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Abstract 

Reactive oxygen species (ROS) are molecular oxygen derivatives that are produced as an 

attribute of aerobic life. The relationship between elevated levels of ROS and heart failure (HF) 

has been extensively studied. However, the exact physiopathology and redox signaling 

pathways underlying this pathophysiological condition remain unclear. We established a 

genetically modified mouse model able to detect and produce hydrogen peroxide (H2O2) by 

combining the HyPer biosensor and the D-amino acid oxidase (DAO) enzyme. To this end, 

we generated HyPer-DAO mice that express the H2O2 generator/detector fusion protein with 

a nuclear localization signal and targeted by the MHC promoter specifically in 

cardiomyocytes (CMS). Hence, the HyPer-DAO fusion protein served as the chemogenetic 

tool to produce and probe the presence of H2O2 in the nucleus of cardiomyocytes. Once 

HyPer-DAO nuclear expression and functionality were validated, morphometric analysis and 

echocardiographic examination excluded any type of cardiac failure specifically due to the 

presence of the transgene. 

In vivo experiments were carried out to induce H2O2 through oral administration of D-ala 

treatment via drinking water. These resulted in heart failure with reduced ejection fraction 

(HFrEF) demonstrated by standard (B-mode and M-mode) and advanced (strain and strain 

rate) echocardiographic analysis. This effect was reversed after the cessation of treatment, 

which was supported by the recovery of contractile function. After treatment and subsequent 

H2O2 elevation, strain analysis demonstrated a myocardial ionotropic impairment during 

systole, whereas no changes were observed in diastole. Furthermore, the absence of fibrosis 

and structural changes were proven by histology and echocardiography, respectively. The 

observed phenotype in the mice developed under a mild increase in H2O2 production 

demonstrated by activation of ROS target genes exclusively sensitive to low levels of H2O2. 

Using simulated myocardial biomechanics, we demonstrated a decrease in isometric force 

after H2O2 induction upon D-ala treatment in left ventricular slides obtained from the 

HyPer-DAO mice. The impairment of inotropic function was reversed by prior incubation with 

an antioxidant agent, concluding that the changes in contractility are due to redox 

modifications. 

Redox proteomics analysis was applied to identify target proteins that were modified by H2O2. 

The IDH3 protein was the redox-modified candidate that captured our attention because of 

its relevant role in the tricarboxylic acid (TCA) cycle. IDH3 is the regulatory subunit of the 

IDH3 tetramer, which consists of two catalytically active -subunits, one  and one -subunit. 

IDH3 activity was found to be increased after D-ala treatment and H2O2 induction in isolated 

cardiomyocytes and HEK cells with stable overexpression of HyPer-DAO in the nucleus. ATP 
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levels decreased after H2O2 induction in concordance with the decrease of contractility. The 

increase in IDH3 activity was reversed after the cessation of treatment which is consistent with 

the restoration of inotropic functionality observed in the transgenic mice. Our results highlight 

the importance of redox switch regulators such as IDH3, which regulate mitochondrial energy 

metabolism and cardiac contractility under oxidative stress. 
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Chapter I: Echocardiography 

1 Introduction 

1.1 Background and progress in cardiovascular research 

Cardiovascular physiology helps to understand the function of the heart and its interaction with 

the vasculature, a dynamic system that supplies the body with oxygen and nutrients through 

the blood. In contrast, cardiovascular pathophysiology studies the hemodynamic 

abnormalities of the cardiovascular system leading to diseases. Cardiovascular science made 

significant advances since the discovery made by William Harvey, who described the blood 

flow in the circulatory system (Harvey, 1628). His findings led to a detailed study of the 

structure and function of the heart and the vessels and mark the beginning of experimental 

procedures aimed at answering the question of how the cardiovascular system works. 

Among others, cardiac physiology addresses the action potential to evaluate voltage changes 

in the cell membrane due to the movement of ions triggering the excitation of the heart 

(Burdon-Sanderson & Page, 1883). The electrical circuit of the heart resembles a temporal 

and spatial pattern of propagating excitation waves originating from the sinus node (SN), the 

pacemaker of the heart. The SN fires spontaneously and synchronously, generating action 

potentials that propagate through the contractile atrial myocytes. Gap junctions connect 

myocytes and allow ions to flow into the adjacent cell, enabling electrical coupling. Once the 

impulse reaches the atrioventricular (AV) node, it follows the conduction pathway through the 

His bundle and Purkinje fibers in the ventricles. Monitoring of electrical events during the 

cardiac cycle is possible due to the development of the electrocardiogram (ECG) (Waller, 

1887).  

