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1 Introduction 

1.1 Redox homeostasis 

The human organism is capable to preserve an internal balance against changing 

environmental conditions: body temperature, the cardiovascular system concomitant with 

fluid and electrolyte balance, pH value, and other parameters contributing to the maintenance 

of the cell’s internal environment are kept constant to ensure optimal physiological 

functioning of the body. This stabilization of the internal state of equilibrium within a 

dynamic system is termed homeostasis.  

One of these essential determinants of optimal cell activity is the homeostasis of the cellular 

redox status. It is generally described as a balance between oxidants and antioxidants. 

Oxidants are chemical molecules or compounds that act as electron acceptors and oxidize 

other substances. They include radical oxygen species (ROS), which are considered the major 

cause of oxidative stress (Cross et al. 1987). Starting from Denham Harman’s theory in the 

1950s that free radicals are related to the process of aging, oxidative stress is nowadays known 

to contribute to the pathophysiology of several diseases, including the broad spectrum of 

cardiovascular diseases (CVD) (Harman 1956; Zhang et al. 2007; Lee et al. 2017; Maritim et 

al. 2003; Burgoyne et al. 2012).  

Antioxidants, which serve as electron donors and are thus oxidized, are commonly 

characterized with health-promoting and preventive properties. There have been attempts in 

studies to increase the availability of antioxidants to counteract the harmful effects of ROS. 

However, these efforts resulted both in beneficial and detrimental effects. (Jones 2006; 

Sharma et al. 2004) 

Nowadays it is well known that redox signaling, a cellular signaling pathway via reactive 

species, contributes to the maintenance of physiological functions. The low-weight molecule 

glutathione (GSH) serves as an important cellular antioxidant along with multiple other 

metabolic functions and the GSH redox potential (𝐸GSH) is considered to reflect the cellular 

redox status (Schafer and Buettner 2001; Deponte 2017). Genetically encoded fluorescent 

redox probes exhibiting high affinity for GSH provide an excellent opportunity to achieve 

detailed subcellular analyses of the 𝐸GSH (Meyer and Dick 2010). 

Both oxidative stress and redox signaling are involved in cardiac physiology and pathology 

(Burgoyne et al. 2012; Santos et al. 2016). Therefore, it is of great interest to characterize the 

𝐸GSH of cardiomyocytes precisely to gain a more profound knowledge of the importance of 

𝐸GSH on cardiac intracellular processes and thus to have the ability to improve preventive 

and therapeutic strategies regarding cardiac pathologies.  
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1.2 Reactive species  

The term ROS defines a group of free radicals (e. g., hydroxyl (HO·) and superoxide (O2·-)) 

and reactive molecules (e. g., hydrogen peroxide (H2O2)) that contain oxygen and are 

characterized by their reactive behavior. Apart from exogenous causes as toxins, smoking, 

and ultraviolet and ionizing radiation, they are multiple endogenous cellular sources of ROS 

(Rahman et al. 2012; Jaimes et al. 2004). O2·- is generated both nonenzymatically as a natural 

by-product in the mitochondrial respiratory chain (MRC) due to electron leakage of     

NADH : ubiquinone oxidoreductase (complex I) and coenzyme Q : cytochrome c 

oxidoreductase (complex III), and enzymatically by the membrane-bound nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidases (NOX) via electron transfer from 

NADPH to O2 (Bedard et al. 2007; Muller 2000). Major sources of H2O2 are superoxide 

dismutase (SOD) by catalyzing the dismutation of O2·- as well as NOX4 (Fridovich 1989; 

Santos et al. 2016). The most reactive particle HO· is produced in presence of reduced 

transition metals like iron and H2O2 via the Haber-Weiss reaction (Michiels 2004; Lipinski 

2011). With respect to the physiological purpose of ROS in cardiomyocytes, both the 

isoforms NOX2 and NOX4 are considered along with MRC to be the most important source 

(Burgoyne et al. 2012). However, NOX2 and NOX4 are related to the pathogenesis of 

various cardiac disease as well as xanthin oxidoreductase (XO), monoamine oxidase A (MAO 

A), and uncoupled nitric oxide synthase (NOS) are regarded as relevant sources of ROS in 

cardiac pathology (Minhas et al. 2006; Kaludercic et al. 2010; Burgoyne et al. 2012).  

Apart from ROS, reactive nitrogen species (RNS) like nitric oxide (NO) and its derivatives, 

e. g. peroxynitrite (ONOO-), are regarded as another reactive species of great biological 

importance (Dröge 2002). NO is synthesized via three isoforms of NOS, of which the 

endothelial and neuronal NOS are present in cardiomyocytes under physiological conditions 

whereas expression of inducible NOS is upregulated during inflammation (Brown and 

Borutaite 2007; Infante et al. 2021). The existence of a specific mitochondrial NOS isoform 

remains controversial (Poderoso et al. 2019; Lacza et al. 2009). In presence of O2
·- NO reacts 

nonenzymatically to ONOO-, a much more potent oxidant to which the deleterious effects 

of NO are ascribed (Pacher et al. 2007).  

A significant increase of both ROS and RNS, exceeding the antioxidant capacity of the cell, 

results in damage to various structures including DNA, proteins, and lipids leading to 

dysfunction and subsequent apoptosis of the cell (Slater et al. 1995; Pacher et al. 2007). The 

imbalance between oxidative and reductive components in favor of oxidants due to ROS, 

leading to physiological malfunction and cellular damage, is termed oxidative stress (Sies 

2015; Jones 2006). Similarly, the increased and uncontrolled generation of RNS is called 

nitrosative stress (Klatt and Lamas 2000). 
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1.3 Redox Signaling 

Throughout many years, research has focused on the harmful, pathological effects of ROS 

in the context of oxidative stress. Starting around the beginning of the 21st century, the 

signaling effect of reactive species in physiological processes became increasingly important. 

The oxido-reductive processes in redox signaling can be characterized simplified by 

reversible reactions, which occur in a temporally and spatially limited environment, instead 

of irreversible, uncontrolled effects as in oxidative stress (Forman et al. 2004; Kaludercic et 

al. 2014). Subcellular, organellar compartments such as the endoplasmatic reticulum (ER), 

mitochondria as well as the cytosol represent such defined areas, which were shown to differ 

in their redox environment (Go and Jones 2008). This will be discussed in more detail in 

section 1.5.2. 

Due to its functional thiol group and its characteristic to be the most nucleophilic side chain 

in the physiological environment, the amino acid cysteine (Cys) is regarded as the most 

important target structure of redox signaling (Lo Conte and Carroll 2013). Its tendency to 

react with reactive species is dependent on the pKa of the related thiol group, which is 

significantly influenced by its microenvironment within the proteins and enzymes (Poole 

2015). As described by Forman et al. (2014), this emphasizes that not the sheer abundance 

of Cys but their specific localization within molecular structures turns them into redox 

signaling targets. The formation of inter- or intramolecular disulfides induces modifications 

of the three-dimensional configuration, which results in activation or inactivation of enzymes 

as well as binding characteristics of molecules involved in signaling pathways may be affected 

(Winterbourn and Hampton 2008; Lo Conte and Carroll 2013). However, in the absence of 

nearby thiols (e. g. GSH) or amides and the presence of high concentrations of reactive 

species, irreversible oxidation products are generated (Poole 2015; Klomsiri et al. 2011). 

H2O2 is considered the most relevant ROS in redox signaling as it fulfills various criteria to 

function as a signal molecule (Sies 2017). Both its enzymatic and local production via SOD 

and NOX enzymes and its removal via peroxidases, peroxiredoxins (Prx) and other cellular 

antioxidant defense systems including the GSH system, enable transient increases and thus 

provide spatial and temporal specificity concerning target structures nearby (Forman et al. 

2014). The free radical NO is known to be involved in physiological processes, such as the 

well-known vasodilatory effect, where binding of NO leads to an increase of cyclic guanosine 

monophosphate (cGMP) levels (Underbakke et al. 2014). Moreover, like H2O2, NO may lead 

to posttranslational modifications of proteins via interaction with Cys by S-nitrosylation or 

tyrosine nitration (Forman et al. 2014). In addition, both oxidative and nitrosative stimuli 

may result in S-glutathionylation of Cys, the formation of a mixed disulfide between protein 

thiols and GSH, which is regarded, similar to phosphorylation, as a signal transduction 

mechanism in proteins (Mieyal et al. 2008; Musaogullari and Chai 2020). S-glutathionylation 

can be mediated via S-nitrosoglutathione (GSNO), a conjugate of NO and GSH, which is 

regarded as a central part in NO signaling (Broniowska et al. 2013).  
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Furthermore, along with glutathione S-transferase (GST), the small redox proteins 

glutaredoxins (Grx) are involved in redox signaling as important mediators of                               

S-glutathionylation (Matsui et al. 2020). Grx is a small redox enzyme belonging to the 

Thioredoxin (Trx) fold family, and exhibiting a special affinity for GSH (Aquilano et al. 

2014). It is attributed a crucial role in the de-/glutathionylation of mixed disulfides with 

proteins, which alters protein function (Lillig et al. 2008).  

Regarding redox signaling, GSH is not only indirectly involved as an antioxidant in the 

defense against oxidative and nitrosative stress to maintain redox homeostasis but directly 

plays an important role as an adduct of Cys in signaling mechanisms in cellular processes 

influenced by the cellular redox state (Aquilano et al. 2014). 

1.4 The impact of  reactive species in cardiac health and disease 

Both ROS and RNS are of importance in cardiomyocytes within physiological processes as 

well as the development of pathologies (Pacher et al. 2007; Burgoyne et al. 2012). Since 

mitochondria, representing both the regeneration of adenosine triphosphate (ATP) and a 

potential source of ROS, constitute about one third of the cellular volume of cardiomyocytes, 

the maintenance of the cellular redox homeostasis is challenging (Christians and Benjamin 

2012). Starting with the involvement of redox signaling in cell differentiation and 

proliferation of cardiomyocytes, several cardiac enzymes and proteins are now known redox 

targets of ROS and RNS that play a significant role in excitation-contraction coupling (ECC) 

or are important for the metabolic function of the cell (Figure 1) (Burgoyne et al. 2012; 

Santos et al. 2016; Hare 2004). 

ROS contribute to the maintenance of intracellular calcium (Ca2+) levels and thus 

cardiomyocyte contractility (Sag et al. 2013). The ryanodine receptor 2 (RyR2), mediating the 

Ca2+-induced Ca2+ release, is oxidized by ROS produced via NOX2, which is activated via 

stretch and localized to the membrane of t-tubules (Prosser et al. 2011). Likewise, activation 

of neuronal NOS has been shown to increase RyR2-activity through S-nitrosylation (Wang 

et al. 2010). In addition, oxidation of cyclic adenosine monophosphate (cAMP) dependent 

protein kinase (PKA), phosphorylating several proteins involved in ECC, is increased cAMP 

independently both in its catalytic activity and binding characteristics to A-kinase anchoring 

proteins due to formation of two interprotein disulfides (Brennan et al. 2006; Santos et al. 

2016). By generating a mouse model in which oxidation of PKA is inhibited by mutation of 

the corresponding Cys, Burgoyne et al. (2015) demonstrated that oxidation of PKA, 

presumably via ROS generated by NOX4, has a significant role in vascular endothelial 

growth factor (VEGF) induced signal transduction pathway of angiogenesis involving the 

extracellular signal-regulated kinase and the cAMP responsive element binding protein 

(ERK/CREB pathway). Additional identified redox-regulated cardiac proteins of the ECC 

include cGMP-dependent protein kinase G, cardiac SR Ca2+-ATPase (SERCA), 
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Ca2+/calmodulin-dependent kinase II (CaMKII), and further enzymes located downstream 

of PKA and CamKII (Burgoyne et al. 2012). 

 

Regarding the redox regulation of metabolic enzymes, Eaton et al. (2002) have shown that 

in cardiomyocytes several proteins are S-glutathionylated during reperfusion after ischemia, 

in particular glyceraldehyde-3-phosphate dehydrogenase, an important enzyme of glycolysis 

that catalyzes the reaction of glucose-3-phosphate to 1,3-biphosphoglycerate.                              

S-glutathionylation at the active site reduces the activity of the enzyme (Dalle-Donne et al. 

2009). Ralser et al. (2007) consider this inhibition as a change in metabolism of carbohydrates 

from glycolysis to the pentose-phosphate pathway, an essential pathway for the formation 

of NADPH, the cofactor for the maintenance of antioxidant systems.  

With respect to the development of cardiac pathologies, ROS have long been considered as 

a critical factor. By the 1980s, oxidative stress had been linked to the pathogenesis of 

Figure 1: Redox signaling in cardiomyocytes.  Examples of redox signaling in cardiomyocytes as described 

in the literature. NADPH oxidases (NOX) 2 and 4 and neuronal nitric oxide synthase (nNOS) generate O2-, 

H2O2, and NO, respectively, which modulate enzymes. proteins, and channels of the excitation-contracting 

coupling as well as they are in involved in apoptosis (NOX2), regulation of Nrf2 (nuclear factor erythroid 2 – 

related factor 2) and angiogenesis (NOX4). ┤indicates inhibtion and ► activation. VEGF: vascular endothelial 

growth factor, Hif-1α: hypoxia inducible factor 1 α, PKA: phosphokinase A, PP1: protein phosphatase 1, 

CaMKII: Ca2+/calmodulin-dependent kinase II, RyR2: ryanodine receptor 2, Trop I: Troponine I, c-MyBPC: 

cardial myosin binding protein c, PLN: phospholamban, SERCA: Sarcoplasmic/endoplasmic reticulum 

calcium ATPase, ERK: extracellular signal-regulated kinase, CREB: cAMP responsive element binding protein, 

SR: sarcoplasmatic reticulum, [Ca2+]i: intracellular Ca2+ concentration. 
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ischemia/reperfusion (I/R) injury (Guarnieri 1980). The main sources of ROS during I/R 

injury are mitochondrial respiratory chain, NOX, XO, and MAO enzymes (Kinugasa et al. 

2003; Zhou et al. 2015; Chen and Zweier 2014). The generation of mitochondrial ROS has 

been attributed an important role, as they may lead both to damage of mitochondrial DNA 

with subsequent functional impairment of the respiratory chain and to the opening of the 

mitochondrial-permeability transition pore (MPTP) (Perrelli et al. 2011; Lakshmi et al. 2009). 

Subsequently, this results in the collapse of the mitochondrial membrane potential, leading 

to the release of cytochrome c and thus to the induction of apoptosis (Borutaite 2003). 

Furthermore, an increased NO production due to expression of inducible NOS after 

myocardial infarction was shown to contribute to myocardial dysfunction (Feng et al. 2001). 

Apart from the pathogenesis of I/R-injury, NOX enzymes have been shown to be associated 

with the development of heart failure, cardiac remodeling, and cardiac hypertrophy (Heymes 

et al. 2003; Nakagami 2003; Looi et al. 2008). According to Morawietz (2018), the precise 

function of NOX4 has not yet been completely understood. A study by Kuroda et al. (2010) 

showed a better outcome of cardiac function in pressure overload in cardiac-specific NOX4-

knockout-mice, but other studies postulated a protective role of NOX4. Zhang et al. (2010) 

and Smyrnias et al. (2015) demonstrated an activation of Hif-1α, release of VEGF, and 

activation of the cytoprotective transcription factor nuclear factor erythroid 2 - related factor 

2 (Nrf2) via NOX4 during chronic pressure overload. 

Thus, the balance of ROS and RNS in the physiology and pathology of cardiomyocytes is of 

great importance, since redox signaling needs to be allowed, but oxidative stress should be 

avoided. The glutathione redox couple (2GSH/GSSG) plays an important role in regulating 

the cellular redox state, which turns it into an interesting subject for further investigations to 

gain a better understanding of physiological and pathophysiological redox mechanisms in 

cardiomyocytes. 

