinases (MAPK) ERK1/2, p38, and Jun kinase (JNK) are possible 

mediators of Ser727 phosphorylation. Stat3 activation is transient and dissipated 

through negative feedback mechanisms, such as the upregulation of the suppressor of 

cytokine signaling (SOCS) proteins (183). SOCS3 (main inhibitor of Stat3, induced 

by Stat3) binds to the cytokine receptor, which leads to the inhibition of the Jaks and 
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promotion of the ubiquitination and subsequent degradation of Jak/receptor complex 

(62). Alterations in Stat3 activation result in various pathological processes. The 

down-regulation of Stat3 activity in the cardiomyocytes leads to heart failure (111), 

while the constitutive activation promotes cardiac hypertrophy and tumor growth in 

other tissues (300). 

1.11. Role of Stat3 in ischemia and reperfusion injury 

 It has been reported that myocardial ischemia up-regulates the expression of 

IL-6 and gp130 (44). Therefore, the contribution of the Jak/Stat pathway to the 

ischemia/reperfusion injury gained special interest. It appears that in rat hearts 

ischemia augments Stat3 phosphorylation, which further increases during subsequent 

reperfusion (200). Furthermore, this enhanced Tyr705 phosphorylation in the heart is 

sustained for at least six hours (219). 

 Transgenic mice with heart-specific overexpression of constitutively active 

Stat3 exhibit reduced infarct size after short (30 min) and long (1 hour) times of 

ischemia followed by the reperfusion (231). In contrast, cardiac-restricted deletion of 

Stat3 results in the increased irreversible tissue injury after one hour of ischemia 

followed by reperfusion (116). Interestingly however, 30 min of ischemic insult to the 

heart in cardiac Stat3 knock-out mice does not increase infarct size when compared to 

the wild-type littermates (21, 280). Therefore, with longer durations of ischemia Stat3 

contributes to the reduction of irreversible tissue injury. 

 Formation of detrimental levels of ROS during hypoxia/reoxygenetion in 

neonatal rat cardiomyocytes is reduced after stimulation with LIF or transfection with 

constitutively active Stat3 (Stat3CA) (218). The decrease in ROS is achieved by 

up-regulation of mRNA expression, protein levels, and activity of MnSOD in the 

Stat3CA overexpressing cells. It has been reported that Stat3-binding sites are present 

in the MnSOD promoter region, making this scavenging enzyme a direct gene target 

in Jak/Stat pathway (72). Moreover, a heart-specific overexpression of Stat3CA also 

exhibits reduced ROS levels after ischemia/reperfusion. However, the mRNA levels 

of MnSOD remain unchanged (231). It appears that in these transgenic mice the 

observed attenuation of ROS has been associated with increase in mRNA and protein 

levels of two other scavenging enzymes, metallothionein-1 and 2 (231). Moreover, the 

promoter region of metallothionein-1 has been reported to contain a Stat3-binding site 
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(166). Taken together, these data indicate that Stat3-mediated signaling pathway 

protects the heart against ischemia/reperfusion-induced injury. 

 The contribution of Stat3 in ischemia/reperfusion injury and its connection to 

ROS gains additional interest since it is now known that the heart levels of Stat3 

phosphorylation and even the expression of the protein itself tends to decrease with 

age (21). Apart from aging, Stat3 expression was reduced in rat model of diabetes 

(97) and in patients with end-stage dilated cardiomyopathy (245). These 

pathophysiological conditions are strictly associated with a decreased cardioprotection 

(83). 

1.12. Role of Stat3 in cardioprotection by preconditioning and postconditioning 

 The signaling cascade of ischemic preconditioning (IPC) is the subject of 

continued investigation. It involves cell membrane receptor activation and signal 

trunsduction through multiple protein kinases (274). The important role of Stat3 in the 

early and late phase of ischemic preconditioning has been demonstrated in mice with 

cardiac-specific deletion of Stat3. IPC treatment cannot reduce infarction in these 

animals (280). Moreover, pharmacological preconditioning (PPC) with TNF-α, 

diazoxide or adenosine does not to work in cardiac Stat3 knock-out mice (280). 

Furthermore, it has been shown that 30 min after preconditioning there is a significant 

increase in Stat3 (Tyr705 and Ser727) phosphorylation, followed by Stat3 

translocation to the nucleus, as demonstrated by the decrease in cytosolic and increase 

in nuclear Stat3 protein levels (320). This effect is abolished when AG-490 

(presumably a Jak2 inhibitor) is used prior to the IPC. Moreover, AG-490 has 

a deleterious effect on preconditioning-mediated infarct size reduction (109). These 

data indicate Stat3 role in induction of gene expression; therefore Stat3 is involved in 

the late phase of preconditioning. 

 Additionally, IPC cardioprotection leads to less cardiomyocytes apoptosis 

after ischemia/reperfusion. There is an up-regulation of anti-apoptotic Bcl-2 and 

down-regulation of pro-apoptotic Bax protein in correlation with enhanced Stat3 

phosphorylation (109). Interestingly, Jak2 blockade with AG-490 inhibitor reverses 

this phenomenon, suggesting an alteration of the IPC-mediated survival signal into 

a death signal (109). Additionally, AG-490 administration before 

ischemia/reperfusion significantly suppresses Stat3 Tyr705 phosphorylation, which 
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results in increased activity of caspase-3 and higher levels of Bax protein (219). 

Cardiac-specific Stat3 knock-out mice exhibit elevated rates of apoptosis induced by 

ischemia/reperfusion (116). Interestingly, pharmacological preconditioning of the 

heart with TNF-α followed by 30 min ischemia and 5 min reperfusion activates Stat3, 

which in turn leads to an inactivation by phosphorylation of the pro-apoptotic BAD 

protein (165). Moreover, this effect is blocked by Jak2/Stat3 inhibitor AG-490. 

Therefore, the acute Stat3-mediated phosphorylation of BAD is evidence of Stat3 

involvement in early phase of ischemic preconditioning, when the cardioprotection is 

mediated not by induction of gene expression but by posttranslational modifications 

of already existing proteins. TNF-α-dependent phosphorylation of Jak2 and Stat3 in 

both pre- (165) and postconditioning (160) has been shown to be cardioprotective 

against ischemia/reperfusion injury in heart. This phenomenon has been recently 

defined as survivor activating factor enhancement (SAFE) pathway, which can act 

alone or in parallel to the RISK pathway (164). The crosstalk between both pathways 

has also been suggested (164). 

Since ischemic pre- and postconditioning share some, but not all signaling 

elements (114), it has not been a surprise that Stat3 contributes a significant role also 

in iPoco (21). The cardioprotective effect of ischemic postconditioning (three cycles 

of 10 seconds of ischemia and 10 seconds of reperfusion, iPoco3x10) after 30 min of 

ischemia is mediated at least partially by Stat3 activation, since the pre-treatment of 

mice with AG-490 abrogates the infarct size reduction by iPoco3x10 in wild-type 

animals (21). Furthermore, cardiac-specific deletion of Stat3 leads to the loss of 

cardioprotection by iPoco3x10 (21). However, iPoco5x5 (five cycles of 5 seconds of 

ischemia and 5 seconds of reperfusion) is still able to reduce infarct size in hearts of 

Stat3 knock-out mice, indicating the importance of the postconditioning protocol in 

regard to the decreased Stat3 protein levels. It is further confirmed by a failure of 

iPoco3x10 but not iPoco5x5 to protect the aged hearts, which exhibit lower Stat3 

expression, against the ischemia/reperfusion injury (21). 

 Taken together, the available reports suggest that Stat3 activation is essential 

for the cardioprotection mediated by pharmacologic and ischemic pre- and 

postconditioning. 
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1.13. Stat3 in mitochondria 

 It has been recently shown that Stat3 is also present in the mitochondria (23, 

24, 95, 316). Mitochondria-localized Stat3 modulates oxidative phosphorylation 

dependent on complex I and II substrates but not complex III and IV (316). 

Specifically, mitochondria isolated from Stat3 knock-out pro-B cells as well as 

Stat3-depleted mouse hearts exhibit reduced rates of integrated respiration using 

pyruvate/malate and succinate as substrates. This phenomenon is a result of decreased 

maximal enzymatic activities of NADH:ubiquinone and succinate:ubiquinone 

oxidoreductases. Reconstitution of Stat3 knock-out cells with different variants of this 

protein revealed that mitochondria-localized Stat3 influences mitochondrial 

respiration by transcription-independent mechanism. Moreover, it has been shown 

that the phosphorylation of Ser727 but not Tyr705 is crucial for Stat3 to recover 

proper functioning of complex I and II.  

Furthermore, Gaugh et al. have shown that Stat3 present in the mitochondria 

is required for the enhanced Ras-dependent oncogenic transformation independent of 

its role in nucleus (95). Interestingly, phosphorylation of Ser727 is necessary to 

mediate this transformation. Moreover, the absence of Stat3 in H-Ras-expressing 

mouse embryonic fibroblasts (MEFs) increases the sensitivity of these cells to glucose 

deprivation (95). This effect is reversed after reconstitution with transcriptionally 

inactive Stat3, however only with functional Ser727 residue. Furthermore, in 

H-Ras-expressing Stat3KO MEFs mitochondrial membrane potential and activities of 

ETC complex II and ATP synthase are markedly decreased. Additionally, the loss of 

Stat3 in these cells reduces cell viability after rotenone and antimycin A treatment, but 

protects them against the ATP synthase inhibitor oligomycin. 

 Taken together, the presence of Stat3 in the mitochondria influences the 

cellular respiration and metabolism in a yet to be determined mechanism. Data shown 

by Wegrzyn et. al suggest that Stat3 interacts with some components of complex I 

and possibly complex II (316). One of the candidates could be GRIM-19. This protein 

contributes to interferon-β/retinoic acid (IFN-β/RA)-induced cell death, likely by its 

interaction with Ser727 in Stat3, leading to a transcriptional inactivation of Stat3, and 

thus silencing expression of anti-apoptotic genes (190, 326). Interestingly, GRIM-19 
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has been indentified as a component of mitochondrial complex I (81). Its deletion in 

mice is embryonic lethal due to the failure of assembly of complex I (133). 

 The mechanism by which mitochondria-localized transcriptionally inactive 

Stat3 exerts its functions in modulating cellular respiration and Ras-mediated 

transformation remains still unknown. It is also of interest, whether mitochondrial 

Stat3 plays a significant role in cardioprotection against ischemia and reperfusion 

injury. 
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RESEARCH AIMS 

The role of Stat3 in ischemia/reperfusion injury and in cardioprotection by 

ischemic pre- and postconditioning is well established (22, 85, 115). Genetic 

modifications (deletion or overexpression of Stat3 in the heart tissue) showed 

a protective role of Stat3 on infarction after ischemia/reperfusion (285). Stat3 

activation has been reported in both early and late ischemic preconditioning as well as 

in ischemic postconditioning (21, 280). Interestingly, it was recently shown that Stat3 

is present not only in the cytosol but also in the mitochondria, where it influences 

mitochondrial oxidative phosphorylation by regulating complex I and II enzyme 

activities (95, 316). This phenomenon was investigated both in vitro, using Stat3 

knock-out pro-B cells, and in vivo in cardiomyocyte-restricted Stat3KO mice. 

Reconstitution of Stat3KO cells with a Stat3 variant, which could not bind to DNA 

(E434A/E435A), abrogated the deficiencies in complex I and II activities seen in KO 

cells (316). These results implicated a novel function of Stat3 in the mitochondria that 

did not require the transcriptional activity of this molecule. 

It is of interest that while late phase of preconditioning is caused by de novo 

synthesis of cardioprotective proteins, early phase develops very quickly, lasts only 

1 - 2 hours, and is believed to involve rapid posttranslational modifications of 

pre-existing proteins, hence it is not based on transcriptional regulation (25). Thus, 

mitochondria-localized Stat3 might play an important role in modifying the function 

of mitochondria; the organelles that are targets of ischemic damage and at the same 

time are the source of ischemia and reperfusion injury to the heart. 

Specific aims: 

1. To generate a transgenic mouse with cardiomyocyte-specific overexpression 

of mitochondria-localized Stat3 with a mutation in its DNA-binding domain 

(MLS-Stat3E). 

2. To characterize the phenotype of the transgenic mouse with particular interest 

in heart mitochondrial biology. 

3. To investigate the mitochondrial response to pathologic insult, such as 

ischemia. 
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CHAPTER II: MATERIALS AND METHODS 

2.1. Reagents, antibodies and primers 

All chemicals and reagents were purchased from Fisher Scientific, Pittsburgh, 

PA, or stated otherwise, except the ones used in mitochondria isolation and 

mitochondria-related functional assays, which were purchased from Sigma-Aldrich, 

Saint Louis, MO, or indicated otherwise. Lists of all DNA primers and antibodies 

used in this work were enclosed as Appendix A and Appendix B, respectively, 

located at the end of this work. 

2.2. Animals 

All the mice were bred and maintained in Medical College of 

Virginia/Virginia Commonwealth University (MCV/VCU) animal facility according 

to Institutional Animal Care and Use Committee (IACUC) regulations. Only 8 - 10 

week old male mice were used for experiments, except where stated otherwise. 

2.3. Generation of transgene construct 

DNA construct containing the MLS (mitochondria-localizing sequence taken 

from human cytochrome c oxidase subunit VIII gene (251)) followed by mouse Stat3 

cDNA harboring DNA-binding mutation (E434A/E435A) (termed MLS-Stat3E) was 

inserted in the MSCV-IRES-GFP vector as previously described (316). A 5.5-kb 

fragment of mouse α-myosin heavy chain (α-MyHC) gene promoter cloned into 

pBSIISK(+) vector (99) was a generous gift of Jeffrey Robbins (Children’s Hospital 

Research Foundation, Cincinnati, OH). 

MLS-Stat3E cDNA was amplified by PCR using a set of primers that 

introduced a SalI restriction site followed by Kozak consensus sequence on the 5’-end 

(forward primer) and FLAG-tag sequence followed by a STOP codon and HindIII 

restriction site on the 3’-end (reverse primer) of Stat3 cDNA. Their sequences were as 

follows: forward: 5’-CGT-GTA-ATG-GAT-CCG-TCG-ACG-TGA-CCA-TGT-CCG-

TCC-TGA-CGC-CGC-TG-3’; reverse: 5’-GCT-TAC-AAT-GAA-TTC-AAG-CTT-

TCA-CTT-GTC-GTC-ATC-GTC-TTT-GTA-GTC-CAT-GGG-GGA-GGT-AGC-

ACA-CTC-CGA-GGT-CAG-ATC-CAT-GTC-3’. 50 µl PCR reaction contained 1 µl 

10 µM forward primer, 1 µl 10 µM reverse primer, 5 µl 10x PfuUltra HF buffer 
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(Stratagene, La Jolla, CA), 1 µl 10 mM dNTP mix (Bioline, Taunton, MA), 1 µl 

PfuUltra High-Fidelity DNA polymerase (Stratagene, La Jolla, CA). Amplification 

was performed using following conditions: initial denaturation and enzyme activation 

step at 95 oC for 5 min then; 2 cycles of: 95 oC for 1 min, 59 oC for 1 min, 72 oC for 

5 min; followed by 28 cycles of: 95 oC for 1 min, 68 oC for 1 min and 72 oC for 5 min; 

and final elongation step: 72 oC for 10 min. PCR product was resolved on 1% 

agarose/TBE (89 mM Tris-borate pH 8.3, 89 mM boric acid, 2 mM EDTA 

(ethylenediaminetetraacetic acid disodium salt)) gel, excised and purified using 

QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). The fragment was digested 

with SalI and HindIII restriction enzymes (New England Biolabs, Ipswich, MA) and 

purified again using QIAquick Gel Extraction Kit. The target pBSIISK (+) vector 

containing α-MyHC gene promoter was digested with the same set of restriction 

enzymes, resolved on the gel, excised and purified. Kozak-START-MLS-Stat3E-

FLAG-STOP DNA was ligated into the target vector downstream of the α-MyHC 

promoter sequence and upstream of a human growth hormone polyadenylation (hGH 

polyA) sequence using T4 DNA ligase (New England Biolabs, Ipswich, MA) (see 

Figure 3.1). The product of the ligation was used to transform highly chemically 

competent E. coli DH5α cells (Invitrogen, Carlsbad, CA) by heat shock. The 

transformed bacteria were selected over-night on LB/agar plates supplemented with 

100 µg/ml ampicillin as a positive selection antibiotic. Twenty resistant colonies were 

further cultured as minipreps and DNA was isolated using QIAprep Spin Miniprep 

Kit (Qiagen, Valencia, CA) for positive screening using SalI and HindIII restriction 

digestion. Eighteen out of twenty clones were positive for MLS-Stat3E-FLAG insert. 

One positive colony was further cultured and DNA was isolated using QIAGEN 

Plasmid Maxi Kit (Qiagen, Valencia, CA). 

In order to remove the pBSIISK(+) vector backbone from the targeting 

sequence prior to DNA injection into the fertilized eggs, NotI restriction digestion had 

to be performed. Unfortunately, the specific site for this enzyme was present between 

the sequences of MLS and Stat3E in our cDNA insert. Therefore, NotI site was 

removed by site-directed mutagenesis using the following primers: 5’-GCA-CAG-

TGG-CTG-CCG-CAA-TGG-CTC-AGT-GG-3’ (forward) and 5’-CCA-TTG-CGG-

CAG-CCA-CTG-TGC-TGG-ATC-C-3’ (reverse); and QuickChange II XL 

Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to the protocol 
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supplied with the kit. Ampicillin-resistant bacteria clones were cultured in LB broth 

and screened by DNA pattern comparison after NotI (New England Biolabs, Ipswich, 

MA) restriction digestion. One positive colony was then propagated for plasmid 

maxiprep isolation (Qiagen, Valencia, CA) followed by DNA sequencing (DNA 

Sequencing Core, Cleveland Clinic Foundation, Cleveland, OH) of the entire target 

vector (Figure 3.1). 

2.4. Generation of cardiac-specific MLS-Stat3E transgenic mouse 

Transgenic mice were obtained in the Transgenic Targeting Facility of Case 

Western Reserve University, Cleveland, OH using pronuclear injection method. 

Briefly, 8.5-kb transgene containing MLS-Stat3E-FLAG under the promoter of 

α-MyHC gene was excised from the target vector by NotI restriction digestion and 

purified on agarose gel. DNA was injected into approximately 100 fertilized eggs 

(one-cell embryos) obtained from mating easy-to-inject B6SJL hybrid mouse with 

C57BL/6J mouse. This procedure resulted in total of 67 mice that were further mated 

with homozygous floxed-Stat3 (exons 12-14 flanked by loxP sequences) mice on 

129SvJ/XI background (5). DNA samples obtained from tails of newborns were 

screened for the presence of the transgene to establish which of the parents were the 

founders. Fourteen mice were confirmed to be founders (Table 3.1). Pups from these 

mice were further tested for the presence of transgene mRNA in the heart and liver (as 

a negative control) using standard RT-PCR method described as below. Thirteen 

founder lines that were mRNA positive in heart, were then screened for transgene 

protein expression in the mitochondria by anti-FLAG tag immunoprecipitation 

followed by SDS-PAGE electrophoresis and western blot analysis using anti-Stat3 

mAb. Out of twelve positive lines, three were chosen in regards to the level of 

transgene expression: 2BE (high), 5DE (medium), and 1DE (low). Before any 

experiments were conducted, mice were inbred at least nine times with homozygous 

Stat3 floxed mice of 129SvJ/XI strain to establish pure background. 

2.5. Isolation of crude DNA and genotyping 

HotSHOT genomic DNA isolation for genotyping protocol was modified as 

previously described (297). Briefly, tail snips were immersed in 75 µl of 25 mM 

NaOH/0.2 mM ethylene glycol-bis(2-aminoethylether)-N,N,N‘,N‘-tetraacetic acid 
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(EDTA) and heated at 95 oC for 45 min. After chilling the samples on ice, 75 µl of 

40 mM Tris-HCl was added to the tubes followed by vortexing and centrifugation at 

16,000 x g for 5 min at RT. 100 µl of the sample containing approximately 100 ng/µl 

of DNA was then transferred to the new tube and stored at -20 oC. Alleles of interest 

were detected by PCR reaction using the primers listed in Appendix A as E-screen. 

Forward E-screen primer was designed to complement to 3’-end of Stat3 sequence 

and the reverse E-screen primer to the FLAG sequence. Moreover, mice were also 

genotyped for the presence of both floxed Stat3 alleles (primers listed in Appendix 

A). Briefly, 25 µl PCR reaction contained 2 µl of DNA sample (about 200 ng), 1 µl 

5 µM forward primer, 1 µl 5µM reverse primer, 12.5 µl of 2x GoTaq Hot Start Green 

Master Mix (Promega, Madison, WI) including 400 µM dATP, 400 µM dGTP, 

400 µM dCTP, 400 µM dTTP, 4 mM MgCl2 and GoTaq Hot Start Polymerase. 

Amplification was performed using the following conditions: 95 oC for 3 min for the 

initial denaturation and heat-activation of the polymerase; 35 cycles of: 95 oC for 

30 sec, x oC (x for annealing temperature as depicted in Appendix A) for 30 sec and 

73 oC for 30 sec; 73 oC for 5 min as a final elongation step. PCR products were 

resolved in 1% agarose/TBE gel supplemented with EtBr (ethidium bromide) to 

visualize the specific products bands under UV light. 