Electromechanical coupling is another feature of the heart and describes the relationship 

between electrical excitation and contractile force. It is triggered by electrical activation via an 

intracellular calcium-dependent process called excitation-contraction coupling. The rapid 

influx of sodium ions into cardiomyocytes creates a sharp increase in voltage, forming the 

depolarizing phase of the action potential. The inward extracellular calcium ion flow is 

responsible for the plateau phase of the action potential (Reuter, 1967). During this phase, the 

L-type, or slow calcium channels, cause a steady influx of calcium balanced by the potassium 

efflux through voltage-gated potassium channels. However, this calcium influx is not sufficient 

to induce a contraction; instead, it triggers a greater calcium release from the sarcoplasmic 

reticulum, a process known as calcium-induced calcium release. The ryanodine receptors 
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sense cytoplasmic calcium and trigger the release of calcium from the sarcoplasmic reticulum, 

resulting in a drastic increase in cytoplasmic calcium concentration (Inui et al., 1987). This 

calcium increase triggers the activation of troponin, which allows the cross-bridge between 

actin and myosin. Phospholamban mediates the calcium transport from the cytosol back to 

the sarcoplasmic reticulum through the SERCA pump.  

1.1.1 Cardiac cycle 

During an action potential, the cyclic inflow of sodium and calcium ions and outflow of 

potassium ions result in systole and diastole, respectively (Hall, 2015). The cardiac cycle 

consists of four phases: isovolumetric contraction, ejection, isovolumetric relaxation, and 

inflow. Systole involves the isovolumetric contraction, where the ventricle reaches the 

maximum systolic pressure with no change in ventricular volume (Frank, 1895) and the 

ejection phase. Diastole refers to the relaxation of the ventricles. It includes isovolumetric 

relaxation and inflow, which has been correlated with ventricular stroke volume as a direct 

function of end-diastolic volume (Patterson et al., 1914). The relative importance of the intrinsic 

Frank-Starling mechanism stems from the relationship: The more the ventricular muscle cells 

are stretched, the more forcefully they contract (Sequeira & van der Velden, 2015). 

Blood flow in the heart begins in the right atrium by collecting deoxygenated blood from the 

vena cava. Blood flows from high to low pressure, when the right atrium contracts the tricuspid 

valve opens and blood flows into the relaxed right ventricle. Once atrial contraction is 

complete, atrial pressure begins to fall, reversing the pressure gradient across the tricuspid 

valve and causing it to close. The right ventricle then contracts, forcing the blood through the 

pulmonary arteries and into the lungs. Following oxygenation, blood returns to the heart 

through the pulmonary veins and reaches the left atrium. The pressure in the left atrium 

increases, and the mitral valve opens enabling the blood flow passively into the left ventricle 

(LV). The left atrium is depolarized and the ventricle fills to its maximum capacity. The mitral 

valve is closed and the isovolumetric contraction precedes the rapid ejection when the 

pressure in the LV exceeds the pressure in the aorta. The ventricle is then repolarized, the 

pressure begins to decrease and the ejection force is reduced. The aortic valve closes when 

the pressure in the aorta is higher than in the LV. This is the end of systole and the beginning 

of a new cycle that starts with diastole (Hall & Hall, 2020). 

Physiologically, the mechanical and electrical stimuli of the heart are in constant harmony. 

The electromechanical coupling arises from the electrical activity of the heart, initiated in the 

SN by depolarizing the right and left atria. Schematically, this is represented in the ECG by 

the first deflection, the p wave. Then, the P-R segment stands for the delay of the electrical 
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impulse in the AV node. The QRS complex represents the electrical impulse of ventricular 

depolarization over time (Wagner & Strauss, 2017). The summation of three individual vectors 

represents this complex. The first vector results from septal excitation as a small Q wave. The 

second is the depolarization of the ventricular free wall (the R wave). The comparably large 

magnitude of this deflection results from the thick musculature of the LV that needs to be 

depolarized. The third vector results from the depolarization of the basal parts of the ventricles, 

producing the small S wave. The vectors can be projected onto any derivative depicted in the 

Einthoven triangle, either onto the bipolar leads I, II, and III, or onto the unipolar leads aVR, 

aVL, and aVF, concerning the direction and magnitude of the depolarization vector (Lemmerz, 

1972). After the QRS complex, the S-T segment depicts the time from ventricular 

depolarization to repolarization. The last deflection is the T wave, corresponding to the 

ventricular repolarization. The atrial repolarization wave is not represented due to its low 

amplitude and the overlapping QRS complex (Wagner & Strauss, 2017). 