1.5 Glutathione (GSH) 

GSH, formally L-γ-glutamyl-L-cysteinylglycine, is an atypical tripeptide, which represents 

one of the most important antioxidant substances in all somatic cells. One of the main 

function of the low-molecular weight thiol is to maintain the cellular and subcellular redox 

status of thiols (Ballatori et al. 2009). GSH is exclusively synthesized in the cytosol but is also 

present in other cell compartments, such as the mitochondria, the ER or nucleus (Forman 

et al. 2009). The function of GSH derives in particular from the highly nucleophilic thiol 

group of Cys, which is able to form various bonds with other molecules (Couto et al. 2016). 

Besides its function of maintaining the cellular and subcellular redox status of thiols, GSH 

serves as a cofactor of the GST in the second phase of xenobiotic biotransformation. In 

addition, the GSH pool serves as a reserve for the amino acid cysteine and is essential for 

the regeneration of other antioxidants such as ascorbic acid and vitamin E (Meister 1988; 

Winkler et al. 1994). Regarding redox signaling, GSH is of great importance both indirectly 
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as a co-factor via the GSH-dependent oxidant defense system, and directly in                              

S-glutathionylation, the formation of a mixed disulfide between GSH and a protein, as well 

as the reaction of GSH with NO to form GSNO (Zhang and Forman 2012; Aquilano et al. 

2014). 

1.5.1 GSH redox cycle and regulation of GSH 

As the major non-enzymatic antioxidant of cellular redox maintenance, GSH not only 

directly scavenges radical forms of reactive species (e. g. HO· and ONOO-) but is also 

involved indirectly as a cofactor in the reduction of protein thiol groups and the 

detoxification of peroxides (Figure 2). In particular, this is mediated by GSH-dependent 

peroxidases (GPX), which eliminate peroxides such as H2O2 and peroxynitrous acid 

(ONOOH), oxidizing two monomers of GSH as reducing equivalents to GSSG (Lu 2013; 

Sies et al. 1997; Hanschmann et al. 2013). Regeneration of GSH from GSSG is driven 

NADPH-dependent via the enzyme glutathione reductase (GSR), which is present in 

cytoplasm as well as in organelles like mitochondria and the nucleus (Couto et al. 2016). The 

regeneration of NADPH occurs via the pentose phosphate pathway by glucose-6-phosphate 

dehydrogenase (G6PDH), which was shown to be critical for maintaining cytosolic GSH of 

cardiomyocytes to avoid dysfunction due to decreased resistance against radicals and 

disturbance of intracellular calcium transport (Jain et al. 2003). In mitochondria, however, 

NADPH is regenerated independently by nicotinamide nucleotide transhydrogenase (nNT), 

isocitrate dehydrogenase 2 (IDH2), and decarboxylating malic dehydrogenase (dMD) (Nickel 

et al. 2015). 
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Apart from GSR maintaining the reducing GSH pool, the 2GSH/GSSG is as well modulated 

by de novo synthesis and export of the low-weight molecule (Deponte 2017). GSH is 

synthesized in two ATP-dependent steps from the three amino acids L-glutamic acid, L-

cysteine, and glycine via the enzymes glutamate cysteine ligase (GCL) and glutathione 

synthetase (GS) (Lu 2013). The formation of γ-glutamylcysteine by GLC is regarded apart 

from the intracellular availability of L-cysteine as a limiting step in the synthesis of GSH, 

which in turn modulates the activity of GLC via feedback inhibition (Dalton et al. 2004; 

Figure 2: The GSH redox cycle and sources of ROS/RNS in cardiomyocytes.  Overview of the redox 

active enzymes and ROS/RNS as well as the GSH redox cycle in both cytoplasm and mitochondrial matrix. 

NOX (NADPH oxidase) 2 and NOX4 (yellow) represent along with other enzymes (red) the major sources of 

ROS in cardiomyocytes, whereas nNOS (neuronal nitric oxide synthase) and eNOS (endothelial NOS) (orange) 

are major physiological sources of NO. O2- is dismutated via SOD 1/2 (superoxide dismutase 1/2; blue) to 

H2O2, which is scavenged via the GSH dependent redox system (green), among others. The co-factor NADPH 

is regenerated in the cytoplasm and mitochondrial matrix via G6PDH (glucose-6-phosphate dehydrogenase) 

or nNT (nicotinamide nucleotide transhydrogenase), IDH2 (isocitrate dehydrogenase 2), and dMD 

(decarboxylating malic dehydrogenase), respectively. Upon reaction of NO with GSH GSNO (S-

nitrosoglutathione) is formed, which may lead to S-nitrosylation (R-SNO) and S-glutathionylation (R-SG). As 

well, ONOO- (peroxynitrite) is formed via the reaction of NO with O2-. GPX: glutathione peroxidase, GSR: 

glutathione reductase, Grx1/2: glutaredoxin1/2, MAO A: monoamine oxidase A, XOR: xanthine 

oxidoreductase. 
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Richman and Meister 1975). Both during basal conditions and increased oxidative stress, 

GLC expression and thus the total GSH concentration (GSHtotal) is pre-translationally 

induced by transcription factors including Nrf2, NkappaB, and AP1 (Meng et al. 2010; Wild 

et al. 1999; Rahman et al. 1998; Lu 2013). GSHtotal as well as the GSH:GSSG ratio is  

influenced by the extracellular export of GSH and/or GSSG, which most likely involves the 

multidrug-resistance protein (MRP) family and transporters of the organic anion transporting 

polypeptide (OATP) family (Ballatori et al. 2005). Due to the atypical γ-glutamyl peptide 

bond, GSH is highly stable against degradation by regular peptidases and proteases (Bajic et 

al. 2019). The degradation of GSH via hydrolysis of the peptide bond between γ-glutamyl 

and cysteine occurs extracellularly by γ-glutamyltranspeptidase (GGT) bound to the plasma 

membrane of epithelial cells, and is followed by hydrolysis of cysteinylglycine via 

dipeptidases, releasing cysteine for intracellular GSH synthesis (Lu 2009; Ballatori et al. 

2009).  

1.5.2 GSH and redox compartmentalization 

The maintenance of the redox status should not be seen as a global condition of the entire 

cell: there is evidence that the individual subcellular compartments differ in their redox states 

and the different cellular redox pairs are also in non-equilibrium within these compartments 

(Jones and Go 2010). This is described as redox compartmentalization. Along with 

2GSH/GSSG, especially Trx-SH/Trx-SS (a redox couple of the Trx fold family, which acts 

in its reduced form GSH-independent as an oxidoreductase) and NADP+/NADPH are of 

particular importance (Aquilano et al. 2014). A prominent example of redox 

compartmentalization is the specific signaling via the epidermal growth factor (EGF) (Halvey 

et al. 2005): Exposition to exogenous oxidants leads to general oxidation of thiol-disulfide 

redox couples, but upon activation of the EGF receptor (EGFR), the redox potential of the 

cytosolic isoform of Trx was increased about 20 mV. However, nuclear and mitochondrial 

Trx remained unaffected as well as the redox state of cellular GSH remained unchanged, 

which indicates that physiological effects may take place due to specific regulated signaling 

mechanisms. 

The redox couple 2GSH/GSSG is regarded as the most relevant cellular redox buffer. 

Hence, 𝐸GSH is constantly referred to as a useful indicator of the cellular redox status as it 

reflects the reducing capacity of the related redox couple (Schafer and Buettner 2001; Jones 

2002). Changes in 𝐸GSH have a pivotal role in cellular processes within physiological 

conditions, thus the maintenance of the intracellular and intracompartmental redox status of 

2GSH/GSSG is of great importance concerning the defense against oxidative stress as well 

as the regulation of redox signaling (Lu 2013; Aquilano et al. 2014).  

𝐸GSH is described by the Nernst equation, which allows an estimation of the reduction 

potential of the related redox couple: 
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𝑬𝐆𝐒𝐇 =  𝑬𝐆𝐒𝐇
°′

−
𝐑𝐓

𝟐𝐅
𝐥𝐧 (

[𝐆𝐒𝐇]𝟐

[𝐆𝐒𝐒𝐆]
)  

R is the gas constant, T the absolute temperature, and F the Faraday constant. EGSH
°′  is the 

midpoint redox potentials under standard conditions (T = 298.15 K, pH = 7.0), which was 

determined to be -240 mV. (Schafer and Buettner 2001) 

Compared to other cellular redox buffers (e. g. Trx-SH/Trx-SS, which forms an 

intramolecular disulfide), 𝐸GSH depends in addition to the ratio of the reduced to the oxidized 

also on the absolute concentration of GSHtotal, since two molecules of GSH are oxidized to 

one molecule of GSSG (GSHtotal = [GSH] + 2[GSSG]) (Meyer and Dick 2010).  

The concentration of GSH, the GSH:GSSG ratio and the regulation of 2GSH/GSSG vary 

within different subcellular compartments (Christians and Benjamin 2012). Through the 

application of specifically targeted fluorescent redox sensors, it has been previously 

demonstrated in Saccharomyces cerevisiae, Drosophila melanogaster and HeLa cells, among others, 

that the cytoplasm and mitochondrial matrix exhibit different GSH redox pools (Braun et al. 

2010; Morgan et al. 2011; Østergaard et al. 2004; Albrecht et al. 2011; Dooley et al. 2004; 

Hanson et al. 2004). Similarly, conventional measurements for GSH indicated the existence 

of different redox compartments as well, but the advantages of GFP-based sensors will be 

discussed in Section 1.6.3 (Jones and Go 2010; Rebrin et al. 2003). 

The majority of GSHtotal is located in the cytoplasm (> 80 %) (Schafer and Buettner 2001; 

Meister and Anderson 1983; Lu 2013). The cytosolic GSH:GSSG ratio was shown to vary 

with the cellular functional state within differentiation, proliferation, and apoptosis (Kirlin et 

al. 1999; Jones and Go 2010). As the cytoplasm exhibits rarely metabolic oxidases compared 

to other organelles (e. g. mitochondria), Go and Jones (2008) suggest it as both a bufferzone 

between other redox active organelles and a medium, where specific and sensitive ROS and 

RNS signaling via NOX and NOS can take place. The cytoplasm of the cardiomyocytes is 

characterized particularly by the myofilaments, being present as a highly organized and 

structured contractile apparatus, as well as by the enzymes and channels involved in the ECC 

and Ca2+ homeostasis (Santos et al. 2011; Christians and Benjamin 2012). Both contribute to 

cardiac contractility and are subject to redox regulation (Santos et al. 2011). However, until 

the time of our study, there was no mouse model that allowed the dynamic, reversible, and 

specific measurement of cytosolic 𝐸GSH, which is of particular interest regarding the 

involvement of redox signaling events in essential cardiac functions.  

The mitochondria contain the second most part of the GSHtotal with up to 15%, while only 

a minor part is localized in other subcellular compartments (e. g. ER and nucleus) (Meister 

and Anderson 1983; Lu 2013). Since GSH is exclusively synthesized in the cytoplasm, the 

mitochondrial GSH concentration relies on transport of GSH via mitochondrial 

dicarboxylate and the 2-oxoglutarate carrier (Chen and Lash 1998; Wilkins et al. 2013). 

Mitochondria represent about a third of the cellular volume of cardiomyocytes and are of 
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particular importance, as they are involved in the regulation of intracellular Ca2+ signaling 

and apoptosis and, furthermore, are a major source of ROS due to the MRC and are 

simultaneously highly sensitive to oxidative stress (Jones and Go 2010). Various 

mitochondrial proteins were shown to be regulated via S-glutathionylation, e. g. the 

complexes of MRC localized at the inner mitochondrial membrane (Mailloux et al. 2014a; 

Wang et al. 2013; Hurd et al. 2008; Chen et al. 2007). In addition, Aon et al. (2007) 

demonstrated that changes in the ratio of GSH:GSSG and the total amount of GSH in 

cardiomyocytes have an influence on the opening of the inner membrane anion channel and 

MPTP. Measurements of mitochondrial GSH used to be challenging as conventional 

methods required isolation of mitochondria which may result in loss and artificial oxidation 

of GSH, but the development of genetically encoded biosensors provide new specifically 

targeted tools to determine the mitochondrial 𝐸GSH (Go and Jones 2008; Calabrese et al. 

2017). 

1.6 The Grx1-roGFP2 sensor 

1.6.1 Reduction-oxidation sensitive GFP2 (roGFP2) 

The reductions-oxidation sensitive GFP2 (roGFP2) is derived from GFP which was 

discovered and extracted from jellyfish Aequorea victoria by Osamu Shimomura in 1962 

(Shimomura et al. 1962). Since Chalfie et al. (1994) showed that expression of GFP in 

prokaryotic and eukaryotic cells exhibit the same fluorescent characteristics as in Aequorea 

victoria, genetically encoded GFP were applied for specific detection of genes and proteins 

(Cinelli et al. 2000). GFP is a soluble protein of 27 kDa consisting of 238 amino acids (Meyer 

and Dick 2010). The structure of GFP is characterized by a barrel through 11 β-strands with 

an α-helix running interiorly along the axis of the β-barrel (Ormö et al. 1996; Yang et al. 

1996a). The fluorescent properties of GFP are given via the three amino acids Ser 65, Tyr 

66, and Gly 67, which form an p-hydroxybenzylideneimidazolinone chromophore through 

post-translational intramolecular cyclization, dehydration, and oxidation leading to a 

conjugated system of π-electrons, which are able to absorb and emit visible light via uptake 

and subsequently release of energy (Tsien 1998; Meyer and Dick 2010; Cannon and 

Remington 2008). Depending on whether the phenol group of Tyr 66 is present in a 

protonated neutral or deprotonated anionic form, GFP is excited at either 395 nm or 475 

nm, respectively (Brejc et al. 1997; Elsliger et al. 1999). However, due to the phenomena of 

excited state proton transfer, in which a proton of Tyr 66 is transferred to Glu 222, there is 

only one emission peak at 509 nm (Figure 3) (Chattoraj et al. 1996; Meech 2009). 
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Individual modifications of the amino acids of GFP may influence the chromophore and its 

protonation state. Enhanced GFP (eGFP) results from the substitution of Ser65 by Threonin 

(S65T mutation) and Phe64 by Leu (F64T mutation) which lead to favored depronotation 

of the chromophore directing the major exciation peak to 488 nm with improved fluorescent 

brightness (Yang et al. 1996b; Heim et al. 1995). 

RoGFP2 was developed by Hanson et al. (2004), who substituted S147 and Q204 with Cys 

at the β-barrel strands 7 and 10 of the eGFP (Figure 4). The excitation maxima remained 

Figure 3: Protonation state of the chromophore of wildtype GFP. (A) The chromophore of wt (wild type) 

GFP, which is formed via the three amino acids Ser65 (orange), Tyr66 (green) and Gly67 (red), is characterized 

by the protonation state of phenol group (red box) of Tyr66. Changes of protonation state involves an H-

bonding network, which include Ser205, Glu222 and a structural H2O molecule. Modified from Meyer and 

Dick (2010), courtesy of Mary Ann Liebert, Inc. (B) In the deprotonated anionic B-form GFP is excited at 475 

nm to its excited form B* and emits light at 509 nm. However, after excitation of the protonated neutral A-

form at 395 nm, the emitted light is also 509 nm. This property is due the phenomena of excited state proton 

transfer (ESPT), in which the proton of the phenol group of Tyr66 is transferred to a carboxylate of Glu222 

(red arrows). The excited A-form (A*) is transferred via ESPT to an excited intermediate form (I*), which then 

emits light at 509 nm and is transferred to the relaxed I-form. The I-form is returned to the relaxed A-form via 

protonation of the phenol group. Modified from Chattoraj et al. (1996), courtesy by National Academy of 

Sciences, U. S. A. Copyright (1996) National Academy of Sciences, U. S. A.  
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unchanged, however, the formation of a disulfide bridge results in minor structural changes 

near the chromophore, so that the protonated status of Tyr66 is preferred (Hanson et al. 