2.6. Isolation of total RNA and cDNA synthesis 

The following procedure was based on Chomczynski’s method of RNA 

isolation (58). Excised tissues were thoroughly minced and immersed in 1 ml of TRI 

Reagent (Molecular Research, Cincinnati, OH) followed by vortexing and incubation 

with shaking for 1 hr at 4 oC. Tissue homogenates obtained during mitochondria 

isolation (see protocol described below) were directly mixed with 1 ml of TRI 

Reagent. Lysed samples were passed ten times through an insulin needle and 200 µl 

of chloroform (Sigma-Aldrich, Saint Louis, MO) was then added, vortexed 

thoroughly and centrifuged at 12,000 x g for 15 min at 4 oC. The upper aqueous phase 

was carefully transferred to a sterile 1.5 ml tube and 600 µl of 100% isopropanol was 

added. The samples were mixed vigorously and allowed to precipitate at RT for 

15 min. RNA was then collected by centrifugation at 12,000 x g for 25 min at 4 oC. 

The pellets were washed once with 75% ice-cold ethanol, air-dried, and re-suspended 

in 21.8 µl of diethyl pyrocarbonate (DEPC)-treated sterile H2O. Isolated RNA 
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samples were treated with DNase. Briefly, 21.8 µl of RNA was mixed with 3 µl of 

10x DNase Buffer (Promega), 3 µl of 0.1 M DTT (Invitrogen, Carlsbad, CA), 0.2 µl 

of 40 U/ul RNaseOUT (Invitrogen, Carlsbad, CA), and 2 µl of DNase (Promega) for 

30 min at 37 oC. Next, the samples were extracted by addition of 100 µl of 25:24:1 

phenol:chloroform:isoamyl alcohol saturated with 10 mM Tris pH 8.0 with addition 

of 1mM EDTA (Sigma-Aldrich, Saint Louis, MO), mixed and centrifuged at 12,000 x 

g for 10 min at RT. Upper aqueous phase was transferred to the new tube and mixed 

with 10 µl of 5 M NaCl and 2.5-times volume of 100% ice-cold ethanol. Samples 

were left for precipitation for 30 min at RT. RNA was collected by centrifugation at 

12,000 x g for 25 min at 4 oC. Pellets were washed once with 500 µl 75% ice-cold 

ethanol, centrifuged and air-dried. Finally, RNA was re-suspended in 20 µl of 

DEPC-treated water. Concentration of RNA samples was determined 

spectrophotometrically by measuring absorbance at 260 nm. The purity of RNA was 

measured as a ratio of absorbance in 260 nm/280 nm. 

Reverse transcriptase reaction was conducted on 2 µg of total RNA using the 

Tetro cDNA Synthesis Kit (Bioline, Taunton, MA). Total RNA was mixed with 1 µl 

of random hexamers, 1 µl of 10 mM dNTPs, and DEPC-treated water in the final 

volume of 10 µl and then incubated for 1 min at 95 oC. Next, the samples were chilled 

down on ice and 10 ul of reaction mixture containing 4 µl of 5x Reverse Trascriptase 

Buffer, 1 µl of RNase Inhibitor, 50 units of reverse transcriptase and DEPC-treated 

water was added to the tube. Samples were incubated for 50 min at 42 oC followed by 

15 min at 70 oC to inactivate the reverse transcriptase. RNA in the newly synthesized 

cDNA samples was eliminated by the incubation of the reaction mixture with 1µl of 

RNase H (Invitrogen, Carlsbad, CA) for 30 min at 37 oC. Obtained cDNA was used 

for qualitative PCR and quantitative real-time RT-PCR. 

2.7. Quantitative real-time RT-PCR and qualitative RT-PCR 

The mRNA levels of genes of interest were analyzed by quantitative real-time 

PCR using SensiMix SYBR and Fluorescein Kit (Bioline, Taunton, MA) according to 

the manufacturer’s protocol. The reaction mixtures were prepared as follows: 12.5 µl 

of SYBR and Fluorescein mix, 0.5 µl of 20 µM forward primer, 0.5 µl of 20 µM 

reverse primer (for custom-designed primers) or 1 µl of 20 µM mix of 

company-designed primers (SABiosciences, Frederick, MD), 5 µl of cDNA (final 
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concentration 5 ng/µl) and 6.5 µl of H2O. All the samples were assayed in triplicate 

and analyzed using CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, 

CA) using the following amplification conditions: 1 cycle of 95 oC for 10 min; 

40 cycles of 95 oC for 15 sec and 60 oC for 1 min. The sequences of custom-designed 

primers are depicted in Appendix A. A no-template control (cDNA in the reaction 

mixture was replaced by equal volume of H2O), and a no reverse-transcribed control 

(where the RNA sample was processed exactly like any other samples during cDNA 

synthesis except that no reverse transcriptase was added to the reaction) were used as 

negative controls in the real-time PCR reaction. The results were analyzed according 

to ΔCt method using a reference gene (variation of Livak method) (188). Briefly, to 

calculate relative expression, the gene of interest (target) expression was first 

normalized to a reference gene (beta actin): expression = 2[Ct(actin)-Ct(target)]. This applied 

to each sample of all experimental groups of mice. The results obtained for wild-type 

mice (calibrators) were set as 1 (ratio = 2[Ct(actin)-Ct(target)] of calibrator/mean of 

calibrators’ 2[Ct(actin)-Ct(target)]’s). The differences in expression of target genes in 

transgenic mice were calculated as ratios of particular sample’s 2[Ct(actin)-Ct(target)] to the 

mean of calibrators’ 2[Ct(actin)-Ct(target)]’s. In experiments where mouse hearts underwent 

ischemia, non-treated samples were set as calibrators (value = 1). No changes in the 

expression of beta actin were observed (data not shown), so it was considered an 

appropriate endogenous control for this study. 

Qualitative RT-PCR was done on samples before (total RNA to exclude any 

DNA contamination) and after reverse transcriptase reaction (cDNA). RNA was 

isolated from hearts and livers of wild-type and transgenic mouse lines. 2 µl of 

DNase-treated RNA sample and 2 µl of cDNA obtained from the reverse transcriptase 

reaction were subjected to PCR to test for the expression of the transgene (Table 3.1). 

Actin primers (Appendix A) were used as an internal control. The conditions of PCR 

reaction were the same as described in ‘DNA isolation and genotyping’ paragraph of 

Materials and Methods. Products of PCR were resolved in 1% agarose/TBE gel 

supplemented with EtBr and visualized under UV light. 
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2.8. Isolation of high-quality DNA and real-time qPCR analysis for mtDNA 

quantification 

Genomic DNA was extracted from mouse heats and livers by digestion of 10 – 20 mg 

of tissue in 400 µl of lysis buffer consisting of 100 mM Tris pH 8.0, 5 mM EDTA pH 

8.0, 0.2% SDS, 200 mM NaCl and freshly supplemented with 0.25 mg/ml proteinase 

K (Qiagen, Valencia, CA) at 56 oC over night. Tissue debris was removed by 

centrifugation at 16,000 g for 5 min at RT and the supernatant was transferred to 

a fresh 1.5 ml Eppendorf tube. Next, 400 µl of 25:24:1 phenol:chloroform:isoamyl 

alcohol saturated with 10 mM Tris pH 8.0 with 1mM EDTA (Sigma-Aldrich, Saint 

Louis, MO) was added to the samples, vortexed thoroughly, and centrifuged at 16,000 

x g for 5 min at RT. The upper aqueous layer was carefully transferred to a new tube 

and two volumes of 100% ice-cold ethanol and 50 µl of 3 M sodium acetate 

(Sigma-Aldrich, Saint Louis, MO) were added to each sample. Then, the DNA was 

precipitated at -20 oC for 2-4 hrs. DNA was later pelleted by centrifugation at 16,000 

x g for 10 min at RT followed by one washing with 75% ice-cold ethanol, air-drying, 

and re-suspension in 200 µl of TE buffer (50 mM Tris HCl, pH 8.0, 1 mM EDTA). 

20 µl of isolated DNA sample was incubated with 2 µl of RNase H (Invitrogen, 

Carlsbad, CA) for 30 min at 37 oC to eliminate any RNA contamination. The 

concentration of DNA was determined spectrophotometrically by measuring 

absorbance at 260 nm. The purity of DNA was measured as a ratio of absorbance in 

260 nm/280 nm. DNA levels of mitochondria-encoded genes (ND2, CytB and COX1; 

primers depicted in Appendix A) in wild-type and transgenic mice were assessed 

using the real-time qPCR protocol already described except that 5 µl of 5 ng/µl DNA 

per well were used and all the results were expressed as a ratio of mitochondrial 

gene’s Ct value to nuclear-encoded 18S (SABiosciences, Frederick, MD) Ct value. 

2.9. Isolation of mitochondria, cytosol, and heart tissue homogenates 

A single, combined population of total cardiac mitochondria was isolated 

using the modification of a procedure of Palmer et al. (234). The entire isolation 

process was performed on ice with chilled buffers and equipment. Hearts were 

excised and only ventricles were used. Tissue was briefly washed in a modified 

Chappell-Perry (CP) buffer [buffer CP1: 100 mM KCl, 50 mM 

3-(N-morpholino)propanesulfonic acid (MOPS), 1 mM ethylene 
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glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 5 mM 

MgSO4⋅7H2O, and 1 mM adenosine 5′-triphosphate disodium (ATP), pH 7.4], dried 

with Whatman filter paper, weighed, then placed in glass beaker, and thoroughly 

minced. The cardiac tissue was next homogenized in 3 ml of CP1 buffer using 

a polytron tissue blender (Kinematica, Bohemia, NY) for 2.5 s at a rheostat setting of 

10,000 rpm. The polytron homogenate was centrifuged at high-speed 6,000 x g for 

10 min at 4 oC and supernatant was saved as a crude cytosol for further purification. 

The homogenate pellets were re-suspended in 3 ml of CP1 buffer supplemented with 

5 mg/g (wet weight) trypsin (#T0303, Sigma-Aldrich, Saint Louis, MO) and 

incubated with stirring for 15 min at 4 oC and followed by addition of 3 ml of CP2 

buffer [CP1 buffer containing 0.2% bovine serum albumin (BSA) (#A7030, 

Sigma-Aldrich, Saint Louis, MO)] to inhibit trypsin activity. Digested tissue was 

further homogenized by two strokes using steady stirring digital tight Teflon 

pestle/glass tube homogenizer set at speed 600 rpm. 50 µl of the homogenate was 

saved for heart tissue extract and 600 µl for total RNA isolation. Undigested tissue 

and heavier cell fractions in the remaining volume were pelleted by centrifugation at 

low speed 500 x g for 10 min at 4 oC. The mitochondria-containing upernatant was 

then transferred to a new tube and centrifuged at 3000 x g for 10 min at 4 oC. 

Sedimented mitochondria were washed with 2 ml of KME buffer [100 mM KCl, 

50 mM MOPS, and 0.5 mM EGTA]. Finally, mitochondria were re-suspended in 

80-120 µl of KME. Mitochondrial protein concentration was measured by Lowry 

method (189) by using BSA as a standard and sodium deoxycholate (Sigma-Aldrich, 

Saint Louis, MO) as a detergent to solubilize the mitochondria. 

Crude cytosolic fraction was supplemented with protease and phosphatase 

inhibitor cocktails (Roche, Indianapolis, IN) and further purified out of any 

low-weight cell fractions by ultramicro-centrifugation at 100,000 x g for 1 hour at 4 

oC. Saved heart tissue homogenate was lysed in a whole cell extraction buffer (WCE 

buffer: 20 mM Hepes pH 7.0, 300 mM NaCl, 10 mM KCl, 1 mM MgCl2, 20% 

glycerol, 1% Triton X-100) with added protease and phospatase inhibitor cocktails for 

30 min at 4 oC. Cell debris was then removed from the lysates by centrifugation at 

20,000 x g for 15 min at 4 oC. The protein concentrations of the cytosols and whole 

cell extracts were determined using Bio-Rad protein assay (Bio-Rad, Hercules, CA) 

based on Bradford dye-binding method (32). 
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2.10. SDS-PAGE and immunoblotting 

The protein samples were mixed with WCE buffer and 4X LDS (lithium 

dodecyl sulfate) Sample Buffer (Invitrogen, Carlsbad, CA) containing 50 mM DTT 

(dithiotreitol) (Invitrogen, Carlsbad, CA) in the final volume of 20 µl and incubated at 

70 oC for 10 min. Immediately after, samples were loaded on the gel. Proteins were 

separated using Novex NuPAGE electrophoresis system (Invitrogen, Carlsbad, CA) 

consisting of 4 – 12% gradient Bis-Tris [Bis (2-hydroxyethyl) imino-tris 

(hydroxymethyl) methane-HCl] pre-cast gels (neutral pH, without SDS (sodium 

dodecyl sulfate)) and NuPAGE MES [2-(N-morpholino) ethane sulfonic acid] SDS 

running buffer supplemented with 0.25% (v/v) NuPAGE Antioxidant (Invitrogen, 

Carlsbad, CA). This system provided improved protein stability during 

electrophoresis at neutral pH resulting in sharper band resolution and accurate results; 

complete reduction of disulfides under mild heating conditions (70C) and at the same 

time absence of cleavage of Asp-Pro bonds using LDS Sample buffer (pH > 7.0 at 

70 oC); reduced state of proteins maintained throughout the whole electrophoresis and 

blotting by the presence of NuPAGE Antioxidant; lack of chemical modifications 

(deamination, alkylation) of proteins. After separation, gels were transferred to 

Immobilon-P PVDF (polyvinyldifluoridine) membrane (Millipore) using 2x NuPAGE 

Transfer Buffer with 10% methanol and 0.1% (v/v) Antioxidant, and a semi-dry 

transfer apparatus (Bio-Rad). The blots were then incubated for 1 h at RT with 5% 

non fat dry milk (Bio-Rad) in TBS-Tween20 buffer (10 mM Tris, pH 7.5, 150 mM 

NaCl, and 0.1% Tween20) and then incubated overnight at 4 oC with the indicated 

primary antibody (Appendix B) prepared in 5% BSA (bovine serum albumin) in 

TBS-Tween buffer. Next, the blots were washed 3 times each for 15 min with 

TBS-Tween buffer and then incubated for 1h with a 1:50,000 dilution of anti-mouse 

or anti-rabbit IgG F(ab)2 fragments conjugated with HRP (horse radish peroxidase) in 

5% BSA/TBS-Tween buffer. Blots were then washed 3 times 15 min with 

TBS-Tween and developed using Amersham ECL Plus Western Blotting Detection 

Reagents (GE Healthcare Life Sciences, Piscataway, NJ). 

2.11. Anti-FLAG tag immunoprecipitation 

100 µg of protein re-suspended in 100 µl of modified RIPA buffer (50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton-X100, supplemented with 
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protease and phospatase inhibitor cocktails) was subjected to immunoprecipitation 

with 40 µl of 1:1 slurry (in TBS: 50 mM Tris-HCl pH 7.4, 150 mM NaCl) of EZview 

Red Anti- FLAG M2 agarose affinity beads (Sigma-Aldrich, Saint Louis, MO). 

Samples were incubated over night at 4 oC with rotation followed by 5 washes in 

500 µl of RIPA buffer and centrifugations at 8,200 x g for 30 sec at 4 oC. After the last 

wash, beads were re-suspended in 20 µl of 2X LDS sample loading buffer, left for 

5 min at RT, then centrifuged at 8,200 x g for 30 sec at 4 oC and transferred to the 

new tube where 50 mM DTT was added to the supernatant. Finally, samples were 

incubated for 10 min at 70 oC and subjected to SDS-PAGE electrophoresis using 

Novex NuPAGE system followed by already described immunoblotting technique.  

2.12. Blue Native-PAGE 

Electrophoresis of mitochondrial proteins in native conditions (267) was 

performed using NativePAGE Novex Bis-Tris Gel System (Invitrogen, Carlsbad, 

CA), according to the manufacturer’s instructions with modifications. All chemicals 

were purchased from Invitrogen or stated otherwise in the text. Briefly, mitochondria 

were solubilized in cold 1x NativePAGE Sample Buffer containing DDM 

(n-dodecyl-β-D-maltoside) in the ratio of 1.6 g of detergent per 1 g mitochondrial 

protein or containing digitonin in the ratio of 6 g of detergent per 1 g protein. After 

15 min of incubation on ice, the samples were centrifuged at 16,000 x g for 30 min at 

4 oC and supernatants transferred to the new tubes. The protein concentration of the 

lysates was determined using Bio-Rad protein assay. Prior to the electrophoresis, 

30 µg of the extract was combined with Coomassie blue G-250 dye (detergent/dye 

ratio of 8 g per 1 g). Blue Native-PAGE was run using 4 – 16% gradient Novex 

NativePAGE Bis-Tris gels and NativePAGE Running Buffer. The conditions of a run 

were as follows: low temperature (4 oC) run, 150 V constant for 60 min, then the 

voltage was increased to 250 V constant for the remainder of the run (about 60 min), 

upper (inner) 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). 

After the run gels were subjected to Coomassie staining. 

For Coomassie protein staining, the native gels were first placed in 100 ml of 

Fix solution (40 % methanol, 10 % acetic acid) and microwaved on high 
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(950 – 1100 watts) for 45 seconds followed by 30 min of incubation on an orbital 

shaker at RT. This procedure was repeated once and gels were immersed in EZBlue 

Coomassie Brilliant Blue G-250 colloidal protein stain (Sigma-Aldrich, Saint Louis, 

MO) and left on orbital shaker for over night at RT. Next day, staining solution was 

decanted and gels were de-stained using ultrapure water until the desired background 

was obtained, and they were then scanned. 

2.13. Ex vivo model of heart ischemia 

Using standard dissection procedures hearts were excised from 8 - 10 week 

old 2BE transgenic and wild-type littermate mice and placed in sterile 1.5-ml tubes 

containing 1 ml of saline (0.9% NaCl dissolved in sterile H2O). For each separate 

experiment, two mice were used, one for heart subjected to ischemia (ISCH) and one 

as a time control (TC). Hearts designated as controls were kept on ice, while hearts 

that underwent simulated 45 min ischemia were placed in a digitally controlled tube 

shaker with constant temperature 37 oC and shaking set to 1,400 rpm. Next, both 

hearts were washed in CP1 buffer and subjected to mitochondria/cytosol/RNA 

isolation protocol, already described herein. 

2.14. Measurement of oxidative phosphorylation in intact mitochondria 

Polarographic measurement of oxygen consumption by intact mitochondria 

was performed in a glass chamber equipped with Clark-type oxygen electrode 

(Strathkelvin Instruments, Glasgow, Scotland) as previously described (154, 177). 

The measurements were done at 30 oC in 500 µl of a respiration buffer (80 mM KCl, 

50 mM MOPS, 1 mM EGTA, 5 mM KH2PO4 and 1 mg/ml defatted BSA, at pH 7.4). 

For glutamate/malate-dependent respiration (complex I) and succinate-dependent 

respiration (complex II), 150 µg of mitochondrial protein was used, and for TMPD 

(N,N,N′,N′-tetramethyl-p-phenylenediamine)/ascorbate (complex IV), 50 µg of 

protein was used. Next, the selected substrates for complex I 

(20 mM glutamate+5 mM malate), complex II (20 mM succinate with 7.5 µM 

rotenone), or complex IV (1 mM TMPD/20 mM L- ascorbate with 7.5 µM rotenone) 

of the respiratory chain were added to the chamber. State 3 respiration was initiated 

by the addition of 0.2 mM ADP (final concentration) followed by state 4 respiration. 

After state 4 was attained, 2 mM ADP was added to the chambers to measure 

maximum rate of state 3 respiration. Finally, 0.04 mM uncoupler DNP 
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(2,4-dinitrophenol) was used to measure the uncoupled respiration rate. In case of 

TMPD/ascorbate, only maximum rate of state 3 (2 mM ADP) was measurable. 

Furthermore, at the end of that measurement, 2 mM azide was added to determine the 

specificity of complex IV-dependent oxygen consumption. 

ADP-stimulated (state 3) and ADP-limited (state 4) respirations were defined 

and calculated according to the method of Chance and Williams (43). Respiratory 

control ratios (RCR - ratio of state 3 to state 4 respiration) were calculated according 

to Estabrook (79). 

 

Figure 2.1. Schematic representation of mitochondrial oxidative phosphorylation measurement. 
Dotted line indicates faster state 3 Vmax respiration after uncoupling with DNP if the limiting effect of 
phosphorylation apparatus on electron transport chain is present. ADP, adenosine diphosphate; DNP, 
2-4-dinitrophenol; state 2, substrate-limited state of residual oxygen consumption; state 3, actively 
respiring state; state 4, ADP-limited respiration; state 3 Vmax, maximum ADP-unlimited rate of 
state 3. 

 

2.15. Mitochondrial H2O2 net production 

The enzymatic reduction of mitochondria-generated H2O2 by HRP 

(horseradish peroxidase) (Sigma-Aldrich, Saint Louis, MO) was coupled with the 

oxidation of the fluorogenic indicator Amplex Red 

(10-acetyl-3,7-dihydroxyphenoxazine) (Invitrogen, Carlsbad, CA) to produce the 

fluorescence product, resorufin as described previously (30, 54). The assay was 

performed in 96-well plates with a total reaction volume of 300 µl per well. The 

fluorescence of resorufin (Ex = 530 ± 25nm; Em = 585 ± 30nm) was measured by 

1420 Victor2 (Perkin-Elmer, Boston, MA) after 30 min of incubation with shaking at 

30 oC. Isolated intact mitochondria (30 µg/reaction) were incubated with 25 µM 
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Amplex Red and 0.25 units/ml HRP in 120 mM KCl, 5 mM KH2PO4, 1 mM EGTA, 

and 8 mg/ml Na form of chelex (all from Sigma-Aldrich, Saint Louis, MO) (buffer 

MMCc) in the presence or absence of complex I- and/or complex III-specific 

inhibitors: 2.5 µM rotenone, and 3.33 µg/ml antimycin A, respectively. The reaction 

was started by addition of 6.67 mM glutamate with 3.33 mM malate (complex I 

substrates) or 6.67 mM succinate (complex II substrate). The amount of H2O2 

generated in 30 min was calculated based on the standard curve with known H2O2 

concentrations. To show specificity of the assay, bovine liver-derived catalase 

(Sigma-Aldrich, Saint Louis, MO) was added to the additional wells containing 

mitochondria incubated with succinate in the presence of antimycin A. These were the 

conditions where the highest amounts of H2O2 were released by mitochondria and 

addition of catalase resulted in quenching of over 90% of the signal from peroxide 

(data not shown). 