The temporal evolution of the electrical, auditory and mechanical phenomena depicted in the 

Wiggers diagram (Figure 1) encompasses both pressure and volume changes of the LV during 

each cardiac cycle simultaneously to a phonocardiogram (Wiggers, 1921).  

 

Figure 1. Wiggers diagram depicting the cardiac cycle. The y-axis represents the pressure 
and volume of the LV, the blood flow in the aorta, the heart sounds, and the venous pulse. 
The x-axis depicts the course of the electrocardiogram of diastole and systole over time. Taken 
from Guyton & Hall, 2006. 
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1.1.2 Ventricular area-volume relationship 

The dynamics in the area of the ventricular cavity correlate with the change in blood volume 

within the LV. The initial length of the myocardial fibers corresponds to the largest state of the 

sarcomere at the end of diastole relating to the end-diastolic area (EDA). When systole occurs 

and the ventricle has reached its maximum shortening, the end-systolic area (ESA) measures 

the area at the end of the contraction phase of the LV (Mettler & Guiberteau, 2012). 

The change in the area of the LV can be measured as fractional area shortening (FAS). FAS 

is the percentage of area reduction from the end of diastole to the end of systole. 

𝑭𝑨𝑺 (%) =
𝐄𝐃𝐀 −  𝐄𝐒𝐀

 𝐄𝐃𝐀
∗ 𝟏𝟎𝟎  

In terms of volume, the ventricular end-diastolic volume (EDV) is the amount of blood in the 

ventricle at the end of the filling phase. Once diastole is completed, systole occurs. The end-

systolic volume (ESV) represents the volume of blood at the end of the contraction, which is 

the lowest volume possible held in the LV at any point in the cardiac cycle. The change in 

volume within the LV is calculated as the stroke volume (SV). SV depends on the preload, 

contractility, and afterload properties of the LV. SV estimates the blood volume pumped by 

the LV during a single cardiac cycle. 

𝑺𝑽 (µ𝒍) = 𝑬𝑫𝑽 − 𝑬𝑺𝑽 

The ejection fraction (EF) is the capacity of the LV to empty itself in each cardiac beat. It is the 

central measure of left ventricular systolic function. This parameter is the percentage of blood 

calculated as the ratio of SV to EDV. 

𝑬𝑭 (%) =
𝐒𝐕

 𝐄𝐃𝐕
∗ 𝟏𝟎𝟎 

The cardiac output (CO) is the amount of blood pumped through the circulatory system in one 

minute. It is calculated by the SV multiplied by the heart rate (HR) or beats per minute. 

𝑪𝑶 (𝒎𝒍/𝒎𝒊𝒏) = 𝑺𝑽 ∗ 𝑯𝑹 

The cardiac index (CI) relates to heart performance according to body size. It is calculated as 

the ratio of CO to body weight:  

𝑪𝑰 (𝒎𝒍/𝒎𝒊𝒏/𝒎𝟐) =
𝑪𝑶

𝒃𝒐𝒅𝒚 𝒘𝒆𝒊𝒈𝒉𝒕
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These universal mathematical formulas are an accurate way of measuring cardiac function 

and give a precise description of the relationship between the area and volume of the cardiac 

ventricle, resulting from pressure changes generating unidirectional blood circulation.  

1.2 Model-based monitoring of the cardiovascular system 

There is an urgent need to develop models that can increase the understanding of 

fundamental processes and pathophysiological events in the cardiovascular field. The 

complexity of modeling the cardiovascular system impacts many physical and chemical 

variables inherent to the heart and circulation. An ideal model should balance features such 

as easy handling, physiological representativity, accessibility, reproducibility, accuracy, and 

ethical practice. There are two broad classifications computational or animal models. 