2004). As a result, compared to reduced roGFP2 (roGFP2red), the excitability of oxidized 

roGFP2 (roGFP2ox) is increased at 405 nm and decreased at 488 nm. 405 nm and 488 nm 

represent standard laser wavelengths, corresponding either exactly or approximately to the 

excitation maxima of roGFP2. The fluorescence intensity ratio of the emission at 510 nm 

after excitation with 405 nm and 488 nm (I405/488) therefore serves as a useful tool to reflect 

the oxidation state of the roGFP2.  

 

 

 

Figure 4: Schematic structure and fluorescence intensity of roGFP2. (A) The structure of roGFP2 contains 11 

antiparallel β strands, which form a barrel in which the chromophore is localized. Oxidation of the two engineered 

Cys at position 204 and 147 leads to the formation of a disulfide bond and conformational changes, so that the 

protonated A-form is favored. Based on and modified from Aller et al. (2013), licensed under CC BY 3.0 

(https://creativecommons.org/licenses/by/3.0/). (B) The fluorescence intensity of roGFP2 is shown in 

dependence on the excitation wavelength. In the deprotonated B-form (reduced roGFP2, red curve) the maximum 

of excitability is reached at 490 nm, whereas in the protonated A-form (oxidized roGFP2, blue curve) the maximum 

is reached at 400 nm. The maxima are close to the standard laser wavelength 405 and 488 nm (black lines). Modified 

from Meyer and Dick (2010), courtesy of Mary Ann Liebert, Inc. 
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The midpoint potential of roGFP2 (EroGFP2
°′ ) was determined to be -280 mV (Hanson et al. 

2004; Dooley et al. 2004). EroGFP2
°′  is significantly more negative than the midpoint potential 

of GSH ranging from -151 to -181 mV depending on the concentration of GSHtotal upon 

physiological conditions. Thus, roGFP2 represent a very well suited sensor to detect even 

small changes in the 𝐸GSH. (Meyer and Dick 2010) 

1.6.2 Substrate and compartment specificity of roGFP2 

Studies by Meyer et al. (2007) and Schwarzländer et al. (2008) have shown that roGFP2, 

although not exclusively, interacts predominantly with 2GSH/GSSG. The roGFP2 

represents an artificial substrate of Grx that mediates the equilibrium between roGFP2 and 

the cellular GSH pool. The rate constant of uncoupled roGFP2 is however too slow to reflect 

oxidative changes either of short duration or minor changes in the total 𝐸GSH as they rely on 

the present intracellular Grx pool (Cannon and Remington 2008). Gutscher et al. (2008) 

therefore developed a fusion protein of human Grx1 and roGFP2 to improve the specificity 

and speed of the sensor to allow real time imaging. Gallogly et al. (2009) showed that the 

fusion increases the local Grx1 concentration at the roGFP2-sensor by about three orders 

of magnitude.  

As an artificial substrate of Grx1, roGFP2 can be both glutathionylated and 

deglutathionylated via a monothiol ping-pong mechanism (Figure 5) (Meyer et al. 2007; 

Gutscher et al. 2008; Schwarzländer et al. 2016): When 𝐸GSH increases above the redox 

potential of roGFP2 (𝐸roGFP2 ), formation of an intramolecular disulfide at roGFP2 occurs 

via the intermediate step of a mixed disulfide with GSH until an equilibrium between 𝐸GSH 

and 𝐸roGFP2  is established. The intramolecular disulfide bond leads to conformational 

changes of roGFP2 and its fluorophore resulting in altered excitation behavior. Once 𝐸GSH 

decreases and 𝐸GSH < 𝐸roGFP2 , this process occurs in revers to maintain 𝐸GSH = 𝐸roGFP2 . 

For instance, an increase in 𝐸GSH may be due to increased H2O2 levels buffered by the GSH 

system. According to Meyer and Dick (2010), the reaction mechanism of Grx1-roGFP2 and 

GSH exemplifies how signal transduction in redox signaling is mediated via Grx or similar 

redox enzymes (e. g. Trx).  

Apart from the specificity for the 2GSH/GSSG redox pair, the GFP-based redox sensors 

also feature high specificity for the various subcellular compartments such as the 

mitochondrial matrix, intermembrane space, ER, and nucleus by applying specific targeting 

sequences (Kostyuk et al. 2020). Such specific localization of the sensor is ideal to study 𝐸GSH  

within distinct subcellular compartments without destroying the cell, allowing dynamic 

measurements within these compartments as well.  
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1.6.3 Comparison with conventional methods for the determination of GSH 

Prior to the development of the roGFP variants, there were and still are other methods used 

to determine the intracellular GSH content and the ratio GSH:GSSG. Among these 

conventional methods, the group of high performance liquid chromatography (HPLC), 

spectrophotometry, and fluorometry can be distinguished from the redox sensitive dyes 

(Pastore et al. 2003). 

The former measurement methods are based on the derivatization of GSH, which results in 

a GSH product that is photometrically detectable, with HPLC being the most frequently 

used (Pastore et al. 2003; Forman et al. 2009). Indeed, these methods achieve high specificity 

for both reduced and oxidized GSH, but the destruction of the cellular structures eliminates 

any information about compartment-specific characteristics, as well as artificial oxidation 

cannot be excluded, and dynamic measurements are impossible (Meyer and Dick 2010; 

Kaludercic et al. 2014).   

Although the measurement of GSH using redox-sensitive fluorescent dyes requires no 

destruction of the cell, they are mostly characterized by irreversible reactions and lack of 

specificity concerning the compartments and the redox couple 2GSH/GSSG (Meyer and 

Dick 2010; Dooley et al. 2004). Some redox sensivite dyes (e. g. 7-amino-4-

chloromethylcoumarin (Blue CMAC) and monochlorobimane (mBCl)) apparently have a 

Figure 5: Scheme of the equilibration of Grx1-roGFP2 and GSH. Upon oxidizing conditions, GSSG rises 

and 𝑬𝐆𝐒𝐇 (glutathione redox potential) becomes more oxidized than 𝑬𝐫𝐨𝐆𝐅𝐏𝟐  (roGFP2 redox potential). The 

monothiol group of Grx1(glutaredoxin 1), present as a thiolate (-S-), attacks one of the sulfurs of GSSG and 

forms Grx1-SSG with release of GSH. Grx1-SSG then reacts with one of the Cys resdiues of roGFP2, which 

forms subsequently an intramolecular disulfide bond with release of GSH. This mechanism happens in reverse 

at the expense of GSH when 𝑬𝐫𝐨𝐆𝐅𝐏𝟐  is more oxidized than 𝑬𝐆𝐒𝐇. Modified from Meyer and Dick (2010), 

courtesy of Mary Ann Liebert, Inc. 



Introduction 16 

  

higher affinity for GSH but not exclusively (Tauskela et al. 2000). Another concern with 

redox sensitive dyes is the effect of photobleaching, affecting the signal intensity, and thus 

potentially leading to mismeasurements (Eggeling et al. 1998).  

Due to the ratiometric measurement with the Grx1-roGFP2 sensor, effects due to 

photobleaching, low sensor expression and changes of pH are minimized (Hanson et al. 

2004; Schwarzländer et al. 2016). The specificity of roGFP2 towards the 2GSH/GSSG redox 

couple is given by the fusion with Grx1 as described above. However, it was additionally 

shown that roGFP2 in general does not interact with Trx (Gutscher et al. 2008). Among the 

significant advantages of Grx1-roGFP2 compared with conventional methods is its specific 

subcellular localization, which allows the analysis of 𝐸GSH in a compartment-specific manner. 

Furthermore, the fusion to Grx1 and the reversible reaction with GSH allows a dynamic 

measurement both ex vivo and in vivo, so that not solely a static value of 𝐸GSH but its alteration 

under different conditions can be monitored (Gutscher et al. 2008).  

Compared to another genetically encoded redox sensor, a redox sensitive derivation of the 

yellow fluorescent protein (rxYFP), roGFP variants benefit from their ratiometric behavior, 

since YFP exhibits just a single fluorescence excitation peak, whose signal emission 

amplitude changes upon formation of the disulfide bond (Hanson et al. 2004; Cannon and 

Remington 2008).  

The other variant of roGFP, namely roGFP1, shows as well a ratiometric behavior, but in 

comparison to roGFP2 it exhibits a reduced brightness and the effect of photoswitching to 

a variant with different spectral properties at high irradiation at 405 nm (Schwarzländer et al. 

2008). 
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1.7 Aim of  this thesis 

Cardiomyocytes are essential as a functional syncytium for the contractility and function of 

the heart. Regulated processes are required to ensure that the individual cells act collectively 

as a unified entity. An important factor contributing to optimal cardiac function is the 

maintenance of the redox homeostasis. Various cardiac enzymes are subject to redox-

regulated control, and dysregulation of redox balance has been associated with diverse 

pathologies such as I/R injury, heart failure and hypertrophy. The total cellular redox status 

as well as the redox status of the subcellular compartments is predominantly defined by 𝐸GSH. 

In previous studies, GSH of cardiomyocytes has been quantified by conventional methods 

including Blue CMAC, mBCl, and HPLC, however, redox couple and compartment-specific 

measurement of 𝐸GSH on either intact cells or even the whole organ has proved difficult 

(King et al. 2004; Li et al. 2003; Rebrin et al. 2005). The development of fluorescent redox 

probes expressed as transgenes together with the ability of accurate subcellular localization 

and high specificity for the redox couple 2GSH/GSSG represent a new tool to fill this gap. 

At the time of our study, there were Grx1-roGFP2 mouse models for neurons, keratinocytes 

and erythrocytes as well as Grx1-roGFP2 positive cell lines of HeLa cells and yeast available, 

but a Grx1-roGFP2 cardiomyocyte-specific mouse line allowing subcellular dynamic analysis 

of 𝐸GSH was lacking (Guzman et al. 2010; Breckwoldt et al. 2014; Wolf et al. 2014; Xu et al. 

2011; Gutscher et al. 2008; Hanson et al. 2004; Morgan et al. 2011). 

The aim of this project was to study and analyze newly developed cardiomyocyte specific 

Grx1-roGFP2 mouse models to gain a better insight in 𝐸GSH of both the mitochondrial 

matrix and cytoplasm and to potentially establish a biosensor mouse model for specific and 

dynamic real-time measurements of 𝐸GSH. Therefore, the following aims were formulated 

for this thesis: 

(i) Does the insertion of a Grx1-roGFP2 sensor in the mitochondrial matrix and 

cytosol lead to cardiac impairment? 

(ii) If normal cardiac function is maintained, is both the cytosolic and mitochondrial 

𝐸GSH of cardiomyocytes within the sensing range of the Grx1-roGFP2 sensor 

and does it show dynamic, reversible responses as in other biosensor models? 

(iii) Do the cytoplasm and mitochondrial matrix differ in their 𝐸GSH? 

(iv) Can measurements using the Grx1-roGFP2 sensor be performed on both 

isolated cardiomyocytes and whole hearts ex vivo, and do differences emerge in 

comparison of isolated cardiomyocytes vs. cardiomyocytes in cardiac tissue? 
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2 Material and Methods 

2.1 Material 

2.1.1 Chemicals & enzymes 

The chemicals and enzymes used in this thesis are listed in Table 1. 

Table 1: Chemicals and enzymes 

Chemical/enzyme Company 

1,4-Dithiothreitol (DTT) Carl Roth GmbH 

2,3-Butanedione monoxime (BDM) Sigma Aldrich 

2.5% Trypsin Gibco 

4-(2-Hydoxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) 

Carl Roth GmbH 

Bovine serum albumin (BSA) AppliChem 

Calcium chloride dihydrate (CaCl2 x 2H2O) Sigma Aldrich 

Diamide Sigma Aldrich 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH 

FluoromountTM aqueous mounting medium Sigma Aldrich 

Glucose Carl Roth GmbH 

Hydrogen Peroxide (H2O2) Carl Roth GmbH 

Isoflurane Abbvie 

Laminin Sigma Aldrich 

Liberase DH Roche 

Magnesium chloride (MgCl2) Carl Roth GmbH 

Magnesium sulfate heptahydrate (MgSO4 x 7 H2O) Carl Roth GmbH 

MitoTracker Deep Red FM Thermo Fisher Scientific 

MyFiTM Mix (Mastermix) Bioline 

Paraformaldehyde (PFA) Carl Roth GmbH 

Phenol Red sodium salt Sigma Aldrich 

Potassium bicarbonate (KHCO3) Sigma Aldrich 

Potassium chloride (KCl) Carl Roth GmbH 

Potassium dihydrogenphosphate (KH2PO4) Carl Roth GmbH 

Sodium bicarbonate (NaHCO3) Carl Roth GmbH 

Sodium chloride (NaCl) Carl Roth GmbH 

Sodium dihydrogen phosphate (NaH2PO4) Carl Roth GmbH 
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Chemical/enzyme Company 

Sodium hydroxide (NaOH) Carl Roth GmbH 

Sodium phosphate dibasic (Na2HPO4 x 2 H2O) Carl Roth GmbH 

Taurine Sigma Aldrich 

Tris hydrochloride (Tris/HCl) Carl Roth GmbH 

2.1.2 Buffers & solutions 

The buffers and solutions used in this project are given in Table 2. 

Table 2: Buffers and solutions 

Buffer/solution Composition 

Alkaline lysis buffer 25 mM NaOH  

0.2 mM EDTA  

BDM solution 500 mM BDM 

BSA solution 5 g BSA  

50 mL H2O dest. 

Calcium chloride solution 10 mM 10 mL Calcium chloride solution 100mM 

90 mL H2O dest. 

Calcium chloride solution 100 mM 1.47 g CaCl2 x 2H2O 

100 mL H2O dest. 

Digestion buffer 29.6 mL Perfusion buffer 1x 

3.75 µL CaCl2 solution 100 mM 

200 µL Trypsin solution 

300 – 450 µL Liberase solution 

Imaging Buffer 144 mM NaCl 

5.4 mM KCl 

1 mM MgCl2 

1 mM CaCl2 

10 mM HEPES 

pH = 7.3 

Liberase solution 50 mg Liberase DH 

12 mL H2O injection grade 

MitoTracker solution 10 mL Perfusion buffer 1x (recalcificated) 

1.5 µL MitoTracker 

Neutralization buffer 40 mM Tris/HCl, pH 5.0 

Perfusion buffer 10x 1.13 M NaCl  
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Buffer/solution Composition 

47 mM KCl  

6 mM KH2PO4  

6 mM Na2HPO4 x 2H2O  

12 mM MgSO4 x 7H2O 

0.32 mM Phenol Red 

120 mM NaHCO3 

100 mM KHCO3 

100 mM HEPES 

300 mM Taurine 

H2O dest. 

Perfusion buffer 1x 100 mL Perfusion buffer 10x 

20 mL BDM solution 

1 g Glucose 

880 mL H2O dest. 

Phosphate buffered saline (PBS) 137 mM NaCl 

2.7 mM KCl 

4.3 mM Na2HPO4 x 7H2O 

1.4 mM KH2PO4 

pH = 7.4 

Stopping buffer I 2.25 mL Perfusion buffer 1x 

250 µL BSA solution 

1.25 µL CaCl2 solution 100 mM 

Stopping buffer II 9.5 mL Perfusion buffer 1x 

500 µL BSA solution 

3.75 µL CaCl2 solution 100 mM 

Trypsin solution 200 µL Trypsin 2.5% per aliquot 

Tyrode solution 128.3 mM NaCl 

4.7 mM KCl 

1.36 mM CaCl2 

1.05 mM MgCl2 

20.2 mM NaHCO3 

0.42 mM NaH2PO4 

10 mM Glucose 
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2.1.3 Software 

Table 3 gives an overview of the software used in this project.  

Table 3: Software 

 

2.1.4 Microscope devices 

The micrcoscope devices are listed in Table 4. 