 

Figure 2.2. Reactive oxygen species (ROS) generation in mitochondrial electron transport chain. 
Sites of specific complex I (rotenone) and complex III (antimycin A) inhibitors are marked. NADH, 
reduced nicotinamide adenine dinucleotide; FMN, flavin mononucleotide; NFR, NADH:ferricyanide 
reductase; Fe-S, iron-sulfur cluster; Q, ubiquinone; cyt c, cytochrome c; RET, reverse electron transfer 
from complex II to complex I. 

 

2.16. Measurement of mitochondrial membrane potential 

Mitochondrial membrane potential (ΔΨm) was measured using TMRM 

(tetramethylrhodamine methyl ester) dye (Invitrogen, Carlsbad, CA). This indicator 

dye is a lipophilic cation accumulated by polarized mitochondria in proportion to ΔΨ 

according to the Nernst equation. Upon accumulation, it exhibits a red shift in both its 



 

	  

63	  

absorption and fluorescence emission spectra: Ex = 546 nm when TMRM in the 

medium (or uncoupled mitochondria) versus Ex = 573 nm when TMRM inside the 

mitochondria (coupled/polarized mitochondria). These properties were used to 

dynamically monitor ΔΨm of isolated mouse heart mitochondria using a ratio 

fluorescence approach (573/546) as described previously (260). Emission intensity at 

590 nm was recorded by PerkinElmer LS55 Fluorescence Spectrometer (PerkinElmer, 

Waltham, MA). Freshly isolated mitochondria (200 µg) were added to 2 ml of 

reaction buffer (80 mM KCl, 50 mM MOPS, 1 mM EGTA, 5 mM KH2PO4 and 

1 mg/ml defatted BSA, at pH 7.4) supplemented with 0.1 µM TMRM and stirred at 

30 oC. Polarization of the mitochondria was achieved by addition of 5 mM glutamate 

and 1.25 mM malate (state 2 respiration), and was followed by depolarization using 

0.5 mM ADP (ongoing state 3 respiration as a consequence of protons use to produce 

ATP from ADP by complex V), re-generation of membrane potential by 1 nM 

oligomycin (inhibition of complex V, termed state 4oligomycin), and full uncoupling of 

the mitochondria (ΔΨ0) by titration of the reaction mixture with 25 µM DNP (Figure 

2.3). The difference between state 4oligomycin and DNP-uncoupled mitochondria (ΔΨ0) 

was used as a full scale of the measurement (ΔΨmax) and should correspond to 

a physiological range of ΔΨm being 160 mV with the inside (matrix) negative. 

 

Figure 2.3. Schematic representation of TMRM measurement of mitochondrial membrane 
potential (ΔΨm). ADP, adenosine diphosphate; DNP, 2-4-dinitrophenol; state 2, substrate-limited state 
of residual oxygen consumption; state 3, actively respiring state; state 4oligomycin, oligomycin-uncoupled 
respiration state; RFU, relative fluorescence units. 
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2.17. Spectrophotometric measurement of activity of mitochondrial enzymes 

Enzyme activities in detergent-solubilized mitochondria were measured 

spectrophotometrically at 30 oC as described previously (127, 154, 177). 

Freeze-thawed mitochondria were solubilized at a final protein concentration of 

1 µg/µl in 0.5% cholate in MSM/EDTA buffer (220 mM mannitol, 70 mM sucrose, 

5 mM MOPS, 2 mM EDTA, pH 7.4). Calculated enzyme activities were expressed as 

nmol/min per mg of mitochondrial protein or 1/min/mg in case of complex IV. 

2.17.1. NADH:ubiquinone oxidoreductase (complex I) 

Complex I activity was measured as a decrease in absorbance at 340 nm due to 

the oxidation of exogenously added NADH (reduced nicotinamide adenine 

dinucleotide) (Figure 2.4). 15 ug of mitochondrial protein preparation was incubated 

in the reaction mixture containing 50 mM KH2PO4 pH 7.4, 0.1 mM EDTA, 0.2% 

de-fatted BSA (w/v), 0.015% sonicated asolectin, 0.2 mM NADH, 20 µg of antimycin 

A in a final volume of 1 ml. After an equilibration period of 2 min, measurements 

were initiated with the addition of 0.05 mM oxidized DUQ (decylubiquinone). 

Activities were calculated using an extinction coefficient of 6.22 mM-1cm-1 for 

NADH. Rotenone was used as a specific inhibitor of NADH:ubiquinone 

oxidoreductase activity, hence final rotenone-sensitive activity was obtained by the 

subtraction of the rate measured in the presence of 7.5 µM rotenone from the rate in 

parallel incubation without inhibitor. 
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Figure 2.4. Schematic representation of spectrophotometric measurement of NADH:ubiquinone 
oxidoreductase (complex I). Decrease in absorbance of reduced NADH (340 nm) is recorded after 
addition of excess of NADH and DUQ. NADH, reduced nicotinamide adenine dinucleotide; FMN, 
flavin mononucleotide; Fe-S, iron-sulfur cluster;Q, ubiquinone; DUQ, decylubiquinone; DUQH2, 
decylubiquinol. 

 

2.17.2. NADH:ferricyanide reductase (NFR) 

 NFR is an assay that allows to measure the activity of 

a rotenone-insensitive proximal portion of complex I, which is a functional NADH 

dehydrogenase  with non-covalently bound FMN molecule. Maximum rates of NFR 

were recorded as a decrease in absorbance at 340 nm due to the oxidation of 

exogenously added NADH (Figure 2.5). Reaction mixture contained 50 mM KH2PO4 

pH 7.4, 0.1 mM EDTA, 0.2% de-fatted BSA (w/v), 0.015% sonicated asolectin, 

0.66 mM K3Fe(CN)6 (potassium ferricyanide, an artificial electron acceptor from 

FMN molecule), 2 mM NaN3 and 0.2 mM NADH, in a final volume of 1 ml. After the 

acquisition of a baseline reading, reaction was initiated by addition of 5 µg of 

mitochondrial protein. Activities were calculated using an extinction coefficient of 

6.22 mM-1cm-1 for NADH. Baseline rates were subtracted from the actual rates 

obtained in the presence of mitochondrial protein in the reaction mixture. 
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Figure 2.5. Schematic representation of spectrophotometric measurement of NADH:ferricyanide 
reductase (NFR). Decrease in absorbance of reduced NADH (340 nm) is recorded after addition of 
excess of substrates (NADH and K3Fe(CN)6). NADH, reduced nicotinamide adenine dinucleotide; 
FMN, flavin mononucleotide; Fe-S, iron-sulfur cluster; Q, ubiquinone; K3Fe(CN)6, potassium 
ferricyanide. 

 

2.17.3. Succinate:decylubiquinone oxidoreductase (complex II) 

Complex II activity was measured as a decrease in absorbance at 600 nm due 

to the reduction of DCPIP (2,6-dichlorophenolindophenol), a potent acceptor of 

electrons from complex II-dependently reduced quinols (Figure 2.6). Reactions 

contained 50 mM KH2PO4 pH 7.4, 1 mM EDTA, 0.1% de-fatted BSA (w/v), 2 mM 

NaN3, 30 µl of DCPIP (of OD of 30 µl in 1 ml of H2O being about 1.8), 0.05 mM 

oxidized DUQ (saturating amounts of exogenous ubiquinone), and 10 µg of 

mitochondrial protein extract in a final volume of 1 ml. After an equilibration period 

of 3 min, reactions were started by the addition of 20 mM succinic acid, and the 

decrease in absorbance at 600 nm was monitored. Rates were calculated using DCPIP 

extinction coefficient of 21 mM-1cm-1. TTFA (theonyltrifluoroacetone) was used as 

a specific inhibitor of succinate:ubiquinone oxidoreductase activity, hence 

TTFA-sensitive rates were calculated by subtraction of the rate measured in the 

presence of 1 mM TTFA from the rate without inhibitor. 
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Figure 2.6. Schematic representation of spectrophotometric measurement of 
succinate:decylubiquinone oxidoreductase (complex II). Decrease in absorbance of secondary final 
acceptor of electrons, DCPIP (600 nm) was recorded after addition of excess of substrates (succinate, 
DUQ and DCPIP). Q, ubiquinone; DUQ, decylubiquinone; DUQH2, decylubiquinol; DCPIP, 
2,6-dichlorophenolindophenol; TTFA, thenoyltrifluoroacetone. 

 

2.17.4. Ubiquinol:cytochrome c oxidoreductase (complex III) 

Complex III activity was measured as an increase in absorbance at 550 nm due 

to the reduction of cytochrome c (Figure 2.7). Reaction mixtures contained 50 mM 

KH2PO4 pH 7.4, 0.05 mM EDTA, 0.125% de-fatted BSA (w/v), 2 µg of 

mitochondrial protein extract, 3 mM NaN3 and 0.06 mM cytochrome c in a final 

volume of 1 ml. After a 1 min equilibration period, the reactions were initiated by 

addition of 0.1 mM reduced DUQ (decylubiquinol). Rates were calculated using an 

extinction coefficient of 19.1 mM-1cm-1 for reduced cytochrome c. 

Antimycin A-sensitive activity was established by subtraction of the rates measured in 

the presence of 20 µg of antimycin A from the rate acquired without the inhibitor. 
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Figure 2.7. Schematic representation of spectrophotometric measurement of 
decylubiquinol:cytochrome c oxidoreductase (complex III). Increase in absorbance of reduced 
cytochrome c (550 nm) was recorded after addition of excess of substrates (DUQH2, cyt cox). DUQH2, 
decylubiquinol; DUQ, decylubiquinone; Qo, ubiquinol-binding site on the ‘outer’ aspect of inner 
membrane; Qi, ubiquinol-binding site on the ‘inner’ aspect of inner membrane; cyt c, cytochrome c. 

 

2.17.5. Cytochrome c oxidase (complex IV) 

 Complex IV activity was measured as a decrease in absorbance at 550 nm due 

to the oxidation of exogenously added reduced cytochrome c. Reactions contained 

50 mM KH2PO4 pH 7.4, 0.015% asolectin, 80 µl of 0.89 mM reduced cytochrome c in 

a final volume of 1 ml. After an equilibration period of 8 min, reactions were started 

by the addition of 2 µg of mitochondrial protein extract and the decrease in 

absorbance at 550 nm was monitored. Rates were calculated as a substrate-dependant 

first order rate constant and were expressed as 1/min/mg of mitochondrial protein. 

The reduced cytochrome c was prepared by addition of a pinch of Na2S2O4 (sodium 

dithionate) to 5 ml of 3 mM oxidized cytochrome c followed by vigorous vortexing. 

Reduced cytochrome c solution was next applied on Amersham PD-10 column (GE 

Healthcare Life Sciences, Piscataway, NJ). Flow-through (5 ml) containing 3 mM 

reduced cytochrome c was collected and diluted with 10 ml of distilled H2O. Reduced 

cytochrome c concentration was measured spectrophotometrically and calculated 

using its extinction coefficient 19.1 mM-1cm-1. One batch of the obtained reduced 

cytochrome c was used for all the samples assayed. 
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2.17.6. Citrate synthase 

Activity of citrate synthase, an enzyme specific for the mitochondrial matrix 

was measured as an increase in absorbance at 412 nm due to the synthesis of 

mercaptide ion. Mitochondrial protein extracts (2 µg) were added to the reaction 

mixtures containing 0.1 mM DTNB (5,5’-dithiobis(2-nitrobenzoic acid)) and 

0.34 mM acetyl CoA in a final volume of 1 ml, and the baseline reading was taken. 

Next, the reactions were started with the addition of 0.5 mM OAA (oxaloacetic acid), 

and the increase in absorbance at 412 nm was recorded. Activities were calculated 

using an extinction coefficient of 13.6 mM-1cm-1 for mercaptide ion, a result of a side 

reaction of DTNB with CoA-SH, a product of citrate synthase-mediated reaction. 

2.18. Statistical analysis 

The data consisting of two groups were analyzed by two-tailed Student’s 

t-test. In case of more than two groups (WT vs. MLS-Stat3E in context of time 

control and ischemia), data were subjected to two-way ANOVA followed by 

Holm-Sidak test (pairwise multiple comparison procedures) for more groups. All 

analysis was executed using SigmaPlot ver.11 software (Systat Software Inc., 

Chicago, IL); p < 0.05 was considered statistically significant and was annotated 

by * or  or , and p < 0.001 was annotated by ** or  or . 
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CHAPTER III: RESULTS 

A cardioprotective role of Stat3 has been very well established (115). It is also 

known that mitochondria are the central organelles mediating damage during ischemia 

and reperfusion in the heart (50, 175). Since Stat3 localizes to the mitochondria, 

where it influences oxidative phosphorylation in a non-transcriptional fashion (316), 

we designed transgenic mouse with cardiac-specific expression of 

mitochondria-targeted Stat3 bearing a mutation in its DNA-binding domain. 

Mitochondria isolated from the hearts of these mice were analyzed for responses to 

ischemia. 

3.1. Generation of MLS-Stat3E transgenic mouse 

 In order to express Stat3 only in heart, we positioned our transgene 

downstream of the 3’-end of α-myosin heavy chain (α-MyHC) gene promoter that is 

expressed only in cardiomyocytes (99). The mitochondria-localizing sequence (MLS) 

was placed at the N-terminal end of the murine Stat3. To distinguish transgenic Stat3 

from endogenous Stat3 at the level of DNA and protein, we introduced a FLAG tag 

sequence at the 3’-end of Stat3 cDNA prior to the STOP codon. Two point mutations 

were made resulting in the substitution of glutamate for alanine in positions 434 and 

435 of the protein. A change in these two amino acids inhibits binding of Stat3 to 

target DNA, thus abolishing its transcriptional activity (130). The map of the whole 

construct is shown in Figure 3.1A. 

 After DNA injection into approximately 100 fertilized eggs, we obtained 

67 mice, which were further crossed with homozygous floxed-Stat3 alleles on 129SvJ 

background. Pups were genotyped for the presence of transgenic DNA (Figure 3.2A). 

Mice that had pups positive for the transgene were considered founders. Next, we 

examined their pups for the presence of transgenic mRNA in the hearts. RNA isolated 

from livers of those animals was used as a negative control. DNase-treated total RNA 

was transcribed to cDNA and subjected to standard PCR using a set of primers 

designed to the end of Stat3 cDNA (forward) and FLAG sequence (reverse) (termed 

E-screen in Appendix A). As depicted in Figure 3.2B, the expression of the 

MLS-Stat3E was indeed limited to the heart tissue as no specific band was observed 

in the liver. Samples containing only RNA were also processed to ensure that there 
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was no contamination with genomic DNA, which could give a false positive result. 

We found only one mouse line that did not express transgenic mRNA in the heart, 

despite being positive at the DNA level. Thirteen mouse lines were further screened 

for the presence of MLS-Stat3E protein. Mitochondrial and cytosolic fractions were 

obtained from the hearts and livers of tested animals and subjected to 

immunoprecipitation using anti-FLAG monoclonal antibody coupled to the agarose 

beads followed by SDS-PAGE and immunoblotting against Stat3. Transgenic protein 

was found in both mitochondria and cytosol isolated from the hearts of twelve mouse 

lines. As predicted by previous mRNA results none of the livers expressed the 

transgene (Figure 3.2C). Based on the protein levels of the MLS-Stat3E in the 

mitochondria, we established three transgenic lines as shown in Table 3.1: 1DE (low 

expressing line), 5DE (medium) and 2BE (high). Those founders were back-crossed 

at least nine times into homozygous floxed-Stat3 mice (see Figure 3.2A, first row) to 

obtain pure genotypic background (129SvJ/XI) and to allow for the 

α-MyHC-Cre-mediated deletion of endogenous Stat3 if necessary for future projects. 

Therefore, all the mice defined in this thesis as wild-type (WT) were in fact Stat3flx/flx. 

 The comparison of three established transgenic mouse lines to a wild-type 

mouse at the level of DNA, mRNA and protein expression is depicted in Figure 3.3. 

To measure the Stat3 mRNA expression, total RNA was isolated from hearts of WT, 

1DE, 5DE and 2BE mice. Equal amounts of DNase-treated RNA samples were 

transcribed to cDNA and subjected to real-time qPCR to determine the relative 

differences between WT (set as 1) and transgenic animals. The low-expressing line 

1DE exhibited 10-fold increase in Stat3 mRNA over WT while medium-expressing 

5DE and high expressing 2BE lines showed 37-fold and 81-fold increase, respectively 

(Figure 3.3A). Next, we compared Stat3 protein levels in mitochondrial and cytosolic 

fractions isolated from hearts of all four lines of mice (Figure 3.3B). We observed 

increasing amount of Stat3 in the mitochondria, which correlated with previously 

established mRNA levels. Similar trend in Stat3 expression was seen in cytosolic 

fractions, however less apparent (except 2BE line) likely due to abundant endogenous 

cytosol Stat3. Samples from transgenic animals revealed an additional band of lower 

molecular weight. Since the monoclonal antibody we used had been raised against the 

C-term of Stat3, the smaller band might be a result of a proteolytic cleavage at the 

N-term of the molecule. Moreover, we excluded the possibility of generation of Stat3 
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isoform β since transgenic DNA sequence lacked any introns leading to a deletion of 

specific sites required for alternative splicing. The longer exposure of the x-ray film to 

the membrane showed the same two-band pattern in the wild-type sample from the 

mitochondria but not cytosol (Figure 3.3B, bottom panel), indicating that the 

cleavage was not caused by the overexpression of Stat3. Moreover, a titration of 

mitochondrial proteins (1 – 20 µg) revealed equal signal intensity between upper and 

lower band in the mitochondria (Figure 3.3C). However, in heart total homogenate 

(20 µg) the band representing the higher molecular weight was far more abundant in 

comparison to the lower one. This data confirmed that Stat3 is proteolytically cleaved, 

probably at the N-terminus, upon its translocation to the mitochondria. In addition to 

this, we also noted a slight change in the mobility of transgenic Stat3 compared to the 

endogenous form (WT), likely due to an increase in molecular size of the protein from 

the addition of MLS and FLAG sequences (Figure 3.3B, bottom panel). 

 Due to the presence of endogenous Stat3 in hearts of the transgenic mice, we 

chose 2BE, the line with highest overexpression of the MLS-Stat3E protein in the 

mitochondria, for further experiments. Henceforth, the term MLS-Stat3E reflects 

specifically 2BE mouse line. Letter E following ‘Stat3’ annotates E434A/E435A 

double point mutation in DNA-binding domain of Stat3. 

 The fractionation of the heart homogenates revealed that the transgene was 

also present in cytosols, even though we inserted a mitochondria-localizing sequence 

in front of Stat3E cDNA (Figure 3.2C and Figure 3.3B). Additionally, we knew that 

the mutation in DNA-binding domain (E434A/E435A) that was incorporated into the 

construct did not abolish ability of Stat3 to be phosphorylated and translocated to the 

nucleus. However, it was reported that this mutant of Stat3 could not bind to DNA 

(130). Therefore, we checked if the partial overexpression of the transgene in the 

cytosolic fraction led to induction of Stat3-dependent genes, such as SOCS3 and 

c-Fos. Based on the real-time qPCR, we did not observe any mRNA upregulation of 

these genes in physiological conditions, as depicted in Figure 3.4. 

We next proceeded to characterize the newly obtained MLS-Stat3E transgenic 

mouse in terms of basic mitochondrial functions, such as oxidative phosphorylation 

and membrane potential. 
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Figure 3.1. Transgene construct. (A) Schematic representation of the transgene: 2.4-kb murine Stat3 
cDNA bearing DNA-binding mutation (E434A/E435A) preceded by Kozak sequence and 
mitochondria-localizing sequence (MLS), and ended by FLAG tag, was ligated downstream of a 5.5-kb 
of the murine α-myosin heavy chain (MyHC) gene promoter and upstream of a 0.6-kb human growth 
hormone (hGH) poly(A). (B) A highly abundant single band of 2.4-kb PCR product was obtained using 
following primers: forward 5’-SalI-Kozak-START-MLS-3’ and reverse 3’-STAT3-FLAG-STOP-
HindIII-5’. SalI and HindIII restriction enzymes were used to incorporate the insert into targeting 
vector with α-MyHC sequence. (C) Prior to DNA injection into the fertilized eggs, the target 8.5-kb 
DNA was released from the pBSIISK(+) vector backbone by NotI digestion. 