Table 4: Microscope devices 

Instrument Application Company 

Axio Observer D1 

microscope 

Image acquisition of Grx1-roGFP2 

expression 

Carl Zeiss 

LSM 510 Meta confocal 

microscope 

Image acquisition of mitochondrial 

fluorescence staining  

Carl Zeiss 

LCI Plan-Neofluar 

63x/1.3na objective 

Image acquisition of mitochondrial 

fluorescence staining 

Carl Zeiss 

IX 83 inverted 

microscope 

Image acquisition of redox measurements 

(Isolation) 

Olympus 

Polychrome V 

monochromator 

Light source Till Photonics 

SMZ1500 

Stereomicroscope 

Image acquisition of redox measurements 

on perfused hearts 

Nikon 

Instruments  

Software Application Reference 

Axio Vision Image acquisition and analysis Carl Zeiss 

GraphPad Prism 4.0 Statistical analysis GraphPad Software 

CorelDraw Image editor Corel Corporation 

VisiView  Image acquisition and analysis Visitron Systems GmbH 

Windows Office Excel 2013 Data analysis Windows 

InkScape Image editor InkScape Community 

(inkscape.org/de) 

Citavi Bibliographic references Swiss Academic 

Software GmbH 
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2.2 Methods 

2.2.1 Generation of cardiomyocyte specific Grx1-roGFP2 mice 

For studying 𝐸GSH in cardiac tissue, a transgenic cardiac myocyte specific mouse model 

needed to be established. The generation of the αMHC-Grx1-roGFP2 mouse model was 

done by the Department of Cardiovascular Physiology, Göttingen. The generated transgenic 

mouse lines express the Grx1-roGFP2 sensor either in the cytosol (Grx1-roGFP2 cyto) or 

in the mitochondrial matrix (Grx1-roGFP2 mito) of the cardiomyocytes. A vector named 

pLPCX-Grx1-roGFP2 containing the DNA sequence of the Grx1-roGFP2 sensor with or 

without a mitochondrial targeting sequence (Neurospora crassa ATP synthase protein 9) 

(both were kindly provided by Prof. Tobias P. Dick, Heidelberg) was used for the generation. 

This vector was digested with the restriction enzymes HindIII and XhoI. To achieve a 

specific expression in cardiomyocytes, an α-myosin heavy chain (αMHC) promoter was 

applied. Therefore, the vector αMHCpmEpac1 was cut with HindIII and XhoI and Grx1-

roGFP2 with or without the mitochondrial targeting sequence were inserted (Figure 6). The 

resulting plasmid was amplified in competent high DH10B Escherichia coli. For preparation 

and linearization of the DNA an endotoxin-free plasmid kit was used. Subsequently, the 

DNA was extracted from gels and purified. Generation of transgenic mice was performed 

via pronuclear injection using C57BL/6N mice (Jackson Laboratories). Transgenesis was 

done by the core facility of the Max Planck Institute of Experimental Medicine, Goettingen. 

Seven founder lines for the Grx1-roGFP2 cyto and four founder lines for the Grx1-roGFP2 

mito mouse lines tested positive for the expression of the fluorescent sensor protein were 

generated. For each compartment, two founder mouse lines (mito1, mito2, cyto1 and cyto2) 

were chosen to be further characterized. Adult male and female animals at the age of 8 to 14 

weeks were used for regular experiments. At 60 weeks of age, the oldest animals analyzed 

for this study showed no signs of premature death, impaired cardiac function, or reduction 

in Grx-roGFP2 expression. All animal work conformed with institutional guidelines and was 

approved by the Niedersächsische Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit (approval number 3392-42502-04-13/1208). 
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2.2.2  Genotyping Polymerase Chain Reaction (PCR) 

The genotyping of the founder mice and their resulting heterozygous offspring was 

performed with a standard PCR. 75 µL of alkaline lysis buffer was added to the mouse tail 

biopsies and kept for 1 hour at 95°C followed by 10 min at 4°C to stop the lysis. 

Subsequently, 75 µL of neutralization buffer was added. The PCR reaction (in total 25 µL) 

was prepared as follows: 

Mastermix 12.5 µL  

Primer mroGFP-fwd 5’-CCCTCTCTTTCTCTGCCCAG-3’ 0.3 µL  

Primer mrogfp-rev 5’-ATAAAGACTCGCGGCACCGT-3’ 0.3 µL  

DNA template 5 µL  

H2O 6.9 µL  

 
The following parameters were used for the PCR analysis (Table 5):  

Table 5: roGFP2 PCR reaction 

Step Temperature Time Cycles 

Initial denaturation 95 ° C 3 mins 1 

Denaturation 95 ° C 30 secs 

40 Annealing 63 ° C 30 secs 

Elongation 72 ° C 90 secs 

Final Elongation 72 °C  10 mins 1 

 

 

Figure 6: Schematic of the promotor and coding sequence of the plasmids used for generating 

transgenic biosensor mice. (A) The vector for the generation of redox-sensitive green fluorescent proteins 

(roGFP2) fused with glutaredoxin-1 (Grx-1) in Grx1-roGFP2 cyto mice were linked to an α-myosin heavy 

chain (αMHC) promotor sequence to obtain a specific expression in cardiomyocytes. (B) In addition to the 

αMHC promotor sequence, the mitochondrial targeting sequence ATP-synthase protein 9 (atp9) was cloned 

into the vector for the Grx1-roGFP2 mito mice.  
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The resulting PCR products were seperated on an agarose gel. The resulting fragment for 

Grx1-roGFP2 cyto was 500 bp long, the one for the Grx1-roGFP2 mito 710 bp. Based on 

the results of genotyping, Grx1-roGFP2 positive were paired with wildtype (wt) animals to 

generate heterozygous offspring.  

2.2.3 Echocardiography 

To assess the cardiac heart function of the mice, an echocardiography was performed by Dr. 

Aline Jatho (Department of Cardiovascular Physiology, Göttingen). The echocardiography 

and measurement of anterior and posterior wall thickness (AWTh, PWTh), ejection fraction 

(EF), fractional area shortening (FAS), left ventricular dimension in systole, and left 

ventricular dimension in diastole were performed according to the protocol described in 

(Silter et al. 2010). Therefore, mice were anesthetized with 1% isoflurane. Using the 

parasternal long and short axis view at midpapillary level, two-dimensional images and M-

mode tracings were recorded (Vevo 2100 system, Visual Sonics Inc, Toronto, Canada). FAS 

and EF were used as markers to evaluate the cardiac contractile function. 

2.2.4  Preparation and isolation of the transgenic cardiomyocytes and hearts  

To determine the 𝐸GSH  in the cardiac tissue, the hearts had to be removed from the thorax 

of the mice. Therefore, the mice were anesthetized with isoflurane and killed via cervical 

dislocation. After the surgical extraction of the heart, depending on whether single 

cardiomyocytes or whole hearts were required for imaging, the procedure was continued as 

described below. 

The cardiomyocytes of both the Grx1-roGFP2 cyto and Grx1-roGFP2 mito mouse lines 

were isolated via Langendorff perfusion. The procedure of isolation used in this thesis was 

based on the protocol described in Börner et al. (2011). The surgically extracted heart was 

then transferred to an ice-cold PBS containing dish and the aorta was cannulated with a 21G 

needle. The heart was perfused for 3 min with perfusion buffer 1x followed by 30 mL of 

digestion buffer, both at a speed of 3.5 mL/min and a temperature of 37°C. Afterwards, the 

atria were removed and the ventricles were cut into small pieces for 30 sec in 2.5 mL digestion 

buffer. Stopping buffer I was added to the cell suspension to stop digestion and then the 

suspension was homogenized for 3 min by using a small needle-free syringe. The isolated 

cardiomyocytes were filtered through a piece of gauze into a small tube. After 10 min of 

sedimentation, the supernatant was taken off and the settled cells were resuspended with 

stopping buffer II. Following this, the concentration of CaCl2 was gradually increased 

according to Table 6. The consecutive steps were performed in intervals of 4 min.  
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Table 6: Recalcification of isolated cardiomyocytes 

Volume of  

CaCl2 solution 

Concentration of  

CaCl2 solution 

Final  

Ca2+ concentration 

50 µL 10 mM 62 µM 

50 µL 10 mM 112 µM 

100 µL 10 mM 212 µM 

30 µL 100 mM 500 µM 

50 µL 100 mM 1000 µM 

 

To culture the isolated cardiomyocytes, coverslips were placed into 6-well-plates and coated 

with laminin. A drop of 100 µL cell solution was pipetted on each laminin coated coverslip 

and the plates were incubated at 37°C and 5% CO2 for at least 1 hr. 

For whole heart imaging (WHI), the hearts of mito1 and cyto1 were transferred after surgical 

extraction to a cold bath of Tyrode solution and the aorta was cannulated with a 21G needle 

so that the hearts could be retrogradely perfused in a Langendorff mode. The hearts were 

perfused at a constant pressure with Tyrode solution, which was heated to 37°C and 

equilibrated with 95% O2 and 5% CO2 and were then directly used for further experiments. 

2.2.5 Quantification of the expression and localization of the Grx1-roGFP2 sensor 

To evaluate the expression of the transgenic sensor in the mouse lines, isolated 

cardiomyocytes were prepared for a comparative imaging using the bright-field and green 

fluorescent channels. Cardiomyocyte-containing cover slips were washed with PBS to 

remove unattached cells before they were mounted on glass slides coated with Mowiol. After 

drying, cover slips were utilized for imaging with a fluorescence microscope (Axio Observer 

D1, Zeiss, Germany, Axiovision Software). Bright-field and green fluorescence images were 

taken for each mouse line and wild type (wt) animals. Matching images were compared and 

the percentage of Grx1-roGFP2 positive cells was determined. 

To identify the co-localization (Grx1-roGFP2 mito) and the non-co-localization (Grx1-

roGFP2 cyto) of the Grx1-roGFP2 sensor in the mitochondria, a mitochondrial fluorescence 

staining and imaging was performed. MitoTracker staining was performed for each of the 

four mouse lines. Each cardiomyocyte containing coverslip was covered with 500 µL of 

MitoTracker solution and kept in the incubator for 20 min at 37°C. To fix the staining, cells 

were treated with PFA 4% for 20 min. The coverslips were mounted onto glass slides using 

FluoromountTM. In between each step the cells were washed three to four times with PBS. 

The dried glass slides were then used for imaging. 
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For imaging, glass slides were analyzed with a confocal laser scanning microscope (LSM 510 

Meta confocal laser scanning microscope, Carl Zeiss, Jena, Germany, equipped with a 63x 

Plan-Neofluoar 1.3NA water-corrected objective). The dyed cardiac myocytes were excited 

at 488 nm to determine the localization of the Grx1-roGFP2 sensor as well as at 644 nm to 

identify the dyed mitochondria. The emitted light was detected at 510 nm (Grx1-ro GFP 

sensor) and 665 nm (MitoTracker). 6 z-series optical sections with steps of 0.05 microns were 

taken to enable detailed studies and were presented as maximum z-projections. The resulting 

images of each mouse line were identically adjusted in gamma, brightness, and contrast using 

Adobe Photoshop CS2.  

2.2.6 Redox measurements 

Isolated cardiomyocytes prepared as described in section 2.2.4 were used for redox 

measurements. The incubated coverslips were placed into an imaging chamber at room 

temperature and washed once with 400 µL of imaging buffer to remove unattached cells 

followed by another addition of 400 µL of imaging buffer without removing. For imaging, 

an inverted fluorescent microscope IX38 (Olympus) and Visiview software were used. The 

Grx1-roGFP2 sensor was excited at 405 nm and 488 nm using a Polychome V light source 

(Till Photonics). A CCD camera (emission filter 510 ± 10) detected the emitted light. 

Cardiomyocytes were chosen using live fluorescence light to find cells with optimal sensor 

expression. To avoid photobleaching, the intensity of the fluorescence light was set as low 

as possible (to 4%) and switched off right after an appropriate area has been selected. The 

exposure time was set to 10 ms, which usually led to a good signal-to-noise ratio. During the 

experiment, pictures were acquired every 5 sec for both the channels and the ratio of the 

emitted light intensities 𝐼405 and 𝐼488 was recorded. Once the ratio maintained a stable 

baseline, 400 µL of the desired active agents (H2O2, diamide or DTT in various 

concentrations) diluted in imaging buffer were added into the chamber. The experiment was 

stopped as soon as the response was maintaining a lasting plateau (Figure 7).  
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For imaging of Langendorff perfused whole hearts a stereo microscope (SMZ1500, Nikon) 

with 1.5x zoom and a polychrome light source (Till Photonics) controlled by the Visiview 

Software was used. As for the imaging of isolated cardiomyocytes, the Grx1-roGFP2 sensor 

was excited at 405 nm and 488 nm and the emitted light detected at 510 nm via a CCD 

camera (Figure 8). Images were acquired every 3 sec with an exposure time of 30 msec. As 

soon as the 405/488nm ratio reached a stable baseline, the hearts were perfused with the 

Tyrode solution containing the desired concentration of H2O2 or DTT.  

 

Figure 7: Schematic illustration of the EGSH redox measurements of isolated cardiomyocytes. The 

isolated cardiomyocytes were excited at 405 and 488 nm and the emitted light was detected via a CCD camera 

at 510 nm. The ratio 405/488 was observed and by maintaining a stable baseline 400 µL of the desired active 

agent was added into the imaging chamber. The response to H2O2, diamide and DTT were recorded until a 

lasting plateau was achieved. 
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2.2.7 Calculations of the dynamic range and the EGSH 

The dynamic range (δ) of a sensor provides information about the possible sensing range 

which can be obtained via the sensor. δ was determined for each mouse line by dividing the 

highest ratio in response to H2O2 (maximum oxidation) by the lowest ratio in response to 

DTT (maximum reduction) (Morgan et al. 2011).  

The calculations of EGSH  in this study are based on the description in Meyer and Dick (2010). 

Both EGSH and 𝐸roGFP2  in the cardiac myocytes can be described by the Nernst equation. 

𝑬𝐆𝐒𝐇 =  𝑬𝐆𝐒𝐇
°′

−
𝐑𝐓

𝟐𝐅
𝐥𝐧 (

[𝐆𝐒𝐇]𝟐

[𝐆𝐒𝐒𝐆]
)  

Equation 1 

𝑬𝐫𝐨𝐆𝐅𝐏𝟐 =  𝑬𝐫𝐨𝐆𝐅𝐏𝟐
°′

−
𝐑𝐓

𝟐𝐅
𝐥 𝐧 (

[𝐫𝐨𝐆𝐅𝐏𝟐𝐫𝐞𝐝]

[𝐫𝐨𝐆𝐅𝐏𝟐𝐨𝐱]
) 

Equation 2 

R is the gas constant (8.315 
kgm2

s2molK
), T the absolute temperature (310.15 K), and F the 

Faraday constant (96 485 
C

mol
). EGSH

°′  and EroGFP2
°′  are the midpoint redox potentials under 

standard conditions (T = 298.15 K, pH = 7.0), which were determined to be -240 mV and 

-280 mV, respectively (Dooley et al. 2004; Schafer and Buettner 2001). The potential 

Figure 8: Schematic illustration of Whole Heart Imaging (WHI). Redox measurements were performed 

using a stereo microscope to image whole hearts perfused with Tyrode solution (95% O2, 5% CO2) containing 

during the course of the experiments either H2O2 or DTT in different concentrations. After excitation at 405 

and 488 nm, the emitted light was detected via a CCD camera and the ratio 405/488 was monitored. 
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difference ∆E acting as the driving force for the exchange of electrons between the two redox 

couples is characterized by the difference of 𝐸roGFP2  and 𝐸GSH : 

∆𝑬 = 𝑬𝒓𝒐𝑮𝑭𝑷𝟐 −  𝑬𝑮𝑺𝑯   

Equation 3 

The Grx1-roGFP2 sensor is primarily interacting with the 2GSH/GSSG redox couple. 

Therefore, an equilibrium between the redox couple of GSH and our Grx1-roGFP2 sensor 

can be assumed. At equilibrium, ∆𝐸 =  0, which means that 𝐸GSH is equivalent to 𝐸roGFP2. 

As a result, Equation 3 is converted to the following equation by inserting Equation 1 and 

Equation 2: 

𝑬𝐆𝐒𝐇 = 𝑬𝐫𝐨𝐆𝐅𝐏𝟐 

 
⇒ 𝑬𝐆𝐒𝐇

°′
−

𝑹𝑻

𝟐𝑭
𝐥𝐧 (

[𝑮𝑺𝑯]𝟐

[𝑮𝑺𝑺𝑮]
) = 𝑬𝐫𝐨𝐆𝐅𝐏𝟐

°′
−

𝑹𝑻

𝟐𝑭
𝐥𝐧 (

[𝒓𝒐𝑮𝑭𝑷𝟐𝐫𝐞𝐝]

[𝒓𝒐𝑮𝑭𝑷𝟐𝐨𝐱]
) 

Equation 4 

As we are not able to measure exactly 
[𝐺𝑆𝐻]2

[𝐺𝑆𝑆𝐺]
 or 

[𝑟𝑜𝐺𝐹𝑃2red]

[𝑟𝑜𝐺𝐹𝑃2ox]
, we used the degree of oxidation 

(𝑂𝑥𝐷), which represents the fraction of the oxidized form of the total intracellular amount 

of Grx1-roGFP2 and GSH. 

𝑶𝒙𝑫𝐆𝐒𝐇 =  
𝟐[𝑮𝑺𝑺𝑮]

[𝑮𝑺𝑯] + 𝟐[𝑮𝑺𝑺𝑮]
=

𝟐[𝑮𝑺𝑺𝑮]

𝑮𝑺𝑯𝐭𝐨𝐭𝐚𝐥
 

Equation 5 

𝑶𝒙𝑫𝐫𝐨𝐆𝐅𝐏𝟐 =  
[𝒓𝒐𝑮𝑭𝑷𝟐𝐨𝐱]

[𝒓𝒐𝑮𝑭𝑷𝟐𝐨𝐱] + [𝒓𝒐𝑮𝑭𝑷𝟐𝐫𝐞𝐝]
 

Equation 6  

After transposing Equation 5 and Equation 6, they can be transferred to Equation 4. 

𝑬𝐆𝐒𝐇 = 𝑬𝐆𝐒𝐇
°′

−
𝐑𝐓

𝟐𝐅
𝐥𝐧 (

𝟐𝑮𝑺𝑯𝐭𝐨𝐭𝐚𝐥(𝟏 − 𝑶𝒙𝑫𝐆𝐒𝐇)𝟐

𝑶𝒙𝑫𝐆𝐒𝐇
) 

= 𝑬𝒓𝒐𝑮𝑭𝑷𝟐
°′

−
𝐑𝐓

𝟐𝐅
𝐥𝐧 (

𝟏 − 𝑶𝒙𝑫𝐫𝐨𝐆𝐅𝐏𝟐

𝑶𝒙𝑫𝐫𝐨𝐆𝐅𝐏𝟐
) = 𝑬𝐫𝐨𝐆𝐅𝐏𝟐 

Equation 7 

This shows that the OxDroGFP2 needs to be defined to determine 𝐸GSH. Assuming that in 

every cardiomyocyte each oxidized roGFP2 molecule emits its own light after excitation at 

405 nm, the measured intensity 𝐼405 represents the total amount of these emissions. 𝐼488 

is correspondingly characterized by the reduced roGFP2 molecules. These two measured 

variables are related by defining the fluorescence ratio 𝑟 =
 𝐼405

𝐼488
 . As 𝑟 describes the redox 

state under resting conditions, 𝑟ox =
 𝐼405ox

𝐼488ox
 and 𝑟red =

 𝐼405red

𝐼488red
 display the state upon 
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maximum oxidation and reduction. Accordingly, 𝐼405ox, 𝐼488ox, 𝐼405red, and 𝐼488red are 

the intensities emitted at the state of full oxidation and reduction, respectively. 𝑂𝑥𝐷roGFP2 

is defined as the amount of oxidized roGFP2 among the total amount of roGFP2 (see 

Equation 6). The total roGFP2 molecules contributing either to 𝐼405 or 𝐼488 depending on 

their redox form are reflecting the current redox state of the total roGFP2 and thus, 

𝑂𝑥𝐷roGFP2 as well. Considering both the limiting conditions upon maximum oxidation and 

reduction and the measurement under resting conditions, 𝑂𝑥𝐷roGFP2 can be described using 

the measured fluorescence intensities:  

𝑶𝒙𝑫𝐫𝐨𝐆𝐅𝐏𝟐 =

 𝑰𝟒𝟎𝟓
𝑰𝟒𝟖𝟖 −  

 𝑰𝟒𝟎𝟓𝐫𝐞𝐝

𝑰𝟒𝟖𝟖𝐫𝐞𝐝

𝑰𝟒𝟖𝟖𝐨𝐱

𝑰𝟒𝟖𝟖𝐫𝐞𝐝
(

 𝑰𝟒𝟎𝟓𝐨𝐱

𝑰𝟒𝟖𝟖𝐨𝐱
−

 𝑰𝟒𝟎𝟓
𝑰𝟒𝟖𝟖 ) +  (

 𝑰𝟒𝟎𝟓
𝑰𝟒𝟖𝟖 −  

 𝑰𝟒𝟎𝟓𝐫𝐞𝐝

𝑰𝟒𝟖𝟖𝐫𝐞𝐝
)

  

Equation 8 

To investigate 𝑂𝑥𝐷roGFP2 and accordingly 𝐸GSH, the Grx1-roGFP2 sensor needs to be set 

both in a fully oxidized and reduced state. The isolated cardiomyocytes can either be 

maximally reduced or oxidized in the following experiments, so that 𝐸GSH is not calculated 

for each cell itself. Instead, the mean glutathione redox potential 𝐸̅GSH was determined for 

each mouse line. Therefore, the baseline intensities of each cell were normalized (𝑟 =

 𝐼405

𝐼488
= 1) and the mean fluorescence intensities 𝐼405̅̅ ̅̅ ̅̅

ox, 𝐼488̅̅ ̅̅ ̅̅
ox, 𝐼405̅̅ ̅̅ ̅̅

red, and 𝐼488̅̅ ̅̅ ̅̅
red 

were calculated for corresponding cells of each mouse line. These values were inserted into 

Equation 8 and the resulting 𝑂𝑥𝐷roGFP2 was used to determine 𝐸̅GSH with Equation 7. 

Though the measured ratio of the Grx1-roGFP2 sensor is not affected by pH changes 

(Gutscher et al. 2008; Schwarzländer et al. 2008), the redox potential of both GSH and 

roGFP2 is influenced by the pH due to the protons involved in the disulfide bond building 

process. The change of the midpoint redox potential 𝐸roGFP2
°′  according to pH changes is 

described in Cannon and Remington 2008: 

𝑬𝐩𝐇
°′

= 𝑬𝐫𝐨𝐆𝐅𝐏𝟐
°′

− 𝟎. 𝟏𝟗𝟖 𝐓 ∗ (𝐩𝐇 − 𝟕) 

Equation 9 

T is the absolute temperature and pH describes the pH of the cell compartment in which the 

sensor is localized. 

The redox potentials were calculated with mean values of 𝐼405̅̅ ̅̅ ̅̅
ox, 𝐼488̅̅ ̅̅ ̅̅

ox, 𝐼405̅̅ ̅̅ ̅̅
red, and 

𝐼488̅̅ ̅̅ ̅̅
red derived from multiple redox measurements, which means, that the standard 

deviation (SD) and standard error of the mean (SEM) need to be considered. These SEM 

are propagated to the determination of the redox potentials as it has been calculated with 

Equation 8 and Equation 7 using these mean values. The error of 𝑂𝑥𝐷roGFP2 (∆OxD) and 

𝐸GSH (∆𝐸GSH) were determined as follows: 
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∆𝑶𝒙𝑫 =  √(
𝒅𝑶𝒙𝑫

𝒅𝑰𝟒𝟎𝟓𝐨𝐱
∗ ∆𝑰𝟒𝟎𝟓𝐨𝐱)

𝟐

+ (
𝒅𝑶𝒙𝑫

𝒅𝑰𝟒𝟖𝟖𝐨𝐱
∗ ∆𝑰𝟒𝟖𝟖𝐨𝐱)

𝟐

  

      + (
𝒅𝑶𝒙𝑫

𝒅𝑰𝟒𝟎𝟓𝐫𝐞𝐝
∗ ∆𝑰𝟒𝟎𝟓𝐫𝐞𝐝)

𝟐

+ (
𝒅𝑶𝒙𝑫

𝒅𝑰𝟒𝟖𝟖𝐫𝐞𝐝
∗ ∆𝑰𝟒𝟖𝟖𝐫𝐞𝐝)

𝟐

 

Equation 10 

∆𝑬𝐆𝐒𝐇 =  
𝐑𝐓

𝟐𝐅(𝑂𝑥𝐷roGFP2 − 𝑂𝑥𝐷roGFP2
2)

∗ ∆𝑶𝒙𝑫 

Equation 11 

Both the equations are based on the Gaussian error propagation. 
𝑑𝑂𝑥𝐷

𝑑𝐼
 is the differentiation 

of Equation 8 with respect to the fluorescence intensity as indicated. 

2.2.8 Statistics 

For analyzing the data of the measurements with the Grx1-roGFP2 sensor, the intensity 

profile of both the 408 nm and 488 nm channels were exported to Microsoft Office Excel 

2013. The baseline for both the channels of each measured cell was normalized to 1 and 𝒓𝐨𝐱 

or 𝒓𝐫𝐞𝐝 was calculated for the normalized intensities. Maximum responses were sorted by 

reactive substances added. Redox potential calculations were based on n-number of 

cardiomyocytes from a-number of independent isolations or mice as indicated in the figure 

legends. Data is shown as mean ± SEM. Student’s two tailed t-test was used to calculate 

statistical significance between two conditions. By comparison of more than two groups one-

way ANOVA (Bonferroni post-hoc test) was performed. The statistical significance was set 

to p < 0.05 (indicated as: *). Statistical analyses were performed using the GraphPad Prism 

4 software.  
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3 Results 

3.1 The Grx-roGFP2 sensor is strongly expressed in both Grx1-roGFP 

cyto and Grx-roGFP2 mito mouse lines 

To quantify the abundance of the Grx1-roGFP2 sensor in our Grx-roGFP2 cyto mouse lines 

cyto1 and cyto2 and the Grx1-roGFP 2 mito mouse lines mito1 and mito2, a comparison of 

bright field to green fluorescence images were performed for transgenic and wt mice. Wt 

mice were used to exclude effects of auto-fluorescence, which could influence the 

quantification of roGFP2 positive cardiomyocytes in the transgenic mouse lines. A positive 

fluorescence signal upon excitation with 405 nm was assessed as a positive expression of the 

Grx1-roGFP2 sensor. By merging bright field with fluorescence images, roGFP2 positive 

cells could be distinguished from non-positive cells. Whereas the transgenic mouse lines 

showed a clear signal of the Grx1-roGFP2 sensor, the wt mice remained without any 

fluorescence signal. The Grx1-roGFP2 mito mouse lines showed a minimally higher number 

of roGFP2 positive cells than the Grx1-roGFP2 cyto mouse lines (Figure 9). The percentage 

of Grx1-roGFP2 positive cardiac myocytes was determined from different isolations for 

each transgenic mouse line and showed an unequivocal expression of Grx1-roGFP2 in 

cardiac myocytes (Figure 10).  

 

 

Figure 9: Clear expression of the Grx1-roGFP2 biosensor in both cyto and mito mouse lines compared 

to wt mice. The cardiomyocytes from cyto1, cyto2, mito1, mito2 and wild type (wt) mice were isolated via 

Langendorff perfusion and incubated at 37°C and 5% CO2. The fluorescence images of cardiomyocytes 

exposed to 405 nm were overlaid with bright field images to identify roGFP2 positive cells. 

 



Results 33 

  

 

 

3.2 The Grx1-roGFP2 sensor in the Grx1-roGFP2 mito mouse lines is 

localized to the mitochondria whereas no co-localization in Grx1-

roGFP2 cyto mice is observed  

The Grx1-roGFP2 sensor was targeted either to the mitochondrial matrix of the 

cardiomyocytes or non-targeted (cyto). In order to verify the correct localization of the 

sensor, isolated cardiomyocytes of all analyzed mouse lines were stained with red 

MitoTracker solution. Deep Red MitoTracker was chosen to avoid possible interference 

between the excitation and emission of the Grx1-roGFP2 sensor. The emission of the sensor 

was detected at 510 nm, the one of the MitoTracker at 665 nm. Mito1 and mito2 

cardiomyocytes showed a significant signal of both the Grx1-roGFP2 sensor (green) and the 

MitoTracker (red). Merged together, the signals appeared universally colocalized, meaning 

that the sensor in these mouse lines is localized to the mitochondria. Likewise, significant 

signals were detected for both cyto1 and cyto2. In the overlay, however, no colocalization 

could be detected. This shows that the sensor of the cyto mouse lines is not localized to the 

mitochondria but to the surrounding cytoplasm. For wt cardiomyocytes no signal of the 

Grx1-roGFP2 sensor was detectable, whereas the signal of the MitoTracker was again 

significant (Figure 11). Based on these results, we were able to verify the correct localization 

of our sensor in the analyzed mouse lines. 

Figure 10: Quantification of roGFP expressing cardiomyocytes in Grx1-roGFP2 cyto and mito mouse 

lines. Grx1-roGFP2 positive cells were quantified by comparing bright-field to fluorescence images. For each 

indicated mouse line values of isolations of 3 independent mice were included and > 50 cardiomyocytes per 

mouse were quantified. Mean ± SEM. 
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Figure 11: Colocalization of DeepRed MitoTracker and Grx1-roGFP2 in both mito mouse lines, but not 

in the cyto mouse lines. Isolated cardiomyocytes of mito1, cyto1 (A), mito2, cyto2 (B), and wild type (wt) mice 

were exposed to both 488 nm and 644 nm. Images of the fluorescence signals at 510 nm (green) and 665 nm 

(red), respectively, were taken and merged to prove, whether there was a colocalization of the DeepRed Mito 

Tracker and the Grx1-roGFP2 biosensor. 
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3.3 Transgenic expression of  Grx1-roGFP2 in cardiac myocytes does 

not affect heart function 

Echocardiography was performed to exclude any detrimental influence on the mouse hearts 

due to the transgenic expression of the biosensor. To analyze the heart function, AWTh, 

PWTh, EF and FAS of the transgenic mouse lines were measured in comparison to 

corresponding wt littermates as described in chapter 2.2.3. Both AWTh and PWTh as well 

as EF and FAS of the transgenic hearts showed no significant deviation of the cardiac 

function (Figure 12). Hence, we were able to exclude cardiotoxic effects of the Grx1-

roGFP2 sensor on the hearts. 

 

 

A 

D C 

B 

Figure 12: Echocardiography of transgenic and corresponding wt mice. Echocardiography was 

performed with 4 to 7 mice per genotype and corresponding wild type (wt). (A) Anterior wall thickness 

(AWTh), (B) posterior wall thickness (PWTh), (C) ejection fraction (EF), (D) fraction area shortening (FAS). 

Data are presented as mean ± SEM. 
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3.4 The Grx1-roGFP2 sensor showed a dynamic response to H2O2 

and DTT 

The protonation state of the cysteine residues of the roGFP2 affects its fluorescence. 

Oxidizing conditions lead to a disulfide bond conformation, which in turn shifts the 

excitation maximum near 405 nm, whereas a reducing environment leads to an excitation 

maximum near 488 nm. In both cases, the emission is detected at 510 nm. The fusion of the 

Grx1 to the roGFP2 catalyzes specifically the reaction between roGFP2 and GSH. First, we 

wanted to prove, whether the Grx1-roGFP2 sensor localized to cardiomyocytes reacts to 

changes of 𝐸GSH. Isolated Grx1-roGFP2 positive cardiomyocytes of mito1, mito2, cyto1 and 

cyto2 mice were isolated and measured as described in chapter 2.2.4. To induce redox 

changes, a bolus of 100 µM H2O2 was used as an oxidizing agent whereas 1 mM DTT was 

used for reduction. The fluorescence ratio 405/488 nm of the cardiomyocytes from each 

mouse line changed equally according to the applied stimulus: after stimulation with H2O2 

the excitation maximum was shifted near to 405 nm, leading to an increase of the ratio 

405/488 nm. Reducing conditions shifted the excitation maximum near 488 nm, which in 

turn led to the decrease of the ratio 405/ 488 nm. Figure 13 A, B shows an exemplary 

response of an isolated cardiomyocyte of mito1. The shift of the excitation peak becomes 

visible by turning from the fluorescence color turquoise to green upon addition of H2O2 and 

to blue upon addition of DTT (Figure 13 C, D). Both stimuli lead to a rapid change and 

stable plateau within <100-200 sec in both mito and cyto mouse lines, which indicates that 

the Grx1-roGFP2 sensor indeed dynamically reports changes of the redox state in real-time. 