 

 

Figure 3.2. Screening for the presence of transgene in mice. (A) Isolated DNA was analyzed for the 
presence of floxed STAT3 alleles (one band of 370 bp size for homozygous organism) and transgene 
(310bp). (B) RNA was extracted from hearts and livers (as a negative control) of mice and DNase 
treated. 2 µg of total RNA was reverse transcribed to cDNA. Both cDNA and RNA were subjected to 
standard PCR with the set of primers recognizing transgenic DNA and/or actin (to control the loading). 
(C) Protein expression was analyzed by anti-FLAG tag immunoprecipitation from mitochondrial 
(MITO) and cytosolic (CYTO) extracts isolated from hearts and livers of tested animals, followed by 
SDS-PAGE and immunoblotting for Stat3. All panels in this figure show only one of the transgenic 
lines tested, termed 2BE (with high expression of MLS-Stat3E). 
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Confirmed presence of Mouse 
germinal DNA heart RNA heart protein 

Established line 

1. E1A + + ++  
2. E1B ND    
3. E1C + + +  
4. E1D + + + 1DE-LOW 
5. E2A ND    
6. E2B + + +++ 2BE-HIGH 
7. E2C + + +  
8. E2D + + +++  
9. E2E + + ++  
10. E3A + + ++  
11. E3B + ND   
12. E3C + + +  
13. E4A ND    
14. E4B + + ND  
15. E5A DEAD    
16. E5B ND    
17. E5C + + +++  
18. E5D + + ++ 5DE-MED 
19. E6A + + +  
20. E6B ND    
21. E7B ND    

 
Table 3.1. Mouse transgenic lines. All the mice resulted from DNA injection to the fertilized eggs 
were screened for the presence of a transgene. 21 mice out of 67 were tested positive for transgenic 
DNA (first/second column). Only 14 animals were transmitting exogenous DNA in a germ line (third 
column). Further screening revealed the presence of mRNA coding MLS-Stat3E in a heart tissue in 
13 mice and only one of them did not express the protein (forth column). Based on the level of the 
MLS-Stat3E protein in the mitochondria (fifth column), three transgenic founder lines were established 
(sixth column): 1DE (low expression, +), 5DE (medium expression, ++), and 2BE (high expression, 
+++). ND, not detected. 
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Figure 3.3. Characterization of low- (line 1DE), medium- (5DE) and high-expressing (2BE) 
MLS-Stat3E mouse transgenic lines at the level of mRNA (A) and protein (B). (A) Total RNA was 
isolated from heart tissue of transgenic (n = 4) and wild type mice (n = 4), and treated with DNase. 
Levels of Stat3 mRNA were measured by real-time qPCR. WT was used as a control and set as 1. 
(B-C) Mitochondrial and cytosolic fractions were isolated according to the protocol described in 
Materials and Methods. Mitochondrial protein (MITO), cytosol (CYTO) and heart total homogenate 
(HTH) were resolved by SDS-PAGE, transferred to PVDF membrane and immunoblotted against 
Stat3, tubulin (marker of cytosol), porin and cytochrome c (markers of mitochondria). B. Comparison 
of three established mouse transgenic lines and wild-type. Equal amounts of mitochondrial protein 
 (10 µg) and cytosolic fraction (20 µg) were loaded on the gel. One representative blot out of three 
independent experiments is shown. (C). Mitochondria-targeted expression of MLS-Stat3E transgene. 
Different amounts of mitochondrial proteins (1 – 20 µg) from MLS-Stat3E (2BE) line were applied on 
the gel together with 20 µg of heart total homogenate (HTH). One representative blot out of three 
independent experiments is shown. 
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Figure 3.4. Overexpression of Stat3 with non-functional DNA-binding domain does not 
upregulate Stat3-dependent genes. Total RNA was isolated from heart tissue of MLS-Stat3E and WT 
mice and treated with DNase (for both groups n = 6). Levels of SOCS3 and c-Fos mRNAs were 
measured by real-time qPCR. WT was used as a control and set as 1. All results were analyzed using 
Student’s t-test for two groups. SOCS3, suppressor of cytokine signaling 3. 
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3.2. MLS-Stat3E transgenic mice do not differ phenotypically from wild-type 

littermates 

 MLS-Stat3E mice were phenotypically normal and fertile. Genotypes of 

offspring occurred in accordance with Mendelian predictions. Neonatal mortality in 

transgenics did not differ from that in WT, and no adult death was observed. Weight 

of the MLS-Stat3E animals was the same as of WT mice (Figure 3.5A). While 

isolating the mitochondria from both groups of mice, we noticed a marginally lower 

protein yield in the MLS-Stat3E animals (30.8 ± 0.5 vs. 29.0 ± 0.5* mg of 

mitochondrial protein/g of wet heart tissue; *p < 0.05 with Student’s t-test; n ≥ 11 for 

both groups). Therefore, we examined DNA levels of three mitochondria-encoded 

genes (ND2 from complex I, CytB from complex III, and COX1 from complex IV) as 

a proxy of mitochondrial content (mitochondrial DNA, mDNA) in hearts and livers 

(as a negative control) of transgenic and wild-type mice. We observed no statistically 

significant difference in mDNA levels between both groups of animals 

(Figure 3.5B-C). 

In order to look more closely at the mitochondrial functioning in MLS-Stat3E 

hearts, we proceeded with the measurement of oxidative phosphorylation as a next 

step in the characterization of the transgenic line. 
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Figure 3.5. Mice over-expressing MLS-Stat3E in the heart are phenotypically similar to wild type 
mice. (A) weight of 3-month old mice, n = 8 for males, n = 6 for females. (B-C) DNA extracted from 
hearts (B) and livers (C) was used to compare amount of mitochondrial DNA between WT and 
MLS-Stat3E mice by real-time qPCR. Each bar represents mean ± SE from n = 4 animals. All results 
were analyzed using Student’s t-test. 
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3.3. Transgenic mice have lower rates of glutamate+malate- and 

succinate-dependant respiration in heart mitochondria 

 In order to investigate if overexpression of Stat3 in the cardiac mitochondria 

influenced their oxidative function, the rates of oxidative phosphorylation were 

studied in mitochondria isolated from hearts of MLS-Stat3E and wild-type mice using 

different substrates (see schematic representation of the experiments in Figure 2.1 of 

Materials and Methods section). Glutamate+malate was used as the complex I 

substrate, succinate (in the presence of rotenone) as a complex II substrate, and 

TMPD/ascorbate (with rotenone) as electron donor to complex IV. The maximal rates 

of oxidative phosphorylation, obtained by addition of saturating 2 mM ADP, were 

decreased 17% and 14% in transgenic hearts compared to WT when 

glutamate+malate and succinate were used as substrates, respectively (Figure 3.6A-B 

and Table 3.2). In contrast, TMPD/ascorbate-dependent rates were the same in both 

groups of animals (Figure 3.6C and Table 3.2). Respiration was tightly coupled in 

both groups as seen by normal and unchanged values of state 4 respiration and 

respiratory control ratios (RCRs). 

As a next step, we measured the rates of uncoupled respiration by addition of 

2,4-ditrophenol (DNP). This compound acts as a protonophore that carries protons 

across the mitochondrial membrane. In its presence, the electron transport chain 

works independently from the phosphorylation apparatus. Therefore, the use of DNP 

allowed us to test the relative contributions of electron transport chain and ATP 

synthase/ANT/Pi transporter to the decreased rates of oxidative phosphorylation with 

complex I and II substrates in MLS-Stat3E mice. The DNP-uncoupled respiration on 

glutamate+malate and succinate was reduced in MLS-Stat3E mitochondria to the 

similar extent to when the rates were determined without the uncoupling agent (2 mM 

ADP rates) (Table 3.2). This result suggested that the decrease in respiration was not 

caused by defects in ATP synthase, adenine nucleotide translocase (ANT) or 

phosphate (Pi) transporter, but is indeed localized to the electron transport chain. 

Moreover, since TMPD/ascorbate rates were similar between transgenic and WT 

mitochondria, the site of the defect was located in the electron transport chain 

proximal to complex IV. 
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Figure 3.6. Glutamate+malate- and succinate-dependent integrated respiration is decreased in 
hearts expressing MLS-Stat3E in the mitochondria. Oxygen consumption by intact mitochondria 
was measured by Clark-type electrode at 30 oC as described in Materials and Methods. Incubations 
contained: 20 mM glutamate with 5 mM malate (A), 20 mM succinate with 7.5 µM rotenone (B), or 
1 mM TMPD/20 mM L-ascorbate with 7.5 µM rotenone (C). Maximum rates of state 3 respiration with 
2 mM ADP are shown. For TMPD/Asc-dependent respiration (C) azide-sensitive data are depicted. 
Results are expressed as nanoatoms of atomic oxygen/min/mg of mitochondrial protein and are 
presented as means ± SE. Statistically significant differences are annotated as **. **p< 0.001, 
two-tailed Student’s t-test vs. wild type (n = 15); MLS-Stat3E (n = 11). 
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Glutamate 
+malate State 3 State 4 2mM ADP RCR DNP 

 
WT 
 

298 ± 6 42 ± 2 386 ± 9 7.36 ± 0.40 368 ± 8 

 
MLS-Stat3E 
 

278 ±  4* 37 ± 2 319 ±  9** 7.97 ± 0.63 304 ±  8** 

Succinate 
+ Rotenone State 3 State 4 2mM ADP RCR DNP 

 
WT 
 

537 ± 11 170 ± 3 557 ± 11 3.12 ± 0.09 538 ± 13 

 
MLS-Stat3E 
 

469 ±  12** 158 ± 8 477 ±  14** 3.01 ± 0.14 454 ±  13** 

TMPD/Ascorbate 
+ Rotenone DNP-Azide     

 
WT 
 

1537 ± 33     

 
MLS-Stat3E 
 

1490 ± 40     

 
Table 3.2. Rates of oxidative phosphorylation in heart mitochondria isolated from WT (n = 15) 
and MLS-Stat3E (n = 11) mice. Values are means ± SE (in nAO/mg/min). ADP, adenosine 
diphosphate; TMPD, N,N,N′,N′-tetramethyl-p-phenylenediamine; RCR, respiratory control ratio; DNP, 
2,4-dinitrophenol. Differences between MLS-Stat3E and WT mice were compared by two tailed 
Student’s t-test. A difference of p < 0.05 was considered significant. *p < 0.05 vs. WT; **p < 0.001 vs. 
WT. 
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3.4. Mitochondrial membrane potential of MLS-Stat3E overexpressing hearts is 

similar to WT animals 

 Mitochondrial membrane potential (ΔΨm) is an integral component of cellular 

energy homeostasis and normal cellular function, and is a major indicator of 

mitochondrial membrane intactness (71, 281). It reflects the pumping of protons 

across the inner membrane during the process of electron transport and oxidative 

phosphorylation, the driving force behind ATP production (46). TMRM 

(tetramethylrhodamine methyl ester) is a permeant cationic fluorescent probe. 

Accumulation in the mitochondria depends on high trans-membrane potential 

(the matrix being negative) maintained by functional mitochondria. However, 

dissipation of the mitochondrial trans-membrane potential by protonophores (DNP) or 

inhibitors of electron transport chain leads to an elimination of the selective 

mitochondrial association with TMRM dye (260). 

Therefore, in order to study the intactness of the inner mitochondrial 

membrane, we measured dynamic changes in TMRM fluorescence signal in 

mitochondria isolated from MLS-Stat3E and WT hearts (for schematic representation 

see Figure 2.3 in Materials and Methods). The maximum membrane potential that the 

mitochondria could generate (ΔΨmax), expressed as a difference between fully 

polarized mitochondria in the presence of 1 nM oligomycin (state 4oligomycin) and fully 

uncoupled mitochondria after final titration step with 25 µM DNP (Ψ0), was 

unchanged in MLS-Stat3E mitochondria as compared to WT (Figure 3.7A). Addition 

of oligomycin leads to the inhibition of proton translocation through ATP synthase. 

Due to the activity of ETC in the presence of excess of substrates, the protons are still 

being moved from matrix to the intermembrane space. Therefore, the measured state 

4oligomycin is a maximal inner membrane polarization state independent of ADP 

availability reduced by the portion of proton motive force (PMF) used to drive other 

processes in the mitochondria (e.g. ion trasport) and by the leakage of the IMM. 

Similar results of ΔΨmax between MLS-Stat3E and WT mitochondria (Figure 3.7A) 

indicated that even though overexpression of Stat3E reduced the glutamate+malate 

respiration, it did not affect the ability to generate normal proton motive force in 

MLS-Stat3E mitochondria. 
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Furthermore, we measured ADP-dependent depolarization capacity expressed 

as a contribution of a change in membrane potential after addition of 0.5 mM ADP 

(ΔADP, state 3 of respiration) to a maximum potential that those mitochondria could 

generate (ΔΨmax) (Figure 2.3 in Materials and Methods). The results showed no 

difference between both groups of animals (Figure 3.7B) meaning that in both cases 

mitochondria used the same relative portion of ΔΨ to phosphorylate added ADP. It 

correlated with the previously observed unaltered coupling (state 4 rates of oxidative 

phosphorylation) in MLS-Stat3E mitochondria. Therefore, this result confirmed the 

excellent and similar coupling of ETC and phosphorylation aparatus in the 

mitochondria isolated from MLS-Stat3 and WT hearts, which was already evaluated 

by high values of respiratory control ratios (Table 3.2). 

After addition of glutamate and malate mitochondria became polarized 

reaching state 2 of respiration (substrate-limitited state). The time required to attain 

the maximum membrane potential of state 2 should partially depend on activity of 

electron transport chain (as a source of proton gradient) (Figure 2.3). As depicted in 

Figure 3.7C, we noticed that MLS-Stat3E mitochondria needed 1.6-fold more time to 

reach maximum ΔΨ of state 2 than wild-type mitochondria (WT: 18 ± 2 sec. vs. 

MLS-Stat3E: 28 ± 2 sec., p < 0.05, Student’s t-test). This observation confirmed 

observed earlier deficiency in malate+glutamate dependent oxidative phosphorylation 

in MLS-Stat3E mitochondria. 
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Figure 3.7. ADP-dependent depolarization of mitochondrial membrane is not altered in 
MLS-Stat3E heart mitochondria (B). Transgenic mitochondria require more time to reach the 
maximum membrane potential of state 2 after energizing them with complex I substrates (C). 
ΔΨm was measured in 200 µg of intact mitochondria using 0.1 µM TMRM, a fluorescent dye that 
acumulates in polarized mitochondria. (A) ΔΨmax, maximum potential that mitochondria are capable to 
generate defined as the difference in membrane potential between fully polarized mitochondria in the 
presence of 1 nM oligomycin (state 4oligomycin) and fully uncoupled mitochondria after sequential 
titration with 25 µM DNP (Ψ0). (B) ΔADP/ΔΨmax, mitochondrial ADP-dependent depolarization 
capacity expressed as a contribution of a change in membrane potential after addition of 0.5 mM ADP 
(ΔADP) to a maximum potential that those mitochondria could generate (ΔΨmax). (C) time needed to 
reach membrane potential of state 2 after glutamate+malate addition. All data represent means ± SE. 
Statistically significant differences were shown as *. *p < 0.05 (two-tailed Student’s t-test), n = 4 in 
both groups of mice. RFU, relative fluorescence units. 
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3.5. Formation of respirasomes and composition of ETC complexes is unchanged 

between MLS-Stat3E and WT cardiac mitochondria 

 Respiratory complexes of the mitochondrial oxidative phosphorylation system 

are assembled into supramolecular structures called “supercomplexes” or 

respirasomes. This phenomenon was confirmed by numerous investigators using 

a wide veriety of techniques (20, 263). Instability of the respirasomes was reported in 

human patients with genetic mitochondrial disorders (264) or in dog cardiac 

mitochondria with coronary microembolization-induced heart failure (253). The 

major forms of respirasomes found in mammalian mitochondria consist of complex 

I/dimer of III/1-4 copies of IV (I/III2/IV1-4) and almost all complex I is assembled into 

these structures (264). The technique that can provide the information about size, 

number, stoichiometry, protein composition, or relative abundance of multiprotein 

complexes was developed by Schagger, Cramer and von Jagow as a Blue Native 

PAGE (BNE) (265). The ability to maintain the native protein conformation and 

quaternary structure, together with excellent resolution potential of the electrophoresis 

establishes this technique as a powerful tool for the analysis of protein-protein 

interactions. 

 Observed deficiences of complex I- and II-dependent respiration in 

MLS-Stat3E could result from the instability of respirasomes. Therefore, we used 

BNE technique to investigate the formation of respirasomes in heart mitochondria 

isolated from both types of mice. While standard solubilization of mitochondria with 

n-dodecyl-β-D-maltoside (DDM) resulted in separation of single complexes of 

electron transport chain, the parallel application of digitonin led to a visualization of 

supercomplexes in native gels. As shown in Figure 3.8A the formation of 

respirasomes was similar between MLS-Stat3E and WT samples. Additionally, we 

have not observed any major differences in abundance of single ETC complexes, as 

depicted in Figure 3.8B. Therefore, since the composition of respirasomes and 

relative amount of respiratory complexes seemed to be unaltered in transgenic heart 

mitochondria, we decided to test the enzymatic activity of particular parts of electron 

transport chain using the spectrophotometric approach. 
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Figure 3.8. Mitochondria from MLS-Stat3E mice do not display any change in electron transport 
chain complex nor supercomplex content when compared to WT. Mitochondria were isolated from 
WT and MLS-Stat3E transgenic mice and solubilized with 6 g of digitonin per 1 g of protein (for 
supercomplexes) (A) or with 1.6 g of DDM (n-dodecyl-β-D-maltoside) per 1 g of protein (to visualize 
ETC complexes) (B).  Samples were resolved in 4-16% Bis-Tris gradient gels using Blue-Native 
PAGE system followed by Coomassie Brilliant Blue protein staining. S0, respiratory supercomplex 
containing monomeric complex I and dimeric complex III. S1, supercomplex comprising the S0 core 
complex and one copy of complex IV in addition. I/IV, association of complexes I and IV. V6, V4, V2 
and V, hexameric, tetrameric, dimeric and monomeric states, respectively, of complex V. One 
representative gel out of three independent experiments is shown. 
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3.6. Complex I and II maximal enzymatic activities are decreased in transgenic 

mitochondria 

 Results obtained in oxidative phosphorylation experiments in MLS-Stat3E 

mitochondria (Figure 3.6) indicated the site of deficiency located proximal to 

cytochrome c oxidase (complex IV). Moreover, the decrease was not caused by 

alterations in the formation of respirasomes or by content of individual ETC complex 

(Figure 3.8). Therefore, we decided to test maximal enzymatic activity of complex I, 

II and III. As an internal ‘loading’ control, the activity of matrix-localized citrate 

synthase (one of the Kreb’s cycle enzymes) was also assayed. 

Spectrophotometric analysis of individual respiratory chain complexes is 

achieved by total disruption of both mitochondrial membranes using freeze-and-thaw 

technique and additional solubilization with 0.5 % sodium cholate. This technique 

allows for dissection of the entire electron transport chain into single complexes and 

to test their maximum enzymatic activity in the presence of excess of the substrates 

(electron donors and acceptors) as zero-order rates. Moreover, during the 

measurement of the individual complex activities the addition of cholate leads to an 

exchange of lipid environment of the ETC complexes to the detergent molecules. 

Therefore, any differences in measured enzymatic activity cannot be a result of 

defects in the lipid composition of the inner mitochondrial membrane. Activities of 

complex I (NADH:ubiquinone oxidoreductase) and complex II (succinate:ubiquinone 

oxidoreductase) were decreased 20% in MLS-Stat3E heart mitochondria when 

compared to WT (Figure 3.9A-B). These results correlated with previously observed 

decrease in respiration when complex I and II substrates were used. Furtheremore, 

ubiquinol:cytochrome c oxidoreductase (complex III) activity was unchanged 

(Figure 3.9C), localizing the defects to the major entry points of electron transport 

chain. Citrate synthase rates were equal between both types of mitochondria 

(Figure 3.9D) and within a normal range (2500-3000 nmol/min/mg) (54), indicating 

similar relative purity of mitochondria from the heart tissue in both groups.  

Decrease in ETC activity is usually caused by changes in expression of 

particular subunits of respiratory complexes. Another possibility is the 

posttranslational modifications of subunits, which recently has been a subject of 

interest of a great number of investigators. 
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Figure 3.9. Maximal activities of complex I (A) and complex II (B) are decreased in MLS-Stat3E 
heart mitochondria while complex III activity (C) is not altered. Integrity of isolated mouse heart 
mitochondria was disrupted by freeze-and-thaw procedure followed by solubilization with 0.5% (final 
v/v) cholate in MSM/EDTA buffer and adjusted to final protein concentration of 1 µg/ul. All enzymatic 
activities were measured spectrophotometrically using over-saturating amounts of specific substrates 
and inhibitors (zero rate kinetics) as outlined in Materials and Methods and expressed as nano mol of 
substrate decreased or product increased per minute per mg of mitochondrial protein [nmol/min/mg]. 
As a mitochondria-specific enzymatic marker, citrate synthase activity (D) was measured in all samples 
tested. Data are means ± SE for n = 6 in both groups of mice. Statistically significant differences 
(p < 0.05 annotated by *) between MLS-Stat3E and WT mice were detected using Student’s t-test for 
two groups. 
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3.7. Expression of major subunits of complex I and II is unaltered between 

MLS-Stat3E and WT heart mitochondria 

 Complex I is the largest multiprotein enzyme in the ETC and to date it has 

been reported to consist of at least 46 subunits, seven of which are encoded by 

mitochondrial DNA (122). The subunits can be artificially divided into three 

functional groups: catalytic, structural and assembly factors (chaperones). 

An increasing number of reports have described mutations in particular subunits of 

complex I as the direct cause of specific diseases by decreasing catalytic activity 

and/or assembly of the complex. 

 Because complex I and II activities were impaired in MLS-Stat3E 

mitochondria, we checked the mRNA and protein levels of representative subunits, 

putting emphasis on the ones that contribute to catalytic function. We assayed mRNA 

and protein levels of three subunits that comprised to the NADH dehydrogenase, the 

flavoprotein (FP) part of complex I: NDUFV1 and NDUFV2. As depicted in 

Table 3.3 and in Figure 3.10A, we saw no difference in protein expression of all 

three subunits. 

Iron-sulfur protein fraction (IP) of complex I is responsible for electron 

transport from flavin center (FP) to a membrane part of the complex with 

quinone-binding site, and it consists of a few very important catalytic subunits such as 

NDUFS1 and NDUFS2. Similarly to flavoprotein components, we have not seen any 

changes in NDUFS1 and NDUFS2 mRNA nor protein expression in MLS-Stat3E 

compared to WT hearts (Figure 3.10A and Table 3.3). 

Another subunit of interest was NDUFAF1 due to its reported central role in 

initial steps of assembly of complex I (312). The knock-down of NDUFAF1 

expression using interfering RNA caused a reduction in amount and activity of the 

complex. Yet, we have not seen a change in messenger RNA of this assembly factor 

between transgenic and wild-type hearts (Table 3.3). This result confirmed our 

previous observations from blue native gels indicating that the cause of decrease in 

complex I activity was not due to the alterations in its assembly. 