The change of the fluorescence intensities due to oxidizing or reducing stimuli in each mouse 

line demonstrates, that the basal mitochondrial and cytosolic 𝐸GSH of the cardiomyocytes lie 

within the effective range of the Grx1-roGFP2 sensor.  

Subsequently, single cardiomyocytes of cyto1 and mito1 mice were treated consecutively with 

H2O2 and DTT to demonstrate the reversibility of the disulfide bond formation of the Grx1-

roGFP2 sensor (Figure 14). After applying a bolus of 100 µM H2O2, the cells were washed 

and then treated with 1 mM DTT. Both the oxidation and reduction of the sensor were 

comparable to the responses by treatment with only one agent. Therefore, we concluded that 

the redox reaction is independent of the experimental setting. Due to a higher rate of cell 

death with the subsequent addition of H2O2 and DTT, single bolus treatment was preferred 

in the following experiments.  
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Figure 14: Exemplary Responses of an Grx1-roGFP2 positive cyto1 and mito1 cardiomyocyte to 

subsequent stimulation with H2O2 and DTT. Both the cyto1 (A) and mito1 (B) cardiomyocyte were first 

stimulated with 100 µM H2O2. After maintaining a stable plateau, the cells were washed and subsequently, 1 

mM DTT was added. Ratio of the fluorescence excitation ratio 405/488 nm were recorded. 

 

Figure 13: Exemplary response of an Grx1-roGFP2 mito1 cardiomyocyte to 100 µM H2O2 and 1 mM 

DTT. Cardiomyocytes of Grx1-roGFP2 were isolated and incubated at 37°C and 5% CO2 for 1 hr. The 

fluorescence intensities of excitations at 405 nm and 488 nm were recorded both before and after the addition 

of 100 µm H2O2 (A) and 1 mM DTT (B). In parallel, fluorescence images were taken during the experiments 

with 100 µM H2O2 (C) and 1 mM DTT (D). After 300 s the maximum oxidation and reduction was achieved 

and the visible emission of the cells turned from turquoise to green and blue, respectively. 
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3.5 Comparison of  the EGSH in the cytosol versus mitochondrial 

matrix 

3.5.1 Grx1-roGFP2 cyto and Grx1-roGFP2 mito cardiomyocytes show different 

maximum oxidative and reductive responses 

The Grx1-roGFP2 sensor allows a real-time quantification of the GSH redox pair. Due to 

its subcellular compartment localization, we were able to define compartment specific 𝐸GSH. 

To gain insight into the redox state of the GSH couple in more detail, we needed to define 

the concentrations of H2O2 and DTT to reach the maximum reduction and oxidation (see 

2.2.7). Therefore, different concentrations ranging from 1 to 500 µM of H2O2 and 0.02 to 3 

mM of DTT were applied to isolated cardiomyocytes of mito1 and cyto1. The maximum 

responses to these stimuli were recorded until they reached a stable plateau. Finally, we 

determined the concentrations that are sufficient to generate the maximum sensor oxidation 

and reduction.  

In mito1 and cyto1, maximum oxidizing sensor response is achieved at concentrations ≥ 100 

µM H2O2 as well as concentrations ≥ 1mM of DTT are sufficient to lead to the maximum 

reduction (Figure 15 A,B, Figure 16 A,B). Subsequently, we verified whether these 

concentrations of H2O2 and DTT were also sufficient to achieve a maximum response in 

isolated cardiomyocytes of mito2 and cyto2. The addition of 100 µM and 500 µM H2O2 both 

led to an oxidative response without any significant difference between the extent of these 

responses. Likewise, no significant deviation was observed between the extent of the 

reductive responses after the addition of 1 mM and 2mM DTT. Thus, maximum sensor 

responses are also achieved in mito2 and cyto2 at concentrations ≥ 100 µM H2O2 and 

concentrations ≥ 1mM of DTT (Figure 17). However, there was a significant difference in 

the extent of the maximum responses between cyto and mito cardiomyocytes concerning 

oxidative or reductive stimuli. The mito mouse lines showed a higher increase of the 

fluorescence ratio after oxidative stimuli compared to the cyto mouse lines, whereas the latter 

had a stronger decrease of the ratio after addition of DTT. Since these responses differ from 

the amount of oxidation and reduction, we assumed that there are distinct basal 𝐸GSH in the 

cytosol and the mitochondrial matrix. 

Based on the maximum responses to H2O2 and DTT of the sensor, the dynamic range δ, 

that provides information about the sensitivity of the sensor, could be determined for each 

mouse line. The individual values are shown in Table 7. Values from 4.2 to 5.0 were 

obtained, which corresponds to values in other settings reported in the literature (Morgan et 

al. 2011). 

Since H2O2 does not directly interact with the Grx1-roGFP2 sensor but with the endogenous 

GSH redox pool, additional experiments with diamide were performed with isolated 

cardiomyocytes. The function of diamide is independent of the cellular GSH pool, as it is a 

sulfhydryl reagent that directly oxidizes the two thiol groups of the biosensor to a disulfide 



Results 39 

  

bond. The concentrations used were identical to those of H2O2, varying from 1 to 500 µM. 

Comparing the maximum responses of H2O2 versus diamide, we could exclude a significant 

difference between these two oxidizing stimuli (Figure 15 C, Figure 16 C). This observation 

demonstrated that the maximum oxidation of the biosensor by H2O2 was not limited by the 

endogenous GSH pool and represented the absolute maximum oxidation. Therefore, the 

concentration of H2O2 used was indeed sufficient to maximally oxidize the Grx1-roGFP2 

sensor. 
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A 

C 

B 

Figure 15: Grx1-roGFP2 response of mito1 to different concentrations of H2O2, diamide and DTT. 

H2O2 (1 to 500 µM) (A), diamide (1 to 500 µM) (B) and DTT (0.02 to 3 mM) (C) were applied to isolated 

Grx1-roGFP2 mito1 cardiomyocytes. Ratios of the fluorescence excitation at 405/488 nm were recorded. 

Measurements of isolated cardiomyocytes from 15 (H2O2), 11 (diamide) and 17 (DTT) mice were included. 

Mean ± SEM. *p < 0.05 (compared to non-treated control), one-way ANOVA-analysis (Bonferroni post-hoc 

test). 
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C 

B 

A 

Figure 16: Grx1-roGFP2 response of cyto1 to different concentrations of H2O2, diamide and DTT. 

H2O2 (1 to 500 µM) (A), diamide (1 to 500 µM) (B) and DTT (0.02 to 3 mM) (C) were applied to isolated 

Grx1-roGFP2 cyto1 cardiomyocytes. Ratios of the fluorescence excitation at 405/488 nm were recorded. 

Measurements of isolated cardiomyocytes from 18 (H2O2), 13 (diamide) and 15 (DTT) mice were included. 

Mean ± SEM. *p < 0.05 (compared to non-treated control), one-way ANOVA-analysis (Bonferroni post-hoc 

test). 

 

 



Results 42 

  

Table 7: Dynamic range (δ) of the Grx1-roGFP2 sensor protein localized to different compartments in 

isolated cardiomyocytes  

 

 

 

 mito1 mito2 cyto1 cyto2 

dynamic range 

δ 

H2O2 – DTT  

4.3 4.2 5.0 4.8 

A 

B 

 

Figure 17: Grx1-roGFP2 response of mito2 and cyto2 to H2O2 and DTT. H2O2 (100 and 500 µM) and 

DTT (1 and 2 mM) were applied to isolated Grx1-roGFP2 mito2 (A) and cyto2 (B) cardiomyocytes. Maximum 

sensor oxidation and reduction is achieved at 100 µM of H2O2 and 1 mM of DTT. Ratios of the fluorescence 

excitation at 405/488 nm were recorded. For each concentration at least 45 isolated cardiomyocytes from four 

(mito2) and three (cyto2) mice were included. Mean ± SEM.  
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3.5.2 The EGSH of the cytosol is less reductive than the EGSH of the mitochondrial 

matrix 

The titration experiments revealed that the cytosol and the mitochondria differ in the extent 

of their reaction to oxidizing and reducing stimuli. To further define this reaction, the basal 

𝐸GSH was determined for each mouse line. As described in section 2.2.7, the maximum 

reduction and oxidation responses were used to calculate the redox potential of both H2O2 

versus DTT and diamide versus DTT. A comparison of the individual compartments within 

the respective mouse lines and concerning the use of H2O2 and diamide showed that the 

calculated 𝐸GSH yielded comparable values without significant differences. However, the 

comparison of the 𝐸GSHof the cytosol and mitochondrial matrix was significant in that the 

cytosol has a less reducing 𝐸GSH than the mitochondrial matrix. 

The Grx1-roGFP2 biosensor itself is not pH-dependent, but changes in the pH, which 

represents the number of free H+ ions, influence the mid-point redox potential of the 

2GSH/GSSG redox couple on which our calculations are based. We therefore took into 

account in our calculations of the 𝐸GSH that the pH in the individual compartments is not 

equal but 7.4 in the cytosol and 7.91 in the mitochondrial matrix (Llopis et al. 1998). The pH 

corrected calculations of 𝐸GSH also show that the cytosol has a more oxidizing environment 

than mitochondrial matrix (Table 8). 

3.5.3 Lack of Ca2+ and glucose as well as overnight culturing does not affect the 

EGSH 

In order to exclude any influence of the process of isolation of the cardiomyocytes or the up 

to here used experimental setting, additional experiments were performed with modified 

conditions. Since imaging was performed with freshly isolated cardiomyocytes, experiments 

were repeated with isolated cells cultured over night to exclude effects on the redox potential 

due to the process of cell isolation and cultivation. Furthermore, to exclude any effects on 

the 𝐸GSH due to starving of the cells or their contractility according to the presence of Ca2+, 

additional experiments were performed with buffer containing 10 mM of glucose and Ca2+ - 

free imaging buffer. Compared to the regular experimental set-up, experiments with 

overnight cultured cells, lack of calcium or glucose addition showed no significant difference 

of the 𝐸GSH compared to the experiments demonstrated above (Table 8). 
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Table 8: Calculation of EGSH based on the redox measurements with isolated cardiomyocytes of both 

the Grx1-roGFP2 mito and cyto mouse lines.  

 Mouse line 

𝐸GSH mito1 mito2 cyto1 cyto2 

H2O2 – DTT 
-278.9 ± 0.4 mV 

(104) 

-275.4 ± 0.4 mV 

(98) 

-254.8 ± 0.8* 

mV (112) 

-256.3 ± 0.7* mV 

(154) 

diamide – 

DTT 

-278.9 ± 0.4 mV 

(108) 

-277.1 ± 0.4 mV 

(97) 

-257.2 ± 0.7* 

mV (102) 

-255.8 ± 0.6* mV 

(154) 

H2O2 – DTT 

ph corrected 

-333.6 ± 0.4 mV 

(pH 7.91) 

-330.1 ± 0.4 mV 

(pH 7.91) 

-278.8 ± 0.7 mV 

(pH 7.4) 

-280.3 ± 0.7 mV 

(pH 7.4) 

diamide – 

DTT 

ph corrected 

-333.6 ± 0.4 mV 

(pH 7.91) 

-331.8 ± 0.4 mV 

(pH 7.91) 

-281.2 ± 0.7 mV 

(pH 7.4) 

-279.8 ± 0.7 mV 

(pH 7.4) 

Ca2+-free 

buffer 

-274.2 ± 0.8 mV 

(30) 

-274.8 ± 0.7 mV 

(28) 

-254.8 ± 1 mV 

(102) 

-255.5 ± 0.8 mV 

(102) 

+10 mM 

glucose 

-273.1 ± 1 mV 

(18) 

-276.9 ± 0.9 mV 

(35) 

-258.5 ± 0.8 mV 

(27) 

-255.5 ± 0.9 mV 

(25) 

overnight 

culture 

-277.4 ± 1 mV 

(28) 

-271.1 ± 0.6 mV 

(47) 

-255.8 ± 2 mV 

(16) 

-255.4 ± 2 mV 

(27) 

Cardiomyocytes of mito1, mito2, cyto1 and cyto2 were isolated and incubated at 37°C and 5% CO2 for 1 

hr except for the overnight culture measurements. The measurements of the maximum oxidation and 

reduction response were performed upon different conditions for each mouse line. Numbers in the 

parentheses indicate the number of cardiomyocytes analyzed. Mean ± SEM. *p < 0.05 (compared to 

mito1 and mito2 hearts), one-way ANOVA (Bonferroni post-hoc-test). 
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3.6 The results of  the imaging in Langendorff  perfused hearts were 

comparable to those of  the single cell measurements 

The up to here described experiments were performed with isolated cells. To investigate the 

𝐸GSH in a more physiological context, experiments were conducted with whole hearts of all 

mouse lines. The mouse hearts were cut off right above the aorta and retrogradely perfused 

in the Langendorff mode with a Tyrode solution. During imaging, a strong signal of the 

ventricles was detected which demonstrates the localization of the sensor to the ventricular 

cardiomyocytes due to the αMHC promoter (Figure 18). Reaching a stable baseline, hearts 

were perfused subsequently with 200 µm H2O2, a washing step and 2 mM DTT. As observed 

in the isolated cardiomyocytes, the ratio of the sensor increased after the oxidative 

stimulation and decreased after application the reducing agent. The extent of the signal 

change also corresponded to the results of the isolated cells under oxidation and reduction. 

Both mito mouse lines revealed a higher increase upon the oxidative stimulus while the cyto 

mouse lines presented a higher decrease upon the reductive stimulus (Figure 19). This result 

indicates a more reduced 𝐸GSH in the mitochondrial matrix as in the cytoplasm comparable 

to the results obtained with isolated cardiomyocytes. Calculations of OxDroGFP2 were also 

comparable to the results of isolated cardiomyocytes (Table 9). 

 

 

 

A B 

Figure 18: Both the hearts of Grx1-roGFP2 mito1 and cyto1 mice showed a clear green 

fluorescence signal of the ventricles. Hearts of mito1 (A) and cyto1 mice (B) were perfused with 

Tyrode solution via Langendorff mode and excited with 488 nm before addition of an active substance. 

Emission was detected at 510 nm. Both the mito1 and cyto1 heart showed a strong fluorescence signal 

after excitation. 
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A 

B 

Figure 19: Whole Grx1-roGFP2 mito1 hearts react with a higher increase upon oxidation and smaller 

decrease upon reduction compared to Grx1-roGFP2 cyto1 hearts. Exemplary response of a mito1 (A) and 

cyto1 (B) hearts to a subsequent perfusion with 200 µM H2O2, wash out and 2 mM DTT. Ratio of the 

fluorescence emissions at 510 nm after excitation with 405nm and 488 nm were recorded.  
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Table 9: Calculation of OxD from whole heart imaging  

 mito1 mito2 cyto1 cyto2 

OxD 

H2O2 – DTT 

WHI 

52.0 ± 6.1% 

(5) 

50.0 ± 4.8% 

(4) 

85.1 ± 7*%   

(5) 

87.3 ± 3.9*% 

(9) 

OxD 

H2O2 – DTT 

IC 

52.0 ± 1.2% 

(104) 

58.4 ± 0.7% 

(98) 

86.8 ± 0.5*% 

(112) 

85.5 ± 0.7*% 

(154) 

The degree of oxidation of the Grx1-roGFP2 sensor was calculated fort both isolated cardiomyocytes and 

whole hearts of each mouse line. The numbers in parentheses indicate the number of animals analyzed. 

Mean ± SEM. *p < 0.05 (compared to mito1 and mito2 hearts), one-way ANOVA (Bonferroni post-hoc-

test). WHI: Whole heart imaging, IC: isolated cardiomyocytes. 
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4 Discussion 

Although reactive species have long been considered detrimental in the context of oxidative 

stress, ROS and RNS are nowadays known to play a central role in physiological processes 

controlled via redox signaling. In cardiomyocytes, redox signaling is involved starting from 

differentiation and proliferation through ECC and Ca2+ homeostasis to apoptosis (Santos et 

al. 2016; Burgoyne et al. 2012). In order to enable redox signaling, the redox balance is 

maintained by redox couples such as NADP+/NADPH, TRX-SH/TRX-SS and 

2GSH/GSSG. However, an imbalance of these in favor of a strongly reducing milieu can 

lead to reductive stress, which is of pathophysiological importance (Narasimhan and 

Rajasekaran 2015; Pérez-Torres et al. 2017; Bajic et al. 2019). The redox status is no longer 

seen as a global cellular concept but as a characteristic of the individual redox pairs within 

the different subcellular compartments (Jones and Go 2010). Likewise, the development of 

cardiac diseases such as heart failure or myocardial I/R-injury is associated with specific 

subcellular sources of ROS (Hafstad et al. 2013; Cadenas 2018).  

The low-weight molecular antioxidant GSH is an excellent cellular redox buffer due to its 

abundance and presence in a predominantly reduced form, and thus it is referred to be a 

useful indicator for the cellular redox status (Schafer and Buettner 2001). Changes both in 

concentration and the ratio of GSH:GSSG have been linked to the development and 

progression of CVD, and post-translational modifications such as S-glutathionylation as part 

of redox signaling are of particular importance (Bajic et al. 2019; Burns et al. 2020).  

Conventional methods for measuring GSH and GSSG by HPLC or redox sensitive 

fluorescent dyes usually are not able to provide subcellular information or real time 

monitoring. Since redox homeostasis dynamically reflects the different redox pairs, which 

are neither in equilibrium with each other nor with themselves across the subcellular 

compartments, roGFP sensors offer an excellent opportunity to study them in both high 

temporal and spatial resolution (Hanschmann et al. 2013; Schwarzländer et al. 2016).  

roGFP sensors have been used in several models to study 𝐸GSH, but prior to our study there 

was no mouse model that allowed the specific analysis of 𝐸GSH in the cytosol and 

mitochondria of cardiomyocytes. Therefore, the aim of this thesis was to analyze the 

developed models of Grx1-roGFP2 transgenic mice regarding their functionality and to 

newly investigate whether specific subcellular redox characteristics exist.  
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4.1 The Grx1-roGFP2 sensor is well expressed in both mitochondria 

and cytoplasm without altering heart function  

After the generation of the Grx1-roGFP2 mouse lines cyto1, cyto2, mito1 and mito2, the 

percentage of roGFP2 positive cardiomyocytes was determined for each of the four mouse 

lines. In all four mouse lines, more than 70% of cardiomyocytes were GFP positive, with 

more than 90% positivity in mito1 and mito 2. In addition, the mito mouse lines had a slightly 

stronger signal intensity, indicating an increased abundance of the sensor compared to the 

cyto mouse lines. However, due to the ratiometric characteristic of roGFP2, varying sensor 

concentrations are not expected to affect the measurement. This has also been demonstrated 

by studies, which reveal a constant ratio at different signal intensities (Schwarzländer et al. 

2016; Ayer et al. 2013; Bhaskar et al. 2014).  

Another important aspect regarding the expression of a genetically engineered protein of 

about 50 kDa was to exclude that the Grx1-roGFP2 impacts cardiac function (Delorme-

Hinoux et al. 2016; Kaludercic et al. 2014). Indeed, a study by Huang et al. (2000) on α-MHC 

gene driven transgenic eGFP mice has indicated that overexpression of eGFP, from which 

roGFP2 is derived, can lead to the development of cardiomyopathy, which is attributed to 

an increased activation of CaMKII by eGFP according to Khoo et al. (2008). Similar findings 

were published by Ho et al. (2007): By using a cardiac myosin light chain 2 gene, two cardiac 

specific zebrafish lines with different expression levels of GFP were generated. Excess 

expression of GFP resulted in an impairment of cardiac growth and function. In contrast, 

other studies with cardiac specific expression of eGFP and GFP via the hamsterβ-MHC and 

human α-actin promoter, respectively, in mice showed no harmful effect on cardiac 

performance (Xian et al. 1999; Fleischmann et al. 1998). Nevertheless, when comparing the 

studies, it must be kept in mind that the reduced cardiac function observed by Huang et al. 

(2000) and Ho et al. (2007) were not due to general expression but to overexpression of 

GFP. For each of our four transgenic Grx1-roGFP2 mouse lines echochardiography was 

performed to assess the cardiac function. As compared to wt littermates no difference of 

cardiac function was observed, we concluded that the expression of Grx1-roGFP2 is 

sufficient to allow 𝐸GSH measurements but is not overexpressed to an extent that it harms 

the physiological function of the heart. To support the results of echocardiography, 

trichrome staining of Grx1-roGFP2 positive and wt mice was performed by Swain et al. 

(2016), whereby no morphological difference was observed. Furthermore, by comparing 

complex I, II, IV and V activities as well as the oxygen consumption rate of isolated 

mitochondria from the transgenic and wt mice, Swain et al. (2016) demonstrated that 

expression of Grx1-roGFP2 did not impair mitochondrial function. 
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4.2 The Grx1-roGFP sensor shows a dynamic and reversible response 

in both the cytoplasm and mitochondrial matrix 

The first step to describe the steady state of 𝐸GSH within the cytoplasm and mitochondria of 

cardiomyocytes was to calibrate the sensor to a state of maximal reduction and oxidation. 

Cardiac myocytes of different isolations were titrated with increasing concentrations of H2O2 

and DTT to define the concentrations which lead to the maximal states rox and r𝑟𝑒𝑑 . To 

confirm the reversibility of the sensor, described by Gutscher et al. (2008), single cell 

measurements were performed with consecutive application of H2O2 and DTT. However, 

as a higher rate of cardiomyocyte cell death occurred, we opted for single cell measurements 

with only H2O2 or DTT to determine the fully oxidized and reduced states in the further 

experiments, respectively. As discussed above, there were no hints for alterations of cardiac 

function due to the expression of the sensor. But as the cardiomyocytes were exposed to 

both abnormal high concentrations of H2O2 (at least 10-fold higher assuming an intracellular 

concentration of 10 nm) and the reducing agent DTT, it may lead to cell death (Sies 2017; 

Lyublinskaya and Antunes 2019).  

To ensure that H2O2 reached complete sensor oxidation as it leads indirectly to the oxidation 

of the sensor via endogenous GSH, additional experiments were performed with diamide. 

These showed no significant difference in maximum oxidation compared to H2O2. Thus, the 

indirect oxidation of the sensor via H2O2 showed us the equilibration between oxidized GSH 

and our Grx1-roGFP2 sensor and the similar maxima of oxidation confirm that the 

endogenous GSH pool is sufficient to lead to maximal sensor oxidation.  

Compared with other methods for determination of GSH in cardiomyocytes, the Grx1-

roGFP2 outstands by its dynamic, reversible behavior as well as the possibility of subcellular 

measurements. Li et al. (2003) used mBCl to investigate cellular mechanisms affecting 

intracellular cardiac GSH. Isolated cardiomyocytes were treated with a solution containing 

mBCl, which is transferred via GST to GSH to build a fluorescent adduct. The measurement 

via an inverted microscope is comparable to our setting but neither subcellularly specified 

nor ratiometric. Limitations of mBCl are also discussed by some authors due to the 

accumulation of the mBCl-GSH conjugate in the nucleus and lack of specificity for GSH 

due to alternating activity of GST isoforms (Briviba et al. 1993; van der Ven et al. 1994). 

King et al. (2004) used the fluorescent dye Blue CMAC to evaluate GSH levels in freshly 

isolated cardiomyocytes. Similar to mBCl, Blue CMAC is transferred via GST to GSH to 

become a fluorescent adduct. However, Blue CMAC exhibit brighter fluorescence 

characteristics and its interaction with GSH was shown to be reversible (King et al. 2004). 

Although the calibration of measurements with Blue CMAC enabled the quantification of 

GSH levels upon varying conditions, there is no direct reflection of the 𝐸GSH and the 

subcellular specification is still lacking.  
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Based on rox and r𝑟𝑒𝑑 , the dynamic range of the Grx1-roGFP2 sensor within our model 

has been calculated. The dynamic range of the biosensor expressed in our mouse lines were 

determined to range from 4.2 to 5.0, which goes in line with other reported values of the 

sensor (Morgan et al. 2011; Albrecht et al. 2011). Thus, the Grx1-roGFP2 sensor provides 

enough sensitivity to reflect minor changes in 𝐸GSH in the settings used in our study. 

4.3 The cytosolic EGSH is more oxidizing than the EGSH of  the 

mitochondrial matrix 

Based on the maximum reduction and oxidation values, 𝐸GSHfor both mito and cyto mouse 

lines were derived according to the methods published in Meyer and Dick (2010). One of 

the key findings of this study is that the cytosolic 𝐸GSH (-278.8 ± 0.7 mV (cyto1) and -280.3 

± 0.7 mV (cyto2)) is more oxidized than mitochondrial 𝐸GSH (-333.6 ± 0.4 mV (mito1) and 

-330.1 ± 0.4 mV (mito2)) in cardiomyocytes. 

Especially given the fact that mitochondria are often considered as the main source of ROS, 

these results might seem surprising. Indeed, studies on yeast postulated a more oxidizing 

environment in mitochondria (Monteiro et al. 2004; Outten and Culotta 2004). Rebrin et al. 

(2005) measured GSH:GSSG ratios in various tissues of senescence accelerated mice. 

Therefore, the HPLC method was used to determine both cytosolic and mitochondrial 

concentrations of GSH and GSSG. With respect to the cardiac tissue homogenate and 

isolated mitochondria a higher cytosolic GSH:GSSG ratio compared to the mitochondrial 

one was measured in the control group, which would indicate that the mitochondrion is 

more oxidized than the cytosol. According to Hu et al. (2008), the measured GSH:GSSG 

ratios of the studies described above would represent redox potentials of -250 mV to -280 

mV at pH 7.8, which would be about 50 to 70 mV less reducing than our measurements. 

Measuring 𝐸GSH and GSH concentrations via conventional methods like HPLC is 

challenging due to procedures of permeabilization and isolation and may lead to artificial 

oxidation of GSH (Go and Jones 2008). In line with our data are the results of studies 

performed by Dooley et al. (2004) and Hanson et al. (2004) on HeLa cells using the roGFP2 

sensor, in which also a more reducing redox environment was found in the mitochondrion 

compared to the cytoplasm (cytosolic 𝐸GSH -325 mV vs. matrix 𝐸GSH-365 mV). Albrecht et 

al. (2011) used cyto-Grx1-roGFP2 and mito-roGFP2-Grx1 in Drosophila melanogaster to 

evaluate cytosolic and mitochondrial 𝐸GSH in different tissues and likewise found a highly 

reduced mitochondrial GSH status in muscle tissue and gut enterocytes. However, this 

condition was not seen in other tissues such as hemocytes and fat tissue, so that the GSH 

redox status within the cytoplasm and mitochondrion may be characterized somewhat 

differently depending on tissue type and function. Overall, data obtained by fluorescent 

based redox probes argue for rather reducing environments in both mitochondrion and 

cytoplasm (Calabrese et al. 2017). 
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Efficient cardiac mitochondrial function is of particular importance not only due to the high 

aerobic metabolism of the heart but also due to their involvement in processes such as Ca2+ 

homeostasis and apoptosis (Hafstad et al. 2013; Kanaan and Harper 2017). Mitochondrial 

dysfunction is linked to several cardiac pathologies such as heart failure, myocardial I/R-

injury and hypertrophy (Zhou and Tian 2018; Kalogeris et al. 2014; Peoples et al. 2019). 

Mitochondria are the most redox active compartments of the cell and yet have various 

defense systems to cope with reactive species (Go and Jones 2008): besides SOD, catalase 

and other antioxidant enzymes, GPX, using GSH as a cofactor, and Prx are the most 

important systems concerning detoxification of H2O2 (Ribas et al. 2014; Antunes et al. 2002). 

Furthermore, non-enzymatic and non-specific S-glutathionylation occurs at low GSH:GSSG 

ratios, i. e. at high levels of reactive species, causing hyperglutathionylation of proteins, which 

affects their activity (Ribas et al. 2014). In this regard, complex I of the MRC was shown in 

bovine and murine heart to be both S-glutathionylated and deglutathionylated via Grx2, 

whose functionality depends on the redox state of the 2GSH/GSSG couple (Mailloux and 

Willmore 2014; Beer et al. 2004). A persistent low (oxidized) GSH:GSSG ratio or knockout 

of Grx2 caused loss of complex I activity, resulting in a significant decrease in mitochondrial 

ATP production, which in turn was reversible upon restoration of a reducing environment 

(Beer et al. 2004; Mailloux et al. 2014b). A highly reducing mitochondrial 𝐸GSH in cardiac 

myocytes, associated with a high GSH:GSSG ratio (as obtained in our experiments), thus 

provides a redox milieu wherein specific signaling pathways may take place and nonspecific 

signaling effects can be avoided. Furthermore, regeneration of GSH is highly dependent on 

the availability of NADPH as a reducing equivalent. Nickel et al. (2015) demonstrated, that 

mitochondrial Nnt, which regenerate NADPH (antioxidant cofactor) at the expense of 

NADH (metabolic cofactor), switches upon an increased pathological cardiac workload to a 

pro-oxidative mode with regeneration of NADH from NADPH, and thus contributes to 

increased mitochondrial ROS emission. According to this, a highly reducing mitochondrial 

𝐸GSH might be crucial to maintain both a balanced antioxidant defense and a sufficient 

metabolic function of the mitochondria, being a major source and a vulnerable target of 

oxidative stress in one.  

Regarding the cytosolic 𝐸GSH, our results indicate a more reducing cytosolic environment, in 

contrast to measurements via conventional methods reported in the literature: estimations 

of the 𝐸GSH in the cytoplasm range from -260 mV to 150 mV depending on the cellular 

status (Jones 2002; Schafer and Buettner 2001). According to Giustarini et al. (2013) 

conventional measurements of GSH with disruption of the cells lead to an overestimation 

of the GSSG due to an artificial oxidation of the GSH, in the range of 5 - 15%. In particular, 

if the proportion of GSSG to GSH is low, as it is estimated to be 50:1 in conventional 

measurements of GSH:GSSG, this artificial oxidation could have a significant impact on the 

estimated 𝐸GSH (Schwarzländer et al. 2016). Furthermore, estimations of cytosolic 𝐸GSH were 

based on measurements of whole cell lysates, involving beneath the cytosol other subcellular 

organelles as the ER and nucleus. According to the conclusions of Schwarzländer et al. 



Discussion 53 

  

(2016), the values obtained via conventional and GFP-based methods do not absolutely 

contradict each other, since there is no clear separation of the various subcellular 

compartments in the cell lysates, and oxidizing compartments such as the ER can have a 

significant influence on the measured values. Therefore, the authors also point out that the 

values derived from measurements with cell lysates should not be used as an estimation of 

cytosolic 𝐸GSH. 

Compared to other studies using transgenic fluorescent redox probes in non-cardiomyocytes, 

the cytoplasmic 𝐸GSH is reported to be even more reduced than seen in our results. 