 We additionally investigated expression of GRIM-19 in both types of 

mitochondria. This protein is a known component of NADH:ubiquinone 
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oxidoreductase (under the name NDUFA13) and is essential for assembly and 

function of complex I (133). Moreover GRIM-19 has been reported to interact with 

Stat3 (326). Therefore, we wanted to know if mitochondrial overexpression of Stat3 

would change the levels of GRIM-19. As shown in Table 3.3 and Figure 3.10A, the 

mRNA and protein levels of this molecule were unaltered in MLS-Stat3E hearts when 

compared with WT. 

 Furthermore, we compared protein expression of representative subunits of 

complex II, III, IV and ATP synthase between mitochondria isolated from transgenic 

and wild-type hearts. Two main catalytic components of succinate:ubiquinone 

oxidoreductase, 70 kDa SDHa and 30 kDa SDHb, exhibited the same levels of protein 

in both types of mitochondria (Figure 3.10B). The same results were obtained for 

Core 2 subunit of complex III, cytochrome c oxygenase (complex IV) subunit 4 

(COX4) and ATP synthase subunit β (Figure 3.10B). 

Since the activity of complex III, IV and ATP synthase was determined as 

unchanged in MLS-Stat3E mitochondria, the western blot analysis confirmed this 

observation. However, the discrepancies between complex I and II activities and 

normal expression levels of their major subunits, led us to the conclusion that the 

functional decrease in both complexes was likely to be a result of protein 

posttranslational modifications or in protein-protein interactions, in which Stat3 might 

be involved. 
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Gene WT MLS-Stat3E 

NDUFV1 1.00 ± 0.11 0.86 ± 0.06 

NDUFV2 1.00 ± 0.04 0.92 ± 0.07 

NDUFS1 1.00 ± 0.10 0.81 ± 0.08 

NDUFS2 1.00 ± 0.11 1.03 ± 0.08 

GRIM19 1.00 ± 0.14 0.74 ± 0.04 

NDUFAF1 1.00 ± 0.17 0.91 ± 0.06 

 
Table 3.3. Levels of mRNA encoding subunits of complex I in heart tissue isolated from WT and 
MLS-Stat3E transgenic mice. Total RNA was extracted from heart tissue homogenates using 
modified Chomczynski’s method of RNA isolation as described in Materials and Methods. RNA was 
transcribed to cDNA and analyzed by real-time quantitative PCR for the expression of the nuclear 
encoded subunits of complex I. Expression of beta-actin was used as an internal control to normalize 
the loading conditions. Results are shown as fold increase in gene expression in transgenic heart versus 
wild type heart tissue set as 1. The values represent means ± SE for n ≥ 5 mice in both groups of 
animals. 

 

 

Figure 3.10. Protein levels of subunits of electron transport chain complexes do not differ in 
MLS-Stat3E mice when compared to WT mice. Isolated heart mitochondria were subjected to 
SDS-PAGE, transferred to PVDF membrane and immunoblotted against different subunits of complex 
I (A) or two major subunits of complex II and representative proteins from complex III, IV and V (B). 
Mitochondrial protein concentration in the samples was measured using Lowry method in the presence 
of deoxycholate as a detergent. Equal amounts of mitochondrial proteins (10 µg) were mixed with LDS 
loading buffer, incubated for 10 min at 70 oC and loaded on the gel. Probing for porin was used as 
a protein loading control. Representative blots shown here are one of four independent experiments. 
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3.8. Ischemia induces mitochondrial Stat3 import 

Stat3 plays a substantial role in cardioprotection against ischemia/reperfusion 

injury as a part of the complex signaling cascade. Since this molecule is present in the 

mitochondria and influences respiration, we pursued experiments to test whether 

mitochondria-localized Stat3 with abolished capability to bind DNA was involved in 

a mitochondrial response to ischemic insults. Cardiac mitochondria are both sources 

and targets of ischemic damage (28, 174, 175). Ischemic insult affects the electron 

transport chain, which in turn leads to a decrease in the rate of integrated respiration. 

In our study we addressed the question if the overexpression of 

mitochondrial-targeted Stat3 would change the response of these organelles to 

ischemic insult. In our experiments we used an ex vivo simulated ischemia model that 

was established by Lesnefsky’s group (49). It is based on 45 minutes of incubation in 

saline at 37 oC followed by mitochondria isolation. 

The western blot analysis of the cardiac mitochondria subjected to ischemia 

showed enhanced Stat3 in the mitochondria when compared to control hearts 

(Figure 3.11). This increase was likely to be a result of a de novo import of Stat3 into 

the mitochondria. This phenomenon was much more apparent in MLS-Stat3E 

transgenic hearts than in wild-type hearts. We noticed a similar trend in WT samples 

however, the increase in mitochondrial Stat3 was less apparent. 

Next, we examined integrated respiration in mitochondria isolated from mouse 

hearts with MLS-Stat3E subjected to ischemia. 
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Figure 3.11. Ischemia induces Stat3 translocation into the mitochondria. Mitochondria were 
isolated from ischemic and control hearts of WT and MLS-Stat3E mice according to the protocol 
described in Materials and Methods. Mitochondrial proteins (10 µg) were resolved by SDS-PAGE, 
transferred to PVDF membrane and immunoblotted against Stat3, tubulin (cytosolic marker), and porin 
as a control of equal mitochondria loading. Different exposure times had to be applied due to the 
overexpression of the transgene in MLS-Stat3E mitochondria. One representative blot out of three 
independent experiments (n = 6 in each experiment group) is shown. 
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3.9. Complex I-dependant respiration is protected against ischemic damage in 

MLS-Stat3E mitochondria 

In order to investigate the possible regulatory mechanism of Stat3 on the 

mitochondrial electron transport chain, we subjected MLS-Stat3E and WT mouse 

hearts to 45 min of ex vivo ischemia and investigated the changes in mitochondria 

functioning, including oxidative phosphorylation, ETC activities and ETC-driven 

ROS production.  

First, we tested the rates of integrated respiration in mitochondria isolated 

from MLS-Stat3E and WT hearts subjected to ischemia and compared to controls 

(hearts kept on ice for the same time duration). As shown in Figure 3.12, ischemia 

decreased maximal state 3 rates (after addition of 2 mM ADP) in both transgenic and 

wild-type hearts. Succinate- and TMPD/ascorbate-dependent respiration rates were 

equally lowered after ischemia comparing MLS-Stat3E and WT mitochondria. A 39% 

decrease in glutamate+malate rates was observed in wild-type mice, while in 

transgenes we saw only 18% decrease, which was over 2-fold less reduction due to 

ischemia (Figure 3.12A). Therefore, the expression of MLS-Stat3E protected 

glutamate+malate-dependent respiration against ischemic damage. Additionally, 

confirming our previous data (Table 3.2), the maximum state 3 rates on 

glutamate+malate and/or succinate in MLS-Stat3E time control group were already 

lowered when compared to WT TC mice (Table 3.4). 

Consistent with previously published data (54), ischemia increased uncoupling 

of the mitochondria indicated by augmented state 4 rates when using complex I 

substrates in both types of mitochondria (Table 3.4). Augmented uncoupling of 

respiration after ischemia is likely a result of increased permeability of the inner 

mitochondrial membrane (53). Respiratory control ratios (RCRs) were reduced after 

ischemia equally in both animal groups and independently of the type of substrates 

used (Table 3.4). Furthermore, the maximum state 3 rates with glutamate+malate in 

the presence of DNP uncoupler were diminished 39% versus time control in WT 

ISCH group and 14% in MLS-Stat3E ISCH group, which was comparable with the 

results without DNP (Table 3.4). Apparently, phosphorylation aparatus did not 

contribute to the ischemia-exerted decrease in complex I-dependent respiration in 

both wild-type and transgenic mice. Similarly, the succinate-dependent maximum 
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state 3 rates in the presence of DNP were equally decreased after ischemia in WT and 

MLS-Stat3E mice. Taken together, these results provided information that the 

phosphorylation apparatus was not affected by ischemic insult in MLS-Stat3E and 

WT hearts. 

Since ischemia damages the electron transport chain, we next proceeded to 

measure the enzymatic activity of individual respiratory complexes. 

 

 

Figure 3.12. Ischemia causes less defects in glutamate+malate integrated respiraton in 
MLS-Stat3E mitochondria. Hearts of MLS-Stat3E and WT mice were subjected to ischemia (45 min 
incubation in 1 ml of saline at 37 oC with shaking). In parallel, time control (TC) hearts were kept on 
ice. After ischemia, mitochondria were isolated and rates of integral respiration were recorded. In WT 
hearts, 2 mM ADP respiration on glutamate+malate (A), succinate (B) and TMPD/ascorbate (C) were 
decreased 39%, 45% and 29%, respectively. Similarly lower rates on succinate and TMPD/ascorbate 
were observed in MLS-Stat3E heart but glutamate+malate respiration was decreased only 18% when 
compared to 39% in WT littermates. Results were expressed in % as a change in 2 mM ADP rates 
compared to non-ischemic time control rates set as 100%. Each bar represents a mean ± SE. 
Statistically significant differences were annotated with *. *p < 0.05, Student’s t-test, n = 6 mice for 
each group. 

 



 

	  

96	  

Glutamate+malate 
WT 

TC 

WT 

ISCH 

MLS-Stat3E 

TC 

MLS-Stat3E 

ISCH 

State 4 46 ± 2 59 ±  3* 42 ± 2 66 ±  5 

RCR 6.3 ± 0.1 3.42 ±  0.16** 6.9 ± 0.3 3.3 ±  0.4 

2 mM ADP 377 ± 13 231 ±  22** 316 ±  14 260 ±  13 

DNP 368 ± 13 224 ±  24** 309 ±  14 264 ± 14 

Succinate 

+rotenone 

WT 

TC 

WT 

ISCH 

MLS-Stat3E 

TC 

MLS-Stat3E 

ISCH 

State 4 184 ± 7 139 ±  8* 171 ± 11 143 ± 14 

RCR 2.8 ± 0.1 1.56 ±  0.05** 2.7 ± 0.1 1.4 ±  0.1 

2 mM ADP 542 ± 18 297 ±  21** 467 ±  20 266 ±  21 

DNP 512 ± 19 297 ±  18** 444 ±  16 262 ±  16 

TMPD/ascorbate 

+rotenone 

WT 

TC 

WT 

ISCH 

MLS-Stat3E 

TC 

MLS-Stat3E 

ISCH 

2 mM ADP-azide 1478 ± 53 1042 ±  70** 1469 ± 71 1028 ±  73 

 
Table 3.4. Ischemia affects mitochondrial oxidative phosphorylation. Hearts of MLS-Stat3E and 
WT mice were subjected to ischemia (ISCH) (45 min incubation in 1 ml of saline at 37 oC with 
shaking). In parallel, time control (TC) hearts were kept on ice. After ischemia, mitochondria were 
isolated and rates of respiration were recorded. Based on state 3 and state 4 rates, respiratory control 
ratios (RCRs) were calculated. During recording of 2 mM ADP-dependent maximal state 3 rate, 
uncoupler 2,4-dinitrophenol (DNP) was added to establish relative contribution of phosphorylation 
apparatus and ETC to the observed ischemic defects in integral respiration. Data represents 
means ± SE, n = 6 mice in each experimental group. Values of state 4, 2 mM ADP and DNP rates are 
expressed in nAO/mg/min. Statistically significant differences between WT ISCH vs. WT TC were 
annotated as * for p < 0.05 and ** for p < 0.001; MLS-Stat3E ISCH vs. MLS-Stat3E TC as  for 
p < 0.05 and  for p < 0.001; and MLS-Stat3E TC vs. WT TC as  for p < 0.05. All results were 
compared using two-way ANOVA test followed by pairwise multiple comparison procedure 
(Holm-Sidak test). 
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3.10. MLS-Stat3E expression in the mitochondria prevents ischemia-induced 

decrease in complex I activity and the cytochrome c release 

 The mitochondrial electron transport chain is progressively damaged during 

ischemia (173, 177, 243, 307). Various reports indicate that the initial site of ischemic 

damage to the ETC is complex I (52, 225, 254) and with increasing duration of the 

insult, it progresses to complex III (173) and IV (176). Therefore, as a next step we 

measured maximal activities of complex I, II and III. Additionally, we tested citrate 

synthase activity (CS) as a mitochondria-specific marker. CS rates were unchanged 

between all four experimental groups (Table 3.5), which allowed us to compare the 

raw data obtained from other enzymatic assays. 

 As depicted in Table 3.5 and Figure 3.13A, ischemia caused 29% decrease in 

the maximal activity of NADH:ubiquinone oxidoreductase in mitochondria isolated 

from wild-type hearts when compared to controls. However, already decreased 

activity of complex I from transgenic heart mitochondria was not further reduced after 

ischemia. These results corroborated the decreased rates of 

glutamate+malate-dependent respiration in WT and the relatively preserved rates in 

MLS-Stat3E (Table 3.4 and Figure 3.12A). 

Complex II activity was not decreased by ischemia in both types of mice 

(Table 3.5), confirming already reported observations in wild-type mice (175). The 

basal enzymatic rates in control samples (TC) from MLS-Stat3E group were lower 

when compared to WT TC but did not decrease further due to the insult. Thus, the 

reduced rates of respiration with succinate were likely a result of the impaired 

cytochrome c oxygenase (TMPD/ascorbate rates) or possible complex III damage. 

Therefore, we also measured ubiquinone:cytochrome c oxidoreductase activity and 

did not observe any changes in enzymatic rates caused by ischemia (Table 3.5).  

Additionally, we measured the rotenone-insensitive activity of NADH 

dehydrogenase (NFR), the proximal part of complex I (Figure 2.5 in Materials and 

Methods). Despite the decreased total (rotenone-sensitive) activity of complex I in 

WT vs. MLS-Stat3E mitochondria in basal conditions, we did not observe any 

changes in NFR enzymatic rates between both sample groups (Table 3.5). Moreover, 

ischemia did not decrease maximal enzymatic rates of NFR in WT cardiac 

mitochondria, as well as in MLS-Stat3E hearts (Table 3.5). Our data confirmed those 
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previously published regarding the absence of ischemic damage in NFR (52). 

Moreover, these results suggested that the NADH dehydrogenase part of complex I 

was not a rate-limiting factor for the overall efficiency of the electron transfer through 

this complex. 

To summarize, ischemia reduced rotenone-sensitive complex I activity in wild 

type heart mitochondria, but not in MLS-Stat3E transgenes. Complex II and III were 

unaffected. Therefore, observed slower rate of succinate-dependent respiration in 

ischemic mitochondria was a result of a decrease in complex IV activity or 

a cytochrome c loss. Therefore, we measured cytochrome c content in mitochondria 

from hearts subjected to ischemic insult and time controls. Western blot analysis 

revealed a reduced amount of cytochrome c in WT mitochondria after ischemia 

(Figure 3.14B). Surprisingly, we did not observe any decrease in MLS-Stat3E 

samples. According to densitometric measurements, ischemia induced 32% loss of 

cytochrome c from the wild-type mitochondria (ratio of ischemia/control ranging 

between 0.48 and 0.78) but only 5% from MLS-Stat3E (ratio: 0.85 – 1.12) 

(Figure 3.14A). Therefore, the slower rates of TMPD/ascorbate respiration in 

MLS-Stat3E mitochondria were likely due to the impaired enzymatic activity of 

complex IV or cardiolipin loss. In contrast, in WT samples the reduced rates could be 

a result of decreased complex IV activity, cardiolipin loss and the cytochrome c 

release. Additional measurement of first-order enzymatic rates of complex IV 

revealed an ischemia-originated defect in cytochrome c oxidase, which resulted in 

28% decrease in its activity (Table 3.5). This phenomenon was observed in both WT 

and MLS-Stat3E mitochondria (Figure 3.13B). 
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WT 

TC 

WT 

ISCH 

MLS-Stat3E 

TC 

MLS-Stat3E 

ISCH 

CS 2770 ± 41 2679 ± 47 2691 ± 162 2821 ± 62 

complex I 937 ± 56 669 ±  48** 750 ±  45 649 ± 36 

NFR 1904 ± 58 1749 ± 76 2103 ± 120 1897 ± 68 

complex II 248 ± 9 238 ± 16 197 ±  15 200 ± 11 

complex III 8471 ± 274 8500 ± 99 8392 ± 410 8167 ± 333 

complex IV 414 ± 16 299 ±  28* 401 ± 21 291 ±  21 

 
Table 3.5. Ischemia decreases maximum activity of complex I in mitochondria from wild type 
mice but not from MLS-Stat3E. Complex IV activity is equally decreased by ischemia in both 
types of mitochondria but complex II and III activities are not altered. Hearts of MLS-Stat3E and 
WT mice were subjected to 45 min of ischemia (ISCH) or kept on ice (time control, TC). Mitochondria 
were isolated, cholate-solubilized and enzymatic activities of invidual ETC complex and of citrate 
synthase were determined spectrophotometrically, as described in Materials and Methods. All results 
are expressed in nmol/min/mg or 1/min/mg in case of complex IV. Bars represent means ± SE, n = 6 
mice in each experimental group, except for complex IV measurements n = 4 in each experimental 
group. Statistically significant differences were annotated as ** for p < 0.001 (WT ISCH vs. WT TC); 
 for p < 0.05 (MLS-Stat3E TC vs. WT TC); and MLS-Stat3E ISCH vs. MLS-Stat3E TC as  for 
p < 0.05. All results were compared using two-way ANOVA test followed by pairwise multiple 
comparison procedure (Holm-Sidak test). CS, citrate synthase; NFR, NADH:ferricyanide reductase. 

 

 
Figure 3.13. Ischemia causes less damage to complex I activity in MLS-Stat3E mitochondria (A). 
Complex IV activity is reduced to the same extent in WT and MLS-Stat3E mitochondria (B). 
Hearts of MLS-Stat3E and WT mice were subjected to ischemia (45 min incubation in 1 ml of saline at 
37 oC with shaking). In parallel, time control (TC) hearts were kept on ice. Mitochondria were isolated 
and maximal enzymatic rates of complex I (rotenone-sensitive) and complex IV were measured. 
Results were expressed in % as a change in complex I and IV activities compared to the time-control 
activities set as 100%. Each bar represents a mean ± SE. Statistically significant differences were 
annotated with *. *p < 0.05, Student’s t-test, n = 6 mice for complex I assays, n = 4 for complex IV 
assays. 
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Figure 3.14. Ischemia does not induce cytochrome c release from mitochondria with 
overexpression of MLS-Stat3E. Mitochondria were isolated from ischemic and control hearts of WT 
and MLS-Stat3E mice according to the protocol described in Materials and Methods. (A-B) 
Mitochondrial proteins (10 µg) were resolved by SDS-PAGE, transferred to PVDF membrane and 
immunoblotted against cytochrome c and porin as a control of equal mitochondria loading. (A) 
Densitometry was measured using ImageJ (NIH, Bethesda, MD) and expressed as ratio of cytochrome 
c of ISCH sample to cytochrome c of TC sample normalized to the ratio of porin from ISCH to porin 
from TC. Bars represent means ± SE, n = 4 pairs of ISCH vs. TC hearts in both experimental groups. 
Statistically significant differences were annotated as * for p < 0.05, Student’s t-test. (B) An example 
blot showing probing for cytochrome c. ISCH, ischemia; TC, time control. 
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3.11. Ischemia does not augment ROS generation from complex I in transgenic 

hearts when compared to WT 

 To assess ROS production in heart mitochondrial preps, we measured H2O2 

net release from these organelles. Since in normally respiring mitochondria 

superoxide generation from the electron transport chain is low (313), the isolated 

intact mitochondria were supplied with excess of metabolic substrates, which resulted 

in the depletion of ADP and establishment of higher ROS-generating state 4 of 

mitochondrial respiration (157, 158, 187). 

 Basal net production of hydrogen peroxide (H2O2) by cardiac mitochondria 

did not differ between MLS-Stat3E and WT. As shown in Figure 3.15, it did not 

depend on the electron source. Both glutamate+malate (Figure 3.15A) and succinate 

(Figure 3.15B) dependent respiration generated the same basal levels of H2O2, even 

though transgenic mitochondria had markedly reduced complex I activity. 

 Additionally, we checked basal expression of the mitochondrial manganese 

superoxide dismutase (MnSOD), which is considered to be an important indicator of 

chronically augmented levels of ROS (57, 84). This matrix-localized enzyme 

eliminates superoxide anions by catalyzing dismutation to H2O2 and while •O2
- 

cannot penetrate mitochondrial membranes, hydrogen peroxide is able to cross this 

barrier and diffuse into cytosol. Moreover, it has been reported that MnSOD 

expression is dependent on transcriptional activity of Stat3 (218) highlighting the 

importance of these experiments. We observed that neither heart MnSOD mRNA 

(Figure 3.16A), nor protein expression of MnSOD in cardiac mitochondria 

(Figure 3.16C) exhibited any differences between MLS-Stat3E and WT mice. 

Moreover, ischemia did not alter MnSOD protein levels in the mitochondria. 

It has been also reported that constitutively active Stat3 expressed in heart 

induced metallothionein-1 and 2 mRNA and protein levels, which in turn resulted in 

reduced ROS generation in heart tissue during ischemia and reperfusion (231). 

Metallothioneins (MTs) have the capacity to bind heavy metals (zinc, selenium, 

copper, cadmium, mercury, silver) through the thiol groups in their cysteine residues 

(226). Metallothioneins are able to reduce the superoxide radicals in the reaction of 

cysteine oxidation to cystine with simultaneous release of MT-bound metal ion. 