Throughout experiments with HeLa cells (roGFP2, -325 mV), fruit flies (Grx1-roGFP2, -

300 mV), yeast (Grx1-roGFP2, -320 mV) and plants (roGFP2, -300 mV) calculated cytosolic 

𝐸GSH were about 20 to 40 mV more reduced (Dooley et al. 2004; Albrecht et al. 2011; Morgan 

et al. 2011; Meyer et al. 2007). Indeed, in our studies, the cytosolic Grx1-roGFP2 sensor is 

approximately 85% oxidized at steady state, whereas in other studies using a roGFP2 sensor, 

it is highly reduced (up to 95%) (Schwarzländer et al. 2016; Meyer et al. 2007; Xu et al. 2011). 

During the experiments for calibration of the sensor, a lower increase of the I405/I488 ratio 

was observed with the addition of H2O2 or diamide in the cyto mouse lines in contrast to the 

mito mouse lines. This indicates a higher basal OxDGSH in the cytoplasm than in the 

mitochondrial matrix. However, since a significant increase or decrease in the ratio was seen 

by using both H2O2 and DTT, we concluded that the cytosolic 𝐸GSH of the murine 

cardiomyocytes is within the dynamic range of the sensor. According to Meyer and Dick 

(2010), the sensitive range of the sensor for adequate detection lies within an OxDroGFP2 of 5 

to 95%, and thus, the OxDroGFP2 of our cyto mouse lines is within these limits. 

In view of these results, we had to exclude that artificial oxidation of GSH may have occurred 

during the process of isolation of cardiomyocytes, resulting in an influence on the subsequent 

measurements. Therefore, we performed additional experiments with isolated 

cardiomyocytes cultured overnight to exclude a potential influence of the isolation. There 

were no significant deviations of 𝐸GSH in the cyto as well as in the mito mouse lines. During 

the process of isolation, we initially used a Ca2+ - free buffer. To prevent the phenomenon 

of Ca2+ paradox, potentially leading to extensive cellular damage and ROS production, a 

gradual recalcification of the isolated cardiomyocytes was performed (Chapman und Tunstall 

1987; Lazou et al. 2000). To exclude the possibility of an influence of recalcification on 𝐸GSH, 

we omitted recalcification and performed experiments with Ca2+- free buffer. No significant 

differences compared to measurements using recalcified cardiomyocytes and Ca2+- 

containing buffer were detected. This observation is in line with the results of Lazou et al. 

(2000), who found a release of both GSH and GSSG from rat cardiomyocytes after 

reperfusion with Ca2+, whereas there was no change in the ratio of the low weight molecule 

and its disulfide form. In order to exclude an effect on 𝐸GSH by starvation in cardiomyocytes, 

10 mM glucose was added to the buffer in subsequent experiments. Similarly, no significant 

differences compared to measurements with glucose-free buffer were detected. Furthermore, 
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we analyzed whole hearts in order to determine whether the measurements on isolated 

cardiomyocytes differ from those in the whole heart composite. Herein, our measurements 

showed an OxDroGFP2 that is comparable to the OxDroGFP2 derived by single cell 

measurements. Therefore, it may be concluded that the process of isolation of single 

cardiomyocytes has no influence on the basal 𝐸GSH. Beyond that, it needs to be considered 

that the basal cellular 𝐸GSH may differ between isolated cells and cells being part of a whole 

organ. Trautsch et al. (2019) employed the Grx1-roGFP2 sensor via lentiviral transduction 

into both cardiomyocytes differentiated from human embryonic stem cells and human 

foreskin fibroblasts, and determined the 𝐸GSH of the single cardiomyocytes and fibroblasts 

as well as of both cell types in engineered human myocardium. Interestingly, the 𝐸GSH of the 

fibroblasts in the engineered myocardium (-297 mV) was more reduced than of single 

fibroblasts (-269mV) indicating a possible influence of the cellular milieu on the 

𝐸GSH (Trautsch et al. 2019). However, the 𝐸GSH of the cardiomoycytes in the engineered 

myocardium (-284 mV) and of the single cardiomyocytes (-289 mV) exhibited comparable 

redox potentials. These results go in line with our findings of similar values for OxDroGFP2 in 

both single cardiomyocytes and whole hearts, which may suggest a relatively stable 𝐸GSH of 

cardiac myocytes independent of the cellular context. Furthermore, though the values of 

𝐸GSH reported for cardiomyocytes by Trautsch et al. (2019) are slightly more reduced than 

seen in our results, they are as well more oxidized than values of 𝐸GSH reported for other cell 

types.  

When comparing our results with other reports in the literature, it is important to keep in 

mind that our study focuses on cardiomyocytes, which exhibit a different structure and 

function than keratinocytes, erythrocytes, neurons, or yeast. Cardiomyocytes are 

characterized by both their high aerobic metabolism and their defined contractile apparatus, 

all acting together as a functional syncytium. Giustarini et al. (2011) investigated the content 

of low molecular weight thiols, including GSH and GSSG, in various rat tissues by HPLC. 

On the one hand, by treating the tissue samples either with or without N-ethyl maleimide 

(NEM), which alkylates free SH-groups, they were able to show that artificial oxidation 

indeed occurs during conventional methods using tissue homogenates. On the other hand, 

a difference of the GSH:GSSG ratio within the different tissues was shown: the GSH:GSSG 

ratio measured in the cardiac tissue was remarkably lower than those measured in 

erythrocytes, spleen and testis. Another experiment comparing the GSH:GSSG ratio of 

different tissues was performed in mice by Rebrin et al. (2003). Among the different tissues 

of 4-month-old mice, the GSH:GSSG ratio varied from 230:1 to 36:1, the last one being 

measured in the heart, also indicating a more oxidizing 𝐸GSH in cardiac tissue. Nevertheless, 

it should be noted that the values were obtained by measuring tissue homogenates via HPLC 

without blocking the SH-Groups with NEM and are therefore not only affected by mixing 

of the different subcellular compartments, but most likely also by artificial oxidation. 
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Taken together, there is evidence that cardiomyocytes have in contrast to other cell types a 

more oxidizing cytosolic 𝐸GSH, which is nevertheless more reducing than the related 

midpoint potential of GSH at physiological concentrations (at pH 7.4 from -174 to -157 mV) 

(Meyer and Dick 2010; Schafer and Buettner 2001).  

4.4 Limitations of  the cardiomyocyte specific Grx1-roGFP2 mouse 

model 

Using our Grx1-roGFP2 transgenic mouse model, we demonstrated that the cytoplasm and 

mitochondrial matrix indeed form distinct GSH redox domains within cardiomyocytes, with 

the matrix having a significantly more reduced 𝐸GSH. Our data suggest that this is the case 

both in the isolated cells and in the whole organ ex situ. The Grx1-roGFP2 sensor provides 

a useful tool for in situ redox measurements of the heart due to its reversibility and dynamic 

real-time response. However, since the heart is found in a protected environment in the 

center of the thorax, surgical opening of the thorax would be required to make the organ 

optically accessible (Fujikawa et al. 2016; Breckwoldt et al. 2014). In order to measure 𝐸GSH 

under varying conditions in situ, Fujikawa et al. (2016) developed a method in a mouse model 

to generate histological sections, which preserve the redox state and represent redox maps 

of different tissues. Hence, 𝐸GSH can be displayed upon different conditions in organs whose 

optical accessibility is limited, but no dynamic measurements of 𝐸GSH are possible. Dynamic 

measurements in situ in real-time are therefore reserved for very small or translucent animals 

(e. g. zebrafish) for the time being (Fujikawa et al. 2016; Panieri et al. 2017). 

The results of our experiments using a cardiomyocyte-specific Grx1-roGFP2 sensor give us 

information about the 𝐸GSH in the cytoplasm and mitochondrial matrix. On the one hand, 

𝐸GSH depends on the ratio of GSH:GSSG. However, the same ratio of GSH:GSSG would 

result in different 𝐸GSH at different concentrations of GSHtotal. Therefore, although our 

results provide important information about the 𝐸GSH in the given compartments, they do 

not contain the entire information needed to describe the GSH homeostasis within 

cardiomyocytes (Oestreicher and Morgan 2019). Measurements of GSHtotal using cell lysates 

range from 1 to 10 mM (Jones and Go 2010). Based on these data, the cytosolic and 

mitochondrial 𝐸GSH derived from our experiments could be used to determine the 

GSH:GSSG ratio within cardiomyocytes, which varies from 3600:1 to 360:1 (cytoplasm) and 

17000:1 to 1700:1 (mitochondrial matrix), respectively. In this regard, the highest potential 

GSH:GSSG ratio is 10-fold higher than the lowest GSH:GSSG ratio, which may have a 

noticeable influence on the change of the 𝐸GSH under oxidizing or reducing stimuli (Schafer 

and Buettner 2001). A more precise method to determine GSHtotal within subcellular 

compartments was developed by Montero et al. (2013). They investigated the specific ratio 

of GSH:GSSG in the ER using a single cysteine Grx sensor placed in the ER of HeLa cells, 

which attained an equilibrium between the sensor couple and the 2GSH/GSSG couple via 
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autocatalytic glutathionylation. Using both their results and the 𝐸GSH of the ER of HeLa cells 

obtained by Birk et al. (2013), the GSHtotal of the ER was calculated. Application of this 

method to the cytoplasm and mitochondrial matrix of cardiomyocytes, along with our results, 

may provide more detailed insight into subcellular cardiac GSH homeostasis.  

4.5 Conclusion and outlook 

On the basis of our transgenic cardiomyocyte-specific Grx1roGFP2 mouse lines, we have 

succeeded in performing specific studies of cytosolic and mitochondrial 𝐸GSH in both 

isolated cells and whole hearts. In all four mouse lines analyzed, we demonstrated an 

appropriate expression of the Grx1-roGFP2 sensor, providing a suitable basis for redox 

measurements but not resulting in any impairment of cardiac function. Both reductive and 

oxidative stimuli resulted in an adequate, dynamic change of the fluorescence ratio, indicating 

that the respective 𝐸GSH is within the measurement range of the Grx1-roGFP2 sensor. 

Titration of the sensor to reach the maximum oxidized and reduced state allowed us to 

determine the basal 𝐸GSH for both cyto and mito mouse lines. Consistent with previously 

performed studies, the mitochondrial matrix showed a highly reducing 𝐸GSH, whereas the 

cytosolic 𝐸GSH is more oxidized. Compared with other studies investigating the GSH:GSSG 

ratio of the heart or 𝐸GSH of cardiomyocytes, our results indicate that this appears to be a 

specific characteristic of cardiac myocytes. An 𝐸GSH close to the GSH midpoint potential is 

more stable, since small changes in the GSH:GSSG ratio cause no large changes of 𝐸GSH 

(Schwarzländer et al. 2016). However, given this value of cytosolic 𝐸GSH, it must be taken 

into account that it is a general cytosolic 𝐸GSH. Hatori et al. have revealed that 𝐸GSH is 

heterogeneous within the cytosol by using different Grx1-roGFP sensors localized at the 

cytoskeleton or organelle membranes within the cytoplasm of HeLa cells (Hatori et al. 2018; 

Hatori et al. 2020). Since redox active enzymes like NOX2 and NOX4 are predominantly 

located at membranes and the cytosol of cardiomyocytes is characterized by the contractile 

apparatus, further experiments involving such specifically localized redox sensors would be 

desirable to investigate whether heterogeneity of cytosolic 𝐸GSH is also present in 

cardiomyocytes. Further research is needed to assess the significance of the more oxidized 

cytosolic 𝐸GSH in cardiomyocytes compared to other cell types. A very interesting approach 

is provided by Booty et al. (2019), who render mitochondrial GSH variably redox silent 

through the use of a mitochondrially localized 1-chloro-2,4-dinitrobenzene (MitoCDNB), 

which causes removal of mitochondrial GSH by formation of 1-S-glutathionyl-2,4-

dinitrobenzeneemit (GSDNB). Hence, the effects of changes in mitochondrial thiol status 

can be examined, but along with the removal of mitochondrial GSH, the redox enzymes 

Trx2 and Prx3 are as well inhibited by MitoCDNB, making this approach specific to one 

compartment, but not exclusive to the GSH system (Booty et al. 2019; Sies and Reichert 

2019). Compartment and redox pair specific, gradual changes in the GSH:GSSG ratio would 
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help to explore the precise influence and significance of the respective GSH pool and 

corresponding 𝐸GSH in physiology and pathology. 

The cardiomyocyte specific Grx1roGFP2 mouse models represent suitable tools to study 

mitochondrial and cytosolic 𝐸GSH under varying conditions. Using our mouse model, Swain 

et al. (2016) has demonstrated that the 𝐸GSH of the cytosol and the mitochondrial matrix of 

cardiomyocytes react and are influenced differently upon hypoxic conditions as well as under 

myocardial infarction, which underlines their importance as independent subcellular redox 

domains. Another perspective to further investigate the complexity of cellular redox 

homeostasis is the recent development of GFP-based sensors with different spectral 

properties, allowing simultaneous measurements of distinct redox couples and in the same 

experimental setting (Shokhina et al. 2019; Schwarzländer et al. 2016) 

The analysis of cytosolic and mitochondrial 𝐸GSH performed in this thesis provides a first 

insight into the GSH redox homeostasis in cardiomyocytes. Nevertheless, further 

experiments are required to gain a detailed knowledge into the physiological and pathological 

subcellular redox processes in order to develop therapeutic strategies to prevent and improve 

redox associated cardiac pathologies. 
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5 Abstract 

In the field of redox biology, the mainly negative perception of reactive oxygen species has 

given way to the global concept of an intracellular redox balance. Free radicals like H2O2 not 

only lead to harmful effects within oxidative stress but are also essential for physiological 

processes. Redox homeostasis of cardiomyocytes is important for the maintenance of 

physiological function: disruption of redox balance has been linked to the development of 

heart failure, cardiac hypertrophy, and other cardiac pathologies. The low weight molecule 

glutathione, the essential cellular antioxidant, contributes to the maintenance of cellular 

redox homeostasis. The redox status of the glutathione is reflected by its redox potential 

(𝐸GSH). The development of transgenic redox sensors based on the green fluorescent protein 

(roGFP), which are fused to glutaredoxin-1 (Grx1), allows dynamic and specific 

measurements of 𝐸GSH in intact cells and organs. A specific subcellular localization of the 

redox sensor can be achieved via targeting sequences. Thus, Grx1-roGFP2 redox sensors 

offer a significant advantage compared to conventional measurements, which often involve 

destruction of the cell or lack specificity. 

The aim of this study was to characterize the cytosolic and mitochondrial 𝐸GSH in 

cardiomyocytes using the Grx1-roGFP2 sensor. In two of the four analyzed Grx1-roGFP2 

mouse lines, the redox sensor was localized to the mitochondrial matrix, whereas in the other 

two mouse lines the sensor was non-targeted in the cytoplasm. In all four mouse models, 

impairment of cardiac performance due to the sensor was excluded by echocardiography. 

Based on the measurement of the different fluorescence intensities of the Grx1-roGFP2 

sensor depending on its oxidation state, isolated single cells in all four mouse lines were 

analyzed and the Grx1-roGFP2 sensor showed in each mouse line a dynamic response to 

oxidizing and reducing stimuli. After maximal reduction and oxidation of the Grx1-roGFP2 

sensor, the 𝐸GSH of the cytosol and the mitochondrial matrix was determined under 

consideration and exclusion of interfering factors. Here, the cytoplasm showed a significantly 

more oxidized 𝐸GSH (-278.8 ± 0.7 mV and -280.3 ± 0.7 mV) compared to the mitochondrial 

matrix (-333.6 ± 0.4 mV and -330.1 ± 0.4 mV). The analysis of whole hearts ex situ of one 

non-targeted and one mouse line with the sensor targeted to the mitochondrial matrix, 

showed comparable results as seen in the analysis of isolated cardiomyocytes. The 

mitochondrial 𝐸GSH is consistent with values observed in other studies using roGFP2-based 

sensors, while the cytosolic 𝐸GSH of cardiomyocytes is in contrast more oxidized than in 

other cell types. The results from this thesis help to shed more light on redox homeostasis 

in cardiomyocytes to gain a better understanding of redox processes in cardiac physiology 

and pathology in the future. 
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