Similar to MnSOD, the methallothionein-1 gene promoter contains a functional Stat3 
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binding site (166). However, we did not observe any upregulation of MT-1 mRNA in 

MLS-Stat3E hearts in basal conditions (Figure 3.16B). Furthermore, as shown in 

Figure 3.16C, western blot analysis using polyclonal antibodies that recognize all 

forms of metallothionein revealed equal MT protein levels between MLS-Stat3E and 

WT heart mitochondria, which were not further influenced during ischemia. Thus, any 

changes in net H2O2 release by transgenic mitochondria were not due to the altered 

MnSOD or MT expression as a result of Stat3E overexpression. 

 Since we observed decreased complex I activity in MLS-Stat3E mitochondria, 

we were prompted to test the ischemia-driven generation of radicals in the transgenic 

hearts and compare it to the wild-type mice. As depicted in Figure 3.17, ischemia 

caused the release of more hydrogen peroxide from complex I and complex III in WT 

mitochondria, while in MLS-Stat3E samples we observed increase in H2O2 generation 

only from complex III (Figure 3.17B). Complex I was not a source of 

ischemia-induced ROS production in MLS-Stat3E hearts (Figure 3.17A). 

Additionally, we investigated the maximal capacity of complex I and III to produce 

H2O2 by inhibition of complex I with rotenone and complex III with antimycin A and 

rotenone, the latter to block reverse electron flow into complex I. Specific inhibitors 

were present during the time of incubation of isolated mitochondria with respiration 

substrates. In basal conditions there were no differences observed between 

MLS-Stat3E and wild-type mitochondria in maximal capability of both complexes to 

H2O2 net release, as shown in Figure 3.18. However, ischemia increased the H2O2 

production capacity from complex I in WT but not in MLS-Stat3E hearts 

(Figure 3.18A). The trend toward an increase was seen in MLS-Stat3E group but it 

did not reach the statistical significance in ANOVA test for multigroup comparison. 

However, we did notice statistically significant decrease in maximal capacity of 

complex I to release H2O2 following ischemia in MLS-Stat3E mitochondria 

comparing to WT (MLS-Stat3E ISCH: 332 ± 27 vs. WT ISCH: 561 ± 130, p < 0.05 

by two-way ANOVA). Moreover, succinate in the presence of rotenone and 

antimycin A showed equal H2O2 generation from both WT and MLS-Stat3E 

mitochondria, which was not further augmented by ischemia (Figure 3.18B). This 

result confirmed the observation of unchanged complex II activity by ischemia, since 

the transfer of electrons in the presence of rotenone and antimycin A from succinate 

into complex III leading to H2O2 generation at Qo site was not different between WT 
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and MLS-Stat3E (Figure 3.18B). Moreover, the succinate respiration with rotenone 

but without antimycin A inhibition of Qi site increased H2O2 release (Figure 3.17B). 

This observation indicated the possible blockade of ETC in part distal to Qi locus, 

more likely downstream of complex III, since its activity was also not altered by 

ischemia. Therefore, it is possible that the observed increase of H2O2 from complex 

III was a result of decreased TMPD/ascorbate rates after ischemia due to the defect in 

cytochrome oxidase activity. 

The electron flow from oxidized succinate in the absence of rotenone can 

generate H2O2 from either complex I (by reverse electron transfer, RET) or complex 

III. Furthermore, the location of ischemic damage in complex I has been suggested to 

be localized at the two tightly bound quinones, proceeded by N2 iron-sulfur cluster, 

a possible •O2
- release site (52). Therefore, ischemia should abolish the 

succinate-dependent reverse electron transfer from complex II into I (estimated as the 

difference between peroxide generation with succinate alone minus the rate of 

succinate with rotenone). Indeed, we observed the significant decrease in RET-related 

H2O2 release in wild-type hearts (Figure 3.19). The same inhibitory effect was seen in 

MLS-Stat3E mitochondria. Thus, ischemia reduced the rate of H2O2 generation due to 

the reverse electron transfer into complex I (Figure 3.19) while increasing the rate of 

production of H2O2 from complex III (Figure 3.17B). 
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Figure 3.15. Mitochondrial expression of Stat3E does not influence basal net production of H2O2 
from the electron transport chain. Mitochondria isolated from MLS-Stat3E and WT hearts were 
incubated at 37 oC with complex I (A)- and II (B)-specific substrates without any ETC inhibitors, and 
after 30 min the net production of hydrogen peroxide was measured using Amplex Red and HRP as 
described in Materials and Methods. Data are means ± SE, n = 4 in both experimental groups. The 
results were analyzed using the Student’s t-test for two groups. 
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Figure 3.16. The mitochondrial antioxidant enzymes MnSOD and metallothioneins are not 
upregulated in MLS-Stat3E transgenic mice. (A-B) Total RNA was isolated from heart tissue of 
transgenic and wild type mice (both groups n ≥ 5), and treated with DNase. Levels of MnSOD (A) and 
MT-1 (B) mRNA were measured by real-time qPCR. WT was used as a control and set as 1. Bars 
represent means ± SE. The results were analyzed using Student’s t-test for two groups. 
(C) Mitochondria were isolated from ischemic and control hearts of WT and MLS-Stat3E mice 
according to the protocol described in Materials and Methods. Mitochondrial proteins were resolved by 
SDS-PAGE, transferred to PVDF membrane and immunoblotted against MnSOD, metallothionein 
(MT), and porin as a control of equal mitochondria loading. Due to different levels of expression of 
MnSOD and MT, different amounts of protein and times of exposure were applied, as indicated in the 
figure. One representative blot out of three independent experiments is shown. 
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Figure 3.17. Ischemia increases net H2O2 production by complex I in WT mitochondria but not in 
MLS-Stat3E (A). Succinate-dependent production of ROS by complex III is upregulated by 
ischemia in both types of mice (B). Hearts of MLS-Stat3E and WT mice were subjected to ischemia 
(45 min in 1 ml of saline at 37 oC with shaking). In parallel, time control (TC) hearts were kept on ice. 
After ischemia, intact mitochondria were isolated and incubated with glutamate+malate (A) or 
succinate+rotenone (B) at 37C for 30 min, followed by measurement of H2O2 net production using 
Amplex Red and HRP. Bars represent means ± SE, n = 4 mice in each experimental group. Statistically 
significant differences were marked with * for p < 0.05 (WT ISCH vs. WT TC) and  for p < 0.05 
(MLS-Stat3E ISCH vs. MLS-Stat3E TC). All results were compared using two-way ANOVA test 
followed by pairwise multiple comparison procedure (Holm-Sidak test). 
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Figure 3.18. Maximal capacity of ROS generation from complex I is reduced in MLS-Stat3E 
heart mitochondria (A). ROS production capacity of complex III is the same between transgenic 
and wild-type mitochondria (B) and not altered by ischemia. Hearts from MLS-Stat3E and WT 
mice were subjected to 45 min of ischemia or kept on ice as a time control (TC) hearts. After ischemia, 
intact mitochondria were isolated and incubated with glutamate+malate in the presence of rotenone (A) 
or succinate with rotenone and antimycin A (B) at 37 oC for 30 min, followed by measurement of H2O2 
net production using Amplex Red and HRP. Bars represent means ± SE, n = 4 mice in each 
experimental group. Statistically significant differences were marked with * for p < 0.05 (WT ISCH vs. 
WT TC); NS, not significant. All results were compared using two-way ANOVA test followed by 
pairwise multiple comparison procedure (Holm-Sidak test). 
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Figure 3.19. Complex I-mediated ROS generation linked to reverse electron transfer (RET) is 
unchanged between MLS-Stat3E and WT mitochondria and is equally inhibited by ischemic 
damage. Hearts from MLS-Stat3E and WT mice were subjected to 45 min of simulated ischemia or 
kept on ice as a time control (TC) hearts. After ischemia, intact mitochondria were isolated and 
incubated with succinate with and without rotenone at 37 oC for 30 min, followed by measurement of 
H2O2 net production using Amplex Red and HRP. Reverse electron transfer was calculated as a 
difference between peroxide generation with succinate alone minus succinate with rotenone. Bars 
represent means ± SE, n = 4 mice in each experimental group. Statistically significant differences were 
marked with * for p < 0.05 (WT ISCH vs. WT TC) and  for p < 0.001 (MLS-Stat3E ISCH vs. 
MLS-Stat3E TC). All results were compared using two-way ANOVA test followed by pairwise 
multiple comparison procedure (Holm-Sidak test). 
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3.12. MLS-Stat3E transgene is transcriptionally inactive under ischemic 

conditions 

 Oxidative stress affects transcriptional activity leading to changes in mRNA 

levels of a variety of different genes (67, 277). One of the major protective genes 

quickly upregulated by ischemia is a heat-shock protein 70 (Hsp70), which binds to 

partially denatured proteins, preventing them from aggregation and allowing them to 

re-fold (203, 244). 

Since we wanted to be certain that our transgene did not work as 

a transcription factor due to the mutation in its DNA-binding domain, we checked 

expression of Stat3-dependent genes (SOCS3 and c-Fos) as well as levels of total 

Stat3 mRNA under ischemic conditions. 

Figure 3.20 depicts the mRNA results obtained from hearts of both 

MLS-Stat3E and WT mice subjected to 45 min of ex vivo ischemia versus appropriate 

time controls. Stat3-dependent genes SOCS3 and c-Fos were upregulated over 3-fold 

by ischemia in both groups of animals (Figure 3.20A-B). However, despite 

upregulation in Stat3 mRNA (Figure 3.20C) and protein (Figure 3.3B and 

Figure 3.11) levels due to the transgene overexpression, we did not observe any 

higher expression of SOCS3 and c-Fos in the MLS-Stat3E hearts. Thus, our transgene 

could not bind to the DNA and drive the expression of Stat3-dependent genes in 

response to ischemia. 

Hsp70 expression was upregulated over 7-fold by ischemia when compared to 

TCs in both transgenic and wild-type hearts (Figure 3.20D). Thus, the main 

cardioprotective responses to the oxidative stress appear to be unaltered in 

MLS-Stat3E transgenic mice. 
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Figure 3.20. Stat3-dependent SOCS3 and c-Fos mRNA expression is equally upregulated in WT 
and MLS-Stat3E hearts following ischemia (A-B). Total RNA was isolated from ischemic (ISCH) 
and time control (TC) hearts of transgenic and wild type mice, followed by DNase treatment. 
Measurement of mRNA of interest was assayed by real-time qPCR. WT was used as a control and set 
as 1. (C) Stat3 mRNA level is reduced in WT hearts after ischemia, but stays upregulated in 
overexpressing transgenes. (D) mRNA of heat-shock protein 70 (Hsp70i) was measured to test the gene 
expression response to ischemic insult. Bars represent means ± SE, n ≥ 5 mice in each experimental 
group. Statistically significant differences were marked with * for p < 0.05 or ** for p < 0.001 
(vs. WT TC). All results were analyzed using Student’s t-test. Hsp70i, inducible heat shock protein 70. 
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SUMMARY 

 

1. Ischemia induces Stat3 mitochondria import. 

2. Overexpression of Stat3 in the mitochondria causes a mild suppression of 

integrated respiration on glutamate+malate and succinate due to the decrease 

in enzymatic activities of complex I and II, respectively. 

3. Complex I-dependent respiration is not further decreased during ischemia in 

mitochondria with expression of MLS-Stat3E. 

4. During ischemia expression of MLS-Stat3E represses ROS production from 

complex I and inhibits cytochrome c release from the mitochondria. 

5. The possible site of Stat3 interaction with complex I has been bracketed to the 

part distal to NADH dehydrogenase and proximal to N2 iron-sulfur cluster. 

6. The protective role of Stat3 in the mitochondria is not based on its 

transcriptional activity. 
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CHAPTER IV: DISCUSSION 

Disruption of Stat3 in mice is embryonic lethal (290). Therefore, the studies of 

Stat3 function in ischemia/reperfusion injury are performed in mice with 

organ-specific deletion or overexpression of this protein. Downregulation of Stat3 in 

cardiac tissue using α-MyHC-Cre/loxP system resulted in larger infarction after 1 h of 

ischemia followed by 24 h of reperfusion than in the wild-type littermates (116). In 

contrast, transgenic mice with heart-specific overexpression of constitutively active 

Stat3 developed smaller infarcts after 1 h of ischemia and 2 h of reperfusion when 

compared to wild-type mice (231). These data confirmed the cardioprotective role of 

Stat3 in the heart. 

Recent reports described Stat3 localization in the mitochondria and its 

non-transcriptional role in modulation of mitochondrial respiration (316). Since 

mitochondria are a target of ischemic damage and a source of ischemia/reperfusion 

injury to the heart, we wanted to investigate the possible role of 

mitochondria-localized Stat3 in the response of these organelles to ischemic insult. In 

order to express Stat3 exclusively in the heart tissue, we designed a transgene 

containing mouse Stat3, whose expression was driven by the cardiac-specific 

α-myosin heavy chain (α-MyHC) gene promoter. A mitochondria-localizing sequence 

(MLS) was introduced at the 5’-end of the construct. We confirmed that the transgene 

was expressed exclusively in the cardiac tissue (Figure 3.2). We successfully 

established three mouse lines that differ in protein levels of the transgene in 

mitochondria (Figure 3.3 and Table 3.1). However, since endogenous Stat3 was 

present in these animals at all times, for further experiments we chose the line with 

the highest transgene expression (2BE), termed MLS-Stat3E. 

Stat3 mRNA in the hearts of MLS-Stat3E mice was over 80-fold higher than 

in the WT littermates (Figure 3.3A). Increased expression of the protein was 

confirmed by western blot (Figure 3.3B). It appeared that the majority of the protein 

was targeted to the mitochondria due to the presence of MLS sequence (Figure 3.3C). 

We also noticed additional band with lower molecular size that was reactive with 

anti-Stat3 antibody. It is likely a product of non-specific proteolytic degradation of the 

overexpressed protein, since it was present in both mitochondrial and cytosolic 

franctions (Figure 3.3B). Consistent with this hypothesis, the intensity of the lower 
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size band enhanced with increasing expression levels of the transgene (Figure 3.3B). 

In cytosol we could observe a large discrepancy in intensity between the higher and 

lower bands. In mitochondria there was an almost equal signal from both bands. 

Therefore, we cannot exclude the possibility of an enhanced proteolytic cleavage that 

takes place inside the mitochondria. These two apparent molecular weight forms of 

Stat3 were also observed in wild-type mitochondria but not cytosolic fractions after 

longer exposure of the x-ray film (Figure 3.3B). Hypothetically, in the wild-type 

samples we could have detected a beta isoform of Stat3, which is a 43 amino acid 

shorter variant of the protein. However, the transgenic construct did not contain the 

sites necessary for alternative splicing to generate Stat3β. Therefore, the additional 

lower band present in MLS-Stat3E samples could not be the Stat3β form. Since we 

used the monoclonal antibody that recognizes the C-terminal portion of Stat3, the 

suggested site of cleavage was likely to be located within N-terminal part of the 

protein. The N-terminal mitochondrial targeting signals are in most cases cleaved 

from proteins by the mitochondrial-processing peptidase (MPP) as soon as the 

cleavage sites reach the matrix (89). Since the MLS that we fused with N-terminus of 

Stat3 in our construct was taken from cytochrome oxidase subunit 8, which is an inner 

mitochondrial membrane protein, the transgene should be targeted to the matrix where 

MPP would be responsible for removal of the MLS. Stat3 was likely not introduced 

into the inner membrane due to the lack of typical β-barrel structure, necessary for 

transmembrane insertion (220). However, the endogenous Stat3 does not have an 

MLS sequence, therefore the additional lower band in the WT sample could not be 

a result of the removal of signal peptide. There are other mitochondrial proteases that 

can be responsible for the cleavage process. For instance, PIM1 protease is 

responsible for ATP-dependent proteolytic degradation of misfolded proteins in the 

matrix (314). The role of the intermembrane space-located serine protease HtrA2/Omi 

is of particular because of its interaction with GRIM-19 (191), a protein that has been 

shown to co-immunoprecipitate with Stat3 (326). HtrA2 participates in pro-apoptotic 

signaling by proteolytic inactivation of caspase-3, -7 and -9 inhibitor XIAP (305). It 

appears that the interaction between GRIM-19 and Omi results in augmented 

enzymatic activity of the protease (191). Whether enhanced Stat3 cleavage observed 

in the mitochondria is also a result of GRIM-19/Omi complex formation remains to 

be elucidated.  
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Despite the introduction of MLS to the transgenic construct, we were still able 

to detect abundant amounts of MLS-Stat3E in the cytosolic fraction (Figure 3.3). 

However, two point mutations in the DNA-binding domain should result in 

transcriptional inactivity of Stat3 (130). Two known Stat3 target genes were used to 

test the ability of Stat3 to bind DNA. Activated Stat3 has been shown to induce 

SOCS3 and cFos gene expression (321, 327). We did not observe any upregulation of 

SOCS3 and cFos in cardiac tissue in under basal conditions. However, since Stat3 is 

phosphorylated and therefore activated during ischemia, as it can translocate to the 

nucleus and drive gene expression (320), we tested the SOCS3 and cFos mRNA 

levels from hearts of both WT and MLS-Stat3 mice subjected to 45 minutes of 

ischemia. We saw equal induction of both genes in WT and MLS-Stat3 hearts, which 

is probably a result of the presence of endogenous Stat3 in the cardiac tissue 

(Figure 3.20). This result further indicates that overexpression of MLS-Stat3 does not 

work here as a dominant negative Stat3 in regard to gene expression.  

Our group has previously reported that Stat3 deletion attenuates integrated 

respiration using pyruvate+malate or succinate substrates due to the decreased 

enzymatic activity of complex I and II, respectively (316). Moreover, reconstitution of 

Stat3-null cells with mitochondria-localized Stat3 containing a mutation in its 

DNA-binding domain restored the deficits in the respiration. Therefore, we expected 

that the overexpression of the same Stat3 construct in the cardiac tissue would not 

change the rates of integrated respiration on complex I- and II-dependent substrates. 

Surprisingly, the mitochondria expressing MLS-Stat3E exhibited a small but 

significant 17 % decrease in respiration on glutamate+malate and 14% on succinate 

but unaltered TMPD/ascorbate rates (Figure 3.6 and Table 3.2). We further 

confirmed that the decreased respiratory rate was not a result of alterations in the 

phosphorylation apparatus, which consists of ATP synthase, adenine nucleotide and 

phosphate transporters (DNP rates in Table 3.2), indicating a selective partial 

blockade in the electron transport chain. 

Since the activity of ETC is tightly coupled with the generation of proton 

motive force, we tested whether this mild reduction in respiration could impact the 

generation of inner mitochondrial membrane potential. It appears that the maximal 

membrane potential (ΔΨmax) measured in the presence of glutamate+malate was not 

changed in MLS-Stat3E mitochondria compared to the wild-type samples 
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(Figure 3.7). Therefore, the similar values of ΔΨmax between MLS-Stat3E and WT 

mitochondria indicated that even though overexpression of Stat3E reduced the 

glutamate+malate respiration, it did not affect the capability to generate normal 

proton motive force in MLS-Stat3E mitochondria. In addition to this, we observed 

that in MLS-Stat3E mitochondria there is a delay in the time necessary for the ETC to 

establish maximum membrane polarization after initial addition of the 

glutamate+malate substrates. In contrast, wild-type mitochondria needed one-third 

less time to reach this maximum (Figure 3.7B). This result confirmed the defect in 

the proximal part of the respiratory chain in MLS-Stat3E transgenic hearts. 

Since TMPD/ascorbate respiration was unchanged between MLS-Stat3E and 

WT, inhibition was likely located in the ETC proximal to cytochrome c oxidase. 

Additionally, we could not exclude the possibility that overloading of the 

mitochondria with the MLS-Stat3E could result in a partial blockade of the electron 

transport chain. This might for instance disrupt the organization of the respiratory 

complexes in the inner mitochondrial membrane. Therefore, we investigated 

supercomplex formation in the mitochondria from MLS-Stat3E and WT hearts but we 

could not find any significant changes (Figure 3.8). Another possibility was that there 

were alterations in individual complexes leading to the reduced enzymatic activity. 

We performed spectrophotometric assays to test maximal activities of complex I, II 

and III of the ETC. The maximal enzymatic rate of cytochrome c reduction by 

complex III was unchanged between MLS-Stat3E and WT samples (Table 3.3 and 

Figure 3.9), leaving the two entry points of ETC as the likely sites of inhibition. 

Indeed, we observed both complex I and complex II activities were reduced about 

20% when compared to the wild-type mitochondria (Table 3.3 and Figure 3.9). 

Additionally, we tested NADH dehydrogenase part of complex I (NFR), which 

contains FMN center and catalyses oxidation of NADH. Apparently, the blockade 

within complex I is likely in the more distal part of this complex, since the maximal 

rates of NFR were unchanged between MLS-Stat3E and WT. To summarize, these 

results corroborated the observed lower rates of integrated respiration when 

glutamate+malate and succinate were used indicating the site of the inhibition resided 

at respiratory complexes I and II. 

In order to investigate the source of these altered enzymatic activities, we 

assayed the protein concentrations of some of the main catalytic subunits of complex I 
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and II. There were no significant differences in their expression between MLS-Stat3 

and WT mitochondria (Table 3.4 and Figure 3.10). These results do not exclude the 

possibility that other subunits of complex I and II are altered. However, data obtained 

in Blue Native gel electrophoresis show no apparent differences in protein levels of 

complex I and II (Figure 3.8B). Interestingly, it appears that complex I structure and 

function depends on the phospholipid content in its environment, especially amounts 

of cardiolipin (CL) (271). CL interacts also with other components of mitochondrial 

electron transport chain, such as complex II, III, IV and cytochrome c (131, 271). 

However, measurement of the individual complex activities in the presence of cholate 

makes it unlikely that changes in cardiolipin account for altered activities of complex 

I and II. Both complexes can be also regulated by posttranslational modifications, 

such as phosphorylation (192, 256), acetylation/deacetylation (2, 59) and 

glutathionylation (17, 45, 56, 291). The phosphorylation of 18-kDa subunit NDUFS4 

has been shown to increase enzymatic activity of complex I (236). While other 

subunits, among them NDUFA13/GRIM-19, are phosphorylated, how this 

modification influences the overall complex I activity still remains to be elucidated 

(235). Moreover, the complex II flavoprotein SDHa has also been reported to be 

tyrosine phosphorylated (256). However, it is unknown what the physiological 

importance of this phenomenon is. 

Complex I can also be reversibly acetylated. The process of acetylation occurs 

with acetyl CoA as a donor substrate and the nucleophilic side chains (lysine or 

N-terminus of the proteins) as acceptor sites (18). There are three class-III 

deacetylases found in the mitochondria: sirtuins-3, 4 and 5 (SIRT3, 4, 5). Their action 

is NAD+-dependent and classically they are required for deacetylation of nuclear 

histones and transcription factors involved in the regulation of survival pathways, 

stress and metabolism (257). It has been predicted that 14 subunits of human complex 

I contain acetylation domains, among them NDUFV1, NDUFS1, NDUFA9 and 

NDUFA13/GRIM-19 (150). Out of these three sirtuins, SIRT3 possesses a robust 

NAD+-dependent deacetylase activity. Recently it has been shown that a major 

catalytic subunit of complex II, SDHa involved in succinate dehydrogenation, is 

reversibly acetylated by SIRT3 (59). Deletion of SIRT3 leads to the increased 

acetylation and specific inhibition of complex I and II activities (2, 59). Stat3 has been 

reported to be regulated in the cytosol by another III-class deacetylease, SIRT1. In its 
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active state, acetylated Stat3 represses genes directly associated with gluconeogenesis 

and the SIRT1 expression is enhanced by fasting (224). Therefore, it would be highly 

interesting if mitochondrial Stat3 were also regulated by one of the sirtuins.  

Activities of complex I ad II can also be modulated by protein 

S-glutathionylation (Pr-GSSG), which in vivo is dependent on the changes in redox 

state (GSH/GSSG ratio) inside the mitochondrial matrix. NDUFS1 and NDUFV1 

subunits of complex I are glutathionylated in vitro upon exposure to GSSG (291) or 

low GSH/GSSG ratio (17). This modification is reversed by the addition of 

glutharedoxin-2 (Grx2) or glutathione (GSH). The correlation between 

glutathionylation and activity of complex I is unclear. Taylor et. al showed that the 

glutathionylation decreased complex I activity and increased ROS production in vitro 

(291). However, another group reported that Pr-GSSG leads to augmented complex I 

activity with reduced superoxide generation (45). Whether complex I is regulated by 

Pr-GSSG in the intact heart has not yet been explored. It is reported that 

mitochondrial complex II is constitutively glutathionylated in its SDHa subunit, 

which is changed due to the ischemia and reperfusion in isolated rat hearts (56). 

Moreover, studies of isolated complex II indicate that Pr-GSSG increases enzymatic 

activity and decreases the superoxide generation (56). These results suggest that 

ischemia/reperfusion-mediated deglutathionylation leads to the decrease in complex II 

function. However, we did not observe complex II enzymatic activity changes after 

ischemia in WT and MLS-Stat3E mitochondria (Table 3.5). Therefore, we speculate 

that in our model deglutathionylation of this complex would occur during reperfusion 

rather than ischemia alone. 

In summary, MLS-Stat3E expression in cardiac mitochondria causes a modest 

decrease in complex I- and II-mediated respiration but does not influence basal ROS 

production (Figure 3.15). It is possible that mitochondrial-targeted Stat3 changes 

basal respiration by post-translational modifications of complex I and II, for instance 

SIRT3-mediated deacetylation. Stat3 might also modulate respiration by altering 

protein-protein interactions with the regulatory subunits of complex I and II. At first 

glance our results appear to contradict those of Wegrzyn et. al. (316). It is unclear 

how both Stat3 deletion and overexpression in cardiac mitochondria causes repression 

of complex I and II activity. However, in our transgenic mice the attenuation in 

glutamate+malate and succinate respiration was modest when compared to the 
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wild-type littermates (Figure 3.6 and Table 3.2). In mitochondria isolated from hearts 

of cardiac Stat3 knock-out mice, the decrease in complex I and II activity was 30% 

and 60%, respectively (316). Therefore, it seems that the loss of Stat3 is far more 

detrimental to mitochondrial respiration than the overexpression of Stat3. The 

possible resolution to this contradiction came with the results from the studies of 

MLS-Stat3E overexpressing mouse hearts subjected to ischemia. 

Interestingly, Stat3 levels were elevated in mitochondrial samples from WT 

and MLS-Stat3E hearts after ischemia (Figure 3.11). The mechanism by which 

endogenous Stat3 is imported to the mitochondria is still a subject of investigation, 

however Stat3 has been shown to co-immunoprecipitate with Tom20 (23), indicating 

the involvement of TOM complex in Stat3 transport. The transgenic Stat3 contains an 

MLS, which is known to interact with Tom20 (1). Therefore, we suggest that the 

increased translocation of Stat3 into the mitochondria induced by ischemic conditions 

indicates the importance of Stat3 in these organelles during the oxidative stress. 

Myocardial ischemia leads to damage of the mitochondrial electron transport 

chain, which in turn results in decreased rates of mitochondrial respiration (50, 174). 

Short periods of ischemia (below 20 min) decrease complex I activity only (86, 254). 

Therefore, we subjected the mitochondria isolated from MLS-Stat3E and WT mouse 

hearts to ex vivo ischemia for 45 minutes to test the global impact of stress conditions 

(177, 243). The wild-type mitochondria exhibited almost a 40% decrease in 

glutamate+malate respiration (Figure 3.12), consistent with the observations in other 

species (52, 254, 307). Surprisingly, after ischemia the MLS-Stat3E mitochondria had 

the glutamate+malate rates reduced only 18% (Table 3.4). In contrast, the rates of 

TMPD/ascorbate respiration were attenuated about 30% in both WT and MLS-Stat3E 

(Figure 3.12). These results were further confirmed by enzymatic assays. As a result 

of ischemic insult, the maximal activity of complex I was not decreased in 

MLS-Stat3E mitochondria (Figure 3.13A and Table 3.5). Complex III activity was 

also unaltered after ischemia in both types of mitochondria (Table 3.5). However, the 

enzymatic activity of complex IV was reduced about 30% after ischemia in both WT 

and MLS-Stat3E mitochondria (Figure 3.13B and Table 3.5). Therefore, we conclude 

that in WT samples, the attenuation of glutamate+malate respiration is a result of both 

decreased complex I activity and a defect in TMPD/ascorbate respiration, whereas in 

MLS-Stat3E mitochondria we observe the protection of glutamate+malate-dependent 
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respiration by the partial complex I blockade present in the baseline state. We also 

observed a post-ischemic decline in succinate respiration in WT and MLS-Stat3E 

(Figure 3.12). However, unchanged complex II and III enzymatic activities in both 

types of mice (Table 3.5) indicated that the site of ischemic damage was located in 

a distal part of ETC, likely cytochrome c oxidase. Apart from enzymatic activity of 

complex IV, the blockade of electron flow into the final acceptor (O2) can also be 

a result of cardiolipin and/or cytochrome c loss from the mitochondrial inner 

membrane (176, 177). The mitochondrial release of cytochrome c observed following 

ischemia in wild-type samples did not occur in MLS-Stat3E (Figure 3.14). Lesnefsky 

et. al showed that in isolated buffer-perfused rabbit hearts the 45 min period of 

ischemia resulted in impaired TMPD/ascorbate respiration, which was attributed to 

the reduced cytochrome c content but not to the changes in catalytic activity of 

cytochrome oxidase (177). However, the group of Prabu et al. reported that 

hyperphosphorylation of subunits I, IV and V of cytochrome c oxidase occured in 

perfused rabbit hearts subjected to ischemia, which led to an inhibition of the 

enzymatic activity of complex IV (246). Observed discrepancies between both 

investigating groups can be attributed to the different experimental settings and 

measurement techniques. Complex IV activity can also be attenuated by the selective 

depletion of cardiolipin (176), the phospholipid necessary for optimal complex IV 

activity (252, 309). However, the measurement of the cytochrome c oxidase activity 

in the presence of cholate makes it unlikely that changes in cardiolipin account for 

altered enzymatic activities of this complex. Therefore, the slower rates of 

TMPD/ascorbate respiration in MLS-Stat3E mitochondria were likely due to the 

impaired enzymatic activity of complex IV (Figure 3.13B and Table 3.5). In contrast, 

in WT samples the reduced TMPD/ascorbate rates could be a result of two factors: the 

decrease in complex IV activity and the cytochrome c release. Overall, the 

preservation of cytochrome c content in MLS-Stat3E hearts is a major finding here, 

which may contribute to the protection of cardiomyocytes against 

ischemia/reperfusion injury by blocking mitochondria-dependent activation of 

apoptosis, and thus increasing cell survival (102). 

The low oxygen content in the cardiomyocytes is sustained into the period of 

ischemia (135). Therefore, ROS can be generated during ischemia (16, 148). 

Mitochondria are a major contributor to the ROS production during ischemia (16). 
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Complex III is considered one of the key sites of ROS production during ischemia, as 

ischemic superoxide (•O2
-) production can be decreased by blockade of electron 

transfer into complex III (16, 306). Another source of ROS production within the 

ETC is complex I (13, 51, 54, 91, 187, 229). Chen et al. showed that 

ischemia-mediated damage to complex I increased net H2O2 release from 

mitochondria while activity of NADH dehydrogenase remained unchanged (52). 

Moreover, they reported that the reverse electron transfer (RET) from complex II into 

I was markedly reduced due to the ischemic insult (52). Therefore, the two tightly 

bound ubiquinones were postulated to be the site of ischemic damage that resulted in 

augmented ROS production, likely from the iron-sulfur cluster N2, which is proximal 

to the Q-binding site within complex I (52, 91). 

As mentioned earlier, the basal levels of mitochondrial H2O2 generation did 

not differ between WT and MLS-Stat3E samples (Figure 3.15). Surprisingly, despite 

the decreased complex I activity, we did not detect increased basal level in ROS 

generation from complex I in MLS-Stat3E mitochondria (Figure 3.15A). Oxidation 

of complex I substrates in the presence of rotenone did not increase H2O2 

(Figure 3.18A), consistent with reported observations (52, 54). It is likely that in 

mitochondria from nonischemic control samples, the potential increase in ROS 

production toward the matrix due to the rotenone blockade of complex I is efficiently 

dismutated by scavenging enzymes before it can be measured as a net release of H2O2 

outside the organelles. However, after ischemia we noticed augmented ROS 

production from complex I and complex III in WT mitochondria; however only from 

complex III in MLS-Stat3E (Figure 3.17). Interestingly, ischemic damage to complex 

I did not augment H2O2 release from MLS-Stat3E mitochondria, in contrast to WT 

(Figure 3.17A). Furthermore, the inhibition of complex I with rotenone augmented 

H2O2 release in ischemic mitochondria from WT but significantly less in ischemic 

MLS-Stat3E samples (Figure 3.18A). This result indicates that the ischemic insult 

augmented the capacity for the maximal net release of H2O2 from complex I in WT 

but not in MLS-Stat3E. The lack of an ischemia-mediated increase in H2O2 release 

from complex I in the MLS-Stat3E mitochondria in the absence (Figure 3.17A) and 

presence (Figure 3.18A) of rotenone suggests that the possible site of Stat3 

interaction with complex I is located proximal to N2 iron-sulfur cluster 

(see Figure 2.2 in Materials and Methods chapter). This speculation was further 
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confirmed by RET studies, which showed unchanged basal rates of reverse electron 

flow from complex II into I in MLS-Stat3E when compared to WT (Figure 3.19). 

These rates were markedly reduced by ischemia in both types of mitochondria. 

Therefore, our results indicate that overexpressed MLS-Stat3E protein plays an 

important role in abolishing complex I-sustained ischemia-driven ROS generation 

likely by reducing the electron transfer into N2 iron-sulfur cluster. Furthermore, since 

the activity of NADH dehydrogenase part of complex I (NFR) was unchanged in 

MLS-Stat3E when compared to WT mitochondria, the site of Stat3 interaction with 

complex I must be located distal to NFR and proximal to Q-binding site, leaving the 

chain of iron-sulfur clusters as a possible locus. 

Stat3-mediated reduction in ROS generation from complex I during ischemia 

is a phenomenon not related to its transcriptional activity. This assumption was 

confirmed by quantitative PCR analysis of SOCS3, cFos, MnSOD and MT-1 mRNA, 

and mitochondrial protein levels of MnSOD and MTs scavenging enzymes. The 

expression of all these genes depends on the transcriptional activity of Stat3 in the 

nucleus (72, 166, 218, 231, 321, 327). The mRNA expression pattern of SOCS3 and 

cFos has been already discussed earlier in this chapter (Figure 3.20). MnSOD and 

MT-1 mRNA were not upregulated in MLS-Stat3E hearts (Figure 3.16A-B). 

Furthermore, their protein levels in the mitochondria in both types of mice were 

unchanged even after ischemia (Figure 3.16C). Moreover, the overexpression of 

constitutively active Stat3 in cardiomyocytes augments also activity of MnSOD, 

which likely in turn contributes to the higher efficiency of superoxide scavenging 

(218). However, if MnSOD activity was enhanced due to the MLS-Stat3E 

overexpression, we would expect the decrease in superoxide generation from complex 

I toward matrix due to the forward electron flow (from glutamate+malate) and reverse 

flow (from succinate) in MLS-Stat3E samples when compared to WT, which we did 

not observe (Figure 3.15). 

An increase in complex III-mediated ROS release due to ischemia is likely 

a result of a blockade in ETC site distal to complex III, which in turn leads to an 

accumulation of the reduced equivalents at complex III (50). The defects responsible 

for the 30% decrease in TMPD/ascorbate respiration in both WT and MLS-Stat3E 

mitochondria (Figure 3.6) further supports this hypothesis. Similar 

succinate-dependent ROS generation from complex III in WT and MLS-Stat3E 
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(Figure 3.18B), together with unchanged complex II and complex III enzymatic 

activities after ischemia (Table 3.5) indicated that the Stat3 regulatory effect was 

limited only to complex I. Interestingly, in our transgenic MLS-Stat3E mice the 

blockade of complex I-mediated ROS generation correlates with preserved 

cytochrome c retention in mitochondria (Figure 3.14). Due to the ischemic conditions 

in the heart, the mobilization of mitochondrial cytochrome c into the cytosol activates 

apoptosis, which together with higher ROS release from mitochondria contributes to 

the increased cell death, especially at the onset of and during reperfusion 

(15, 28, 301). Therefore, theoretically MLS-Stat3 mice should be protected against 

ischemia/reperfusion induced injury. However, since the ROS generation from 

complex III toward the intermembrane space after ischemia was still present in 

MLS-Stat3E mitochondria (Figure 3.17B), it is likely that the protection may only be 

partial at the whole cell level. 

Apparently, the incomplete blockade of complex I in MLS-Stat3E 

mitochondria protects against ischemic damage to complex I activity and inhibits the 

release of cytochrome c but does not rescue the cytochrome c oxidase function. This 

is unlike the complete inhibition of complex I in rabbit and rat hearts perfused with 

rotenone or amobarbital prior to ischemia, which prevents the damage to both 

proximal and distal parts of ETC (53, 171). Therefore, we propose that the 

overexpression of MLS-Stat3E in the mitochondria attenuates generation of 

superoxide from complex I toward matrix during ischemia (Figure 4.1B). This in turn 

decreases the probability of cardiolipin oxidation and inhibits the subsequent 

delocalization of cytochrome c from the inner membrane. However, it is unclear if 

MLS-Stat3E plays a role in blockade of mitochondrial outer membrane 

permeabilization (MOMP), the process required for cytochrome c release into the 

cytosol. Further experiments need to be conducted to answer this question. In 

contrast, in wild-type mitochondria ischemia augments superoxide formation from 

complex I, which leads to the cardiolipin oxidative changes and the reduced 

association of CL with cytochrome c (Figure 4.1A). Further damage to the 

mitochondria results in the outer membrane permeabilization, the release of 

cytochrome c from mitochondria and subsequent induction of apoptosis. 
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Figure 4.1. Postulated mechanism of Stat3 protective role in heart mitochondria during ischemia. 
(A) in WT mitochondria ischemia increases superoxide production from complex I toward matrix, 
which results in cardiolipin oxidation and cytochrome c delocalization from inner membrane. Further 
damage to the mitochondria leads to the outer membrane permeabilization, which allows the release of 
cytochrome c into cytosol and the subsequent induction of apoptosis. (B) overexpression of 
MLS-Stat3E in the mitochondria represses electron flow through iron-sulfur clusters within complex I, 
which results in efficient blockade of superoxide generation from complex I during ischemia. This in 
turn decreases cardiolipin oxidation and inhibits delocalization of cytochrome c from inner membrane. 
Lower ROS release and lack of cytochrome c translocation into the cytosol attenuates apoptosis and 
increases cell viability during oxidative stress. Stat3, signal transducer and activator of transcription 3; 
C-I,II,III and IV, respiratory complex I, II, III and IV; cyt c, cytochrome c; Q, ubiquinone; FMN, flavin 
mononucleotide; Fe-S, iron-sulfur cluster; NADH, nicotinamide adenine dinucleotide;  ISCH, 
ischemia; ROS, reactive oxygen species; MnSOD, mitochondrial manganese superoxide dismutase; 
CL, cardiolipin; CLox, oxidized cardiolipin; MOMP, mitochondrial outer membrane permeabilization. 
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To summarize, we have shown that the overexpression of Stat3 in the 

mitochondria leads to the complex I protection against ischemia-induced damage, 

which likely results in decreased ROS generation from complex I and preserved 

cytochrome c retention after myocardial ischemia. The site of Stat3 interaction with 

complex I has been bracketed to the chain of iron-sulfur clusters in this complex. 

Therefore, if Stat3 regulates the electron flow through complex I, the deletion of this 

molecule can result in detrimental malfunctioning of NADH:ubuquinone 

oxidoreductase, including enhanced electron leakage to oxygen and formation of 

superoxide. Therefore, Stat3 deletion may finally lead to the decreased mitochondrial 

respiration due to the impairment in electron transport chain, as it was reported by 

Wegrzyn, et. al. (316). It has been shown that the downregulation of Stat3 in mouse 

cardiac tissue results in augmented ROS production (117). However, the elevated 

levels of reactive oxygen species in these animals were attributed to the decrease in 

MnSOD expression (117). Overexpression of constitutively active Stat3 in 

cardiomyocytes leads to the decrease in ROS generation reportedly by upregulating 

the mRNA level and inducing activity of MnSOD (218). Several reports indicate that 

the Jak/Stat pathway, especially Stat3, is activated (phosphorylated) in response to 

stimulation with H2O2 (278). Therefore, there is evidence of Stat3 involvement in 

regulation of ROS homeostasis. The transcription-dependent mechanisms of Stat3 

protection against ischemia/reperfusion heart injury have been already extensively 

studied. Thus the novel finding presented here clearly indicates that Stat3 is directly 

involved in the modulation of ROS production by mitochondria. Furthermore, it 

appears that mitochondrial Stat3 also influences the mitochondria-mediated apoptosis 

pathway during ischemia in a non-trascriptional fashion by the regulation of 

cytochrome c release. 

The cardioprotective effects of complex I blockade before the onset of 

ischemia has been demonstrated with the use of amobarbital (Amytal®) (47). 

Amobarbital treatment of isolated rat hearts prior to ischemic insult protected 

proximal and distal parts of the respiratory chain and facilitated cytochrome c 

retention (47, 287). Administration of this drug at the onset of reperfusion resulted in 

better recovery of the left ventricular function in the heart and decreased infarction 

(6). Apparently, the expression of MLS-Stat3E achieves a partial, and perhaps more 

physiologic, blockade of complex I. Therefore, it is crucial to investigate how the 



 

	  

125	  

mitochondrial presence of MLS-Stat3E will affect these organelles and 

cardiomyocytes after ischemia followed by reperfusion. Future experiments will 

address the question, whether the partial protection of mitochondria by the expression 

of MLS-Stat3E in the heart is enough to exert the cardioprotective effects in the whole 

tissue similar to amobarbital. However, while the action of amobarbital on complex I 

is rapidly reversible (282), the overexpression of MLS-Stat3E in the heart is 

continuous. 

We cannot exclude a possibility that with age the mild (17%) inhibition of 

complex I observed in the hearts of our transgenic mice may result in pathology. For 

instance, it is believed that the inhibition of mitochondrial NADH:ubiquinone 

oxidoreductase activity in brain plays a major role in Parkinson’s disease (PD) (268). 

PD is an age-associated, neurogenerative disorder that involves a gradual 

degeneration of dopaminergic neurons in the substantia nigra of the brain (230). 

Oxidative stress and partial deficiences (30% decrease) of mitochondrial complex I 

are considered the key factors in the pathogenesis of the Parkinson’s disease (268, 

295). However, the majority of studies on PD report that complex I inhibition results 

in an enhanced ROS generation (295), which more reflects the phenotype of 

mitochondria with Stat3 deletion than Stat3 overexpression. This becomes even more 

interesting since Stat3 expression appears to decrease with age, at least in heart (21), 

and Parkinson’s disease occurrence increases with age. 

The exact mechanism and site of Stat3 interaction with complex I is still 

unknown and remains to be determined. Recently, Huang et al. have shown that the 

deletion of GRIM-19 and NDUFS3, two subunits of complex I, in two cancer cell 

lines resulted in a resistance to IFN-β/RA-induced apoptosis and reduced ROS 

production (132). Additionally, this group reported that the suboptimal, non-lethal 

dose of rotenone, exhibited a partial restoration of IFN-β/RA-induced cell death 

(132). Moreover, the NDUFS3 subunit can be specifically cleaved by the 

matrix-translocated killer lymphocyte protease granzyme A to induce superoxide 

generation and, ultimately, apoptotic cell death (197). GRIM-19 and NDUFS3 

subunits are reported to co-localize in the same part of complex I (122). Interestingly, 

this part of the complex contains the chain of iron-sulfur clusters (122). Therefore, 

since there is an evidence of the direct interaction between Stat3 and GRIM-19 (190), 

these two subunits of complex I become a likely site of Stat3 regulation of electron 



 

	  

126	  

flow through this complex. Moreover, as mentioned earlier it is also possible that 

Stat3 can regulate the activity of enzymes responsible for the modification of complex 

I subunits such as SIRT3 deacetylase. The hypothesis would be more appropriate in 

regard to the explanation of the decrease in complex II enzymatic activity observed in 

both heart Stat3 knock-out (316) and overexpressing mice (Figure 3.6 and Table 3.2 

of this study). Complex II is generally not considered to be a part of respirasomes, 

unlike complex I and III (169, 264, 266), but its interaction with complex I cannot be 

excluded and has even been recently suggested (272). 

Results from these experiments allow us to propose novel cardioprotective 

pathway mediated by mitochondria-localized Stat3, which is independent of the 

transcriptional activity of this molecule. The Stat3-dependent partial blockade of 

electron flow through complex I results in lower H2O2 release from the mitochondria 

and blocked cytochrome c release into the cytosol during ischemia. This mechanism 

may contribute to cardioprotection. Therefore, we postulate that during ischemia Stat3 

is an anti-apoptotic factor in the heart that works both as a signaling molecule 

involved in regulation of gene expression, and as a direct modulator of the 

mitochondrial electron transport chain (Figure 4.2). 

The means to enhance the beneficial effects of Stat3 in protecting the 

myocardium against ischemia/reperfusion-mediated damage should be seriously 

considered. It has been already reported that cardiotropin-1 administration prior to 

ischemia, which primarily activates Stat3, resulted in protection of both neonatal and 

adult cardiomyocytes against ischemia and reperfusion-induced apoptosis (181, 286). 

Another way that may be feasible but requires extensive testing is a gene therapy 

approach, in which a Stat3-containing viral vector is expressed in the heart in an 

inducible fashion. In addition to the already present endogenous Stat3 in cardiac 

tissue, the overexpression of mitochondria-localized Stat3 that does not exert 

transcriptional activity but exhibits cardioprotective features could be a good 

candidate for a gene therapy, especially in the elderly population, in which ischemic 

injury and heart failure are increased (104, 105).  
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Figure 4.2. Conceptual diagram of Stat3 function in protection against ischemia and reperfusion 
injury. During ischemia Stat3 is an anti-apoptotic factor in the heart that works both as a signaling 
molecule involved in regulation of gene expression (classical pathway), and as a direct modulator of 
complex I of the mitochondrial electron transport chain (novel pathway). Stat3, signal transducer and 
activator of transcription 3; Jak, Janus kinase; Y705, tyrosine 705; C-I,II,III and IV, respiratory 
complex I, II, III and IV; ROS, reactive oxygen species; cyt c, cytochrome c; MnSOD, mitochondrial 
manganese superoxide dismutase; MT-1, metallothionein-1; Bcl-2, B-cell lymphoma-2; Bcl-xL, B-cell 
lymphoma-extra large. 
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STRESZCZENIE 

 

Nadekspresja transkrypcyjnie nieaktywnej formy białka Stat3 

w mitochondriach serca zapobiega wynikającemu z niedokrwienia 

uszkodzeniu kompleksu I łańcucha oddechowego 

 

Niedokrwienie serca oraz nastepujący po nim zespół poreperfuzyjny są 

obecnie najczęstszą przyczyną zgonów w krajach wysokorozwiniętych (134). 

Modulowanie reakcji komórek mięśnia sercowego na stan niedokrwienia w celu 

opóźnienia oraz obniżenia stopnia uszkodzenia określane jest mianem kardioprotekcji 

(213). Wyniki badań uzyskane metodami in vitro oraz in vivo wykazały, że czynnik 

transkrypcyjny Stat3 jest niezwykle ważnym mediatorem kardioprotekcji (22, 115). 

Jego funkcja jako cząsteczki sygnałowej została opisana w przypadku 

farmakologicznego oraz niedokrwiennego prekondycjonowania 

i postkondycjonowania serca. Ponadto, obecność białka Stat3 została niedawno 

stwierdzona w mitochondriach, czyli organellach komórkowych odpowiedzialnych 

głównie za produkcję energii w wyniku procesu fosforylacji oksydacyjnej (316). 

Prawdopodobną funkcją Stat3 w mitochondriach jest regulacja oddychania 

komórkowego poprzez modulowanie aktywności enzymatycznej dwóch kompleksów 

białkowych wchodzących w skład mitochondrialnego łańcucha transportu 

elektronów: reduktazy NADH-koenzym Q (kompleks I) oraz reduktazy 

bursztynian-koenzym Q (kompleks II) (316). Mitochondria są również głównym 

miejscem uszkodzeń wynikających z niedokrwienia serca, a także uważane są za 

ważne źródło apoptozy i nekrozy komórek mięśnia sercowego w wyniku reperfuzji 

(50).  

Dotychczasowe badania nad kardioprotekcyjną rolą Stat3 skupiały się na jego 

cytoplazmatycznej i jądrowej lokalizacji. Celem tej pracy było zbadanie czy Stat3 

obecny w mitochondriach komórek mięśnia sercowego uczestniczy w odpowiedzi 

tych organelli na stan niedokrwienia serca. W tym celu otrzymano myszy 

transgeniczne z nadekspresją białka Stat3 posiadającego sygnał lokalizacji 
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mitochondrialnej  (MLS, z ang. mitochondria-localizing sequence) oraz dwie 

punktowe mutacje (E434A/E435A) w obrębie domeny odpowiedzialnej za wiązanie 

DNA (130) (Rycina 3.1, ang. Figure 3.1). Ekspresja transgenu została ograniczona 

do komórek mięśnia sercowego poprzez zastosowanie tkankowo-specyficznego 

promotora dla genu kodującego ciężki łańcuch miozyny alfa (α-MyHC, z ang. 

α-myosin heavy chain) (Rycina 3.2). Analiza western blot potwierdziła nadekspresję 

transgenu, oznaczonego jako MLS-Stat3E, w mitochondrialnej frakcji 

kardiomiocytów (Rycina 3.3). Ze względu na wykrytą obecność MLS-Stat3E 

również we frakcji cytozolowej komórek mięśnia sercowego, przeprowadzono analizę 

ekspresji genów zależnych od Stat3, takich jak SOCS3 (327) i cFos (321), 

w warunkach fizjologicznych oraz po 45 minutach w stanie niedokrwienia. Profile 

ekspresji SOCS3 i cFos określone metodą ilościowego RT-PCR w czasie 

rzeczywistym wykazały brak różnic pomiędzy tkanką sercową wyizolowaną z myszy 

o genotypie MLS-Stat3E i typu dzikiego (WT, z ang. wild-type) (Rycina 3.20A-B). 

Wyniki te potwierdziły brak aktywności transkrypcyjnej MLS-Stat3E wynikający 

z obecności mutacji punktowych w obrębie domeny wiążącej DNA (130). 

Transgeniczne myszy MLS-Stat3E nie różniły się fenotypowo od genotypu dzikiego 

pod względem przeżywalności, płodności, wagi ciała (Rycina 3.5A) oraz ilości 

mitochondriów w sercu określonej przy pomocy pomiaru mitochondrialnego DNA 

(Rycina 3.5B). Jednakże, pomiary fosforylacji oksydacyjnej w mitochondriach 

wyizolowanych z serc myszy transgenicznych wykazały, że w przypadku użycia 

glutaminianu+jabłczanu oraz bursztynianiu jako substratów dla kompleksów I oraz II 

łańcucha oddechowego, szybkość maksymalna konsumpcji tlenu była zredukowana 

o około 16% w porównaniu do myszy typu dzikiego (Tabela 3.2 oraz Rycina 3.6). 

Użycie TMPD z L-askorbinianem jako substratów dla kompleksu IV (oksydazy 

cytochromu c) nie wykazało różnic pomiędzy dwoma genotypami myszy. 

Przeprowadzone następnie spektrofotometryczne pomiary maksymalnej aktywności 

enzymatycznej poszczególnych kompleksów łańcucha oddechowego potwierdziły 

obecność defektów jedynie w obrębie kompleksu I i II. Zaobserwowana niewielka 

redukcja oddychania komórkowego w sercach myszy transgenicznych nie wpłynęła 

na obniżenie potencjału błonowego mitochondriów (Ψm) (Rycina 3.7A-B). Potencjał 

ten jest zależny od aktywności łańcucha transportu elektronów i sprzężonego z nim 

pompowania protonów przez błonę wewnętrzną z matriks do przestrzeni 

międzybłonowej mitochondrium. Analiza western blot wykazała porównywalną 
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ekspresję głównych podjednostek białkowych wchodzących w skład kompleksu I i II 

pomiędzy mitochondriami wyizolowanymi z myszy MLS-Stat3E oraz WT (Rycina 

3.10). Mechanizm z jakim Stat3 reguluje aktywność obu tych kompleksów pozostaje 

nieznana, jakkolwiek opiera się on najprawdopodobniej na potranslacyjnych 

modyfikacjach podjednostek białkowych (fosforylacja/defosforylacja, 

acetylacja/deacetylacja) lub na bezpośrednich oddziaływaniach białko-białko. 

Mitochondria komórek mięśnia sercowego ulegają uszkodzeniu w wyniku 

stanu niedokrwienia. Jednymi z najpoważniejszych objawów są: obniżenie 

wydajności procesu fosforylacji oksydacyjnej w wyniku redukcji aktywności 

łańcucha transportu elektronów; wzmożona produkcja reaktywnych form tlenu (ROS, 

z ang. reactive oxygen species) głównie z kompleksu I i III; oraz stopniowa 

delokalizacja cytochromu c z mitochondriów do cytozolu (50). Reaktywne formy 

tlenu, będące cząsteczkami chemicznymi wykazującymi wiekszą aktywność 

chemiczną niż cząsteczka tlenu w podstawowym stanie tripletowym, są naturalnymi 

produktami metabolizmu i stanowią ważny składnik przekazu sygnału w komórkach 

(15). Jednakże w warunkach patologicznych, jak niedokrwienie i reperfuzja serca, 

poziom ROS gwałtownie wzrasta prowadząc do oksydacyjnych uszkodzeń struktur 

komórkowych (15, 301). Natomiast delokalizacja cytochromu c do frakcji 

cytozolowej jest sygnałem do apoptozy zależnej od mitochondriów (28). Tak więc, 

w wyniku niedokrwienia oraz reperfuzji serca mitochondrialne ROS i cytochrom c 

przyczyniają się do obniżenia przeżywalności kardiomiocytów. 

W wyniku niedokrwienia tkanki sercowej zaobserwowano translokację 

czynnika Stat3 z cytozolu do mitochondriów, zarówno w przypadku myszy typu 

dzikiego jak i MLS-Stat3E (Rycina 3.11). Pomiary fosforylacji oksydacyjnej 

z użyciem substratów dla kompleksu I (glutaminian+jabłczan) wykazały 39% 

redukcję maksymalnej szybkości zużycia tlenu w mitochondriach wyizolowanych 

z myszy WT, natomiast jedynie 18% z MLS-Stat3E (Rycina 3.12A oraz Tabela 3.4). 

W przypadku obu genotypów zaobserwowano około 45% i 30% spadek w prędkości 

oddychania komórkowego zależnego od reduktazy bursztynian-koenzym Q 

i oksydazy cytochromu c (TMPD z L-askorbinianem) (Rycina 3.12B-C oraz 

Tabela 3.4). Wyniki uzyskane z pomiarów maksymalnej aktywności enzymatycznej 

kompleksów oddechowych pozwoliły na zlokalizowanie defektu spowodowanego 

niedokrwieniem w kompleksie I w przypadku myszy typu dzikiego (Tabela 3.5). 
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Myszy z nadekspresją MLS-Stat3E w mitochondriach z serca nie wykazywały 

obecności obniżonej aktywności enzymatycznej reduktazy NADH-koenzym Q. 

Ponadto, niedokrwienie nie wpłynęło na kinetykę enzymatyczną reduktazy 

bursztynian-koenzym Q (kompleksu II) oraz reduktazy cytochromowej bc1 

(kompleksu III), natomiast doprowadziło do uszkodzenia oksydazy cytochromu c 

w przypadku obu genotypów myszy (Tabela 3.5). Przeprowadzona analiza western 

blot wykazała spowodowaną stanem niedokrwienia serca delokalizację cytochromu c 

z mitochondriów typu WT, ale nie MLS-Stat3E (Rycina 3.14). W związku z tym, 

obserwowany 18% spadek prędkości fosforylacji oksydacyjnej z użyciem 

glutaminianu+jabłczanu jako substratów w MLS-Stat3E był spowodowany blokadą 

przepływu elektronów przez kompleks IV. Stres oksydacyjny w mitochondriach 

towarzyszący zjawisku niedokrwienia powoduje modyfikację kardiolipiny, będącej 

bardzo ważnym komponentem fosfolipidowym wewnętrznej błony mitochondrialnej 

(131, 227, 240). Kardiolipina oddziaływuje z cytochromem c, a tym samym 

zakotwicza to białko w błonie (131). Brak mobilizacji cytochromu c z mitochondriów 

wyizolowanych z serc myszy MLS-Stat3E wskazywał na obniżony stres oksydacyjny 

w tych organellach. Przeprowadzono więc pomiar produkcji nadtlenku wodoru 

(H2O2) przez mitochondria zaopatrzone w substraty oddychania komórkowego 

w obecności i przy braku specyficznych inhibitorów kompleksu I, II i III. 

Eksperymenty te miały na celu umiejscowienie źródeł generowania reaktywnych 

form tlenu w mitochondrialnym łańcuchu oddechowym w warunkach niedokrwienia 

mięśnia sercowego. Otrzymane wyniki wskazywały na zwiększone ilości ROS 

pochodzących z kompleksu I i III w mitochondriach z serc myszy typu dzikiego 

(Rycina 3.17A-B). W mitochondriach z ekspresją MLS-Stat3E kompleks I nie był 

źródłem zwiększonej produkcji reaktywnych form tlenu w wyniku niedokrwienia 

serca (Rycina 3.17A). 

Uzyskane w tej rozprawie wyniki wskazują na nową, niezależną od 

aktywności transkrypcyjnej, kardioprotekcyjną rolę białka Stat3 zlokalizowanego 

w mitochondriach. Otrzymane dane sugerują, że Stat3 poprzez umiarkowane 

blokowanie przepływu elektronów poprzez reduktazę NADH-koenzym Q chroni 

kompleks I przed uszkodzeniem w warunkach niedokrwienia tkanki mięśnia 

sercowego, co następnie wpływa na zahamowanie produkcji reaktywnych form tlenu 

z kompleksu I łańcucha oddechowego (Rycina 4.1B). Obniżony stres oksydacyjny 
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wewnątrz mitochondriów z ekspresją MLS-Stat3E prowadzi do wstrzymania 

delokalizacji cytochromu c do frakcji cytozolowej. Białko Stat3 funkcjonuje więc 

jako czynnik przeciw-apoptotyczny będąc zarówno cząsteczką sygnałową w cytozolu 

i jądrze komórkowym, promując ekspresję genów kardioprotekcyjnych, oraz 

bezpośrednio w mitochondriach jako modulator łańcucha transportu elektronów 

(Rycina 4.2). 
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APPENDIX A: PRIMERS 

Name  Sequence Product 
size [bp] 

T 
[oC] 

Conc. 
[µM] Type 

for 5’-GCG-ACC-AAC-ATC-CTG-GTG-TCT-CCA-C-3’ E-screen 
rev 5’-CTT-GTC-GTC-ATC-GTC-TTA-GTA-GTC-C-3’ 

310 55 0.2 PCR 

for 5’-CAC-CAA-CAC-ATG-CTA-TTT-GTA-GG-3’ WT: 210 ST3FLX rev 5’-CCT-GTC-TCT-GAC-AGG-CCA-TC-3’ FLX: 370 
63 0.8 PCR 

for 5’-GTG-GGC-CGC-TCT-AGG-CAC-CAA-3’ 
Actin 

rev 5’-CTC-TTT-GAT-GTC-ACG-CAC-GAT-TTC-3’ 
540 52 0.2 PCR 

for 5’-TGG-TGT-GAA-CTA-CTC-AGG-GTG-TC-3’ 
Total Stat3 rev 5’-ATT-GTC-TAG-CCA-GAC-CCA-GAA-GG-3’ - 60 0.4 qPCR 

for 5’-TGT-CTG-TGC-CAC-TGA-AAG-AGC-TG-3’ 
NDUFV1 rev 5’-ACG-GTC-TCA-CAC-ACA-GAT-TTG-GG-3’ - 60 0.4 qPCR 

for 5’-GGC-TAC-CTA-TCT-CCG-CTA-TGA-ACA-AG-3’ 
NDUFV2 rev 5’-TCG-CAG-CAT-GCA-AGG-TGT-AGT-AG-3’ - 60 0.4 qPCR 

for 5’-ACC-CTA-CTG-GCA-GGA-AGT-CAA-G-3’ 
NDUFAF1 rev 5’-TGG-GCT-GGA-TCA-GTA-AAC-ACA-CC-3’ - 60 0.4 qPCR 

for 5’-ACA-ACT-GGC-ACA-GCA-GCA-AGT-AAC-3’ 
NDUFS1 

rev 5’-CAA-TCT-CTA-CCA-GGC-ACA-TCC-TGC-3’ 
- 60 0.4 qPCR 

for 5’-TCG-GTG-CCA-TGA-CTC-CTT-TCT-TC-3’ 
NDUFS2 rev 5’-ATG-TCA-TCC-AGA-AGC-CCA-AGA-GG-3’ - 60 0.4 qPCR 

for 5’-ATC-GAC-TAC-AAG-CGG-AAC-CTG-C-3’ 
NDUFA13 rev 5’-TCT-CCA-GTA-GCC-AAA-GAT-CAA-GGC-3’ - 60 0.4 qPCR 

for 5’-TAC-TTC-GTC-ACA-CAA-GCA-ACA-GCC-3’ 
ND2 rev 5’-TAT-GTG-CAG-TGG-GAT-CCC-TTG-AGT-3’ - 60 0.4 qPCR 

for 5’CCC-AAC-AGG-ATT-AAA-CTC-AGA-TGC-AG-3’ 
CYTB rev 5’-GGA-TTG-AGC-GTA-GAA-TGG-CGT-ATG-3’ - 60 0.4 qPCR 

for 5’-AGC-CCA-CTT-CGC-CAT-CAT-ATT-CGT-3’ 
COXI 

rev 5’-ACA-TAG-GTT-GGT-TCC-TCG-AAT-GTG-3’ 
- 60 0.4 qPCR 

 
Appendix A. DNA oligonucleotides used in this work for standard PCR or real-time 
qPCR are listed in the table with annealing temperatures and predicted size of 
amplified target sequence (for standard PCR). Abbreviations: for, forward primer; 
rev, reverse primer. 
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APPENDIX B: ANTIBODIES 

Antibody Company FC 
[µg/ml] 

FV 
[ml] 

band size 
[kDa] 

Stat3 C-term (m) 
cat. 9139 

Cell Signalling, 
Danvers, MA 1:1000 10 86 

α-tubulin (m) 
cat. T6074 

Sigma-Aldrich, 
Saint Louis, MO 0.05 10 50 

porin 31HL (m) 
cat. 529532 

Calbiochem, 
Gibbstown, NJ 0.2 10 31 

NDUFS1 (r) 
cat. sc-99232 

Santa Cruz Biotechnology, 
Santa Cruz, CA 0.2 10 75 

NDUFV1 (r) 
cat. sc-133808 

Santa Cruz Biotechnology, 
Santa Cruz, CA 0.2 10 51 

NDUFV2 (r) 
cat. sc-68887 

Santa Cruz Biotechnology, 
Santa Cruz, CA 0.2 10 24 

NDUFA9 (m) 
cat. MS111 

MitoSciences, 
Eugene, OR 0.1 10 37 

GRIM19 (m) 
cat. MS103 

MitoSciences, 
Eugene, OR 0.1 10 14 

CII-70k (m) 
cat. MS204 

MitoSciences, 
Eugene, OR 0.1 10 70 

CII-30k (m) 
cat. MS203 

MitoSciences, 
Eugene, OR 0.1 10 25 

CIII-Core2 (m) 
cat. MS304 

MitoSciences, 
Eugene, OR 0.1 10 46 

CIV-COX4 (m) 
cat. MS407 

MitoSciences, 
Eugene, OR 0.1 10 16 

CV-subunit β (m) 
cat. MS503 

MitoSciences, 
Eugene, OR 0.1 10 51 

cytochrome c (m) 
cat. 556433 

BD Biosciences, 
San Jose, CA 0.02 10 15 

MnSOD (m) 
cat. 611580 

BD Biosciences, 
San Jose, CA 0.025 10 25 

metallothionein (r) 
cat. sc-11377 

Santa Cruz Biotechnology, 
Santa Cruz, CA 0.2 10 15 

Bcl-2 (r) 
cat. 2870 

Cell Signalling, 
Danvers, MA 1:500 10 26 

HRP-anti mouse IgG (s) 
cat. NA9310 

GE Healthcare Life Sciences 
Piscataway, NJ 1:50000 10  

HRP-anti rabbit IgG (d) 
cat. NA9340 

GE Healthcare Life Sciences 
Piscataway, NJ 1:50000 10  

 
Appendix B. Information regarding antibodies used in this work. Abbreviations: FC, 
final concentration; FV, final volume; (m), mouse; (r), rabbit; (s), sheep; (d) donkey. 
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