Cardiovascular modeling using a computational approach offers a complex interplay of 

strongly coupled multi-scale mechanisms and effects. This model is achieved by mathematical 

algorithms that interface the biological outcome with a numerical probability of events taking 

place in a graphical representation of the cardiovascular structure with its unsteady properties 

(Owen et al., 2018). This approach addresses an ideal and less error-prone scenario in 

understanding cardiovascular physiology and pathology but faces the obstacle of the limited 

databases from which the simulations are drawn. In contrast, animal models are well 

characterized, allow genetic modifications, and are suited to explain cardiovascular 

phenomena with the inaccurate biological system as a whole. 

Humans have developed a similar heart structure throughout evolution compared to other 

mammals. The heart is the closest to a four-chambered pump with a systemic and pulmonary 

circulation in parallel. Depending on the cardiovascular process being studied, the animal 

model of choice needs to be chosen carefully since it affects experimental outcomes, and the 

findings of the study have to be reasonably extrapolated to humans. Both small and large 

animal models are suitable for this purpose, considering the closer the cardiac index of the 

model organism is to humans, the more relatable the systems are. The animal model also has 

the potential to include variables of social interaction, habits, diet, and genetic background 

(Miliani-Nejad & Janssen, 2014). 

In addition to the behavioral variables, the animal cardiovascular model balances the intrinsic 

and extrinsic properties of the heart. Intrinsic properties include muscle contractility, preload 

and electrical automaticity, such as pacemaker stimulation and impulse transmission through 

the ventricles. The preload is defined as the amount of ventricular stretch at the end of diastole, 

and contractility is the amount of mechanical force at the end of systole; both affect the SV. 

The extrinsic properties include afterload, temperature, and hormonal influences (Svíglerová 
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et al., 2014). The afterload is the resistance that the heart overcomes to eject the blood into 

the aorta; this determines the magnitude of SV.  

To further develop knowledge of the cardiovascular system, a deterministic view of the animal 

disease model in which cardiac pathologies are induced, has become scientifically accepted 

to better understand basic principles. Some examples include the ligation induced myocardial 

infarction mimicking a human heart attack, the cryogenic injury or myocardial infarction in 

neonatal animals used to evaluate regeneration and proliferation (Robey & Murry, 2008), 

doxorubicin-induced heart failure (HF) as a consequence of cardiotoxicity, and the latest 

model involves the generation of genetically modified animals (Miliani-Nejad & Janssen, 

2014). The genetically modified model can give rise to cardiomyopathies, such as dilated, 

hypertrophic or autoimmune, muscle dystrophy as Duchenne, and arrhythmia. Using these 

models major progress in managing cardiovascular diseases in humans could be achieved. 

Rodent models are widely used since they are easy to handle and house. Additionally, they 

have a short gestation time, and their genome is well known and can be modified (Miliani-

Nejad & Janssen, 2014). The ability to obtain a model that allows manipulation, administration 

of a drug or substance in food or drink, and control of the monitored outcome in a non-invasive 

or invasive manner offers versatile management for controlling the process being studied. In 

the cardiovascular field, developing a diseased cardiac phenotype leading to HF is possible 

in mouse models. Based on the 2021 consensus statement of the Heart Failure Society of 

America, the Heart Failure Association of the European Society of Cardiology, the Japanese 

Heart Failure Society, and the Writing Committee of the Universal Definition of Heart Failure, 

HF is defined as a clinical syndrome with symptoms and signs attributable to a structural or 

functional cardiac abnormality (Bozkurt et al., 2021). HF can be confirmed by an increase in 

cardiac markers as B-type natriuretic peptide (BNP) and N-terminal proBNP (NT-proBNP) or 

by systemic symptoms among them shortness of breath, reduced exercise tolerance, 

orthopnea, fatigue and swelling of lower extremities (Bozkurt et al., 2021). 

The HF has been redefined as a syndrome to encompass all types of cardiac disfunction. 

Instead of applying a simplistic view of HF as a condition in which the heart cannot pump 

enough blood to meet the body’s needs, various signs and symptoms have been compiled to 

give a more comprehensive overview of HF. The initial simplified definition of HF is impractical 

and distorts other types of HF that may be excluded. Therefore, categories have been 

implemented to help classify the type of HF based on disease progression, the NYHA (New 

York Heart Association) functional class categorizes, each class according to the severity of 

symptoms and impairment of cardiac function. The ACCF/AHA (American College of 

Cardiology Foundation/American Heart Association) prognostic classification of HF stages 
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classifies each stage according to risk factors, structural changes in the heart and the 

development of symptoms. The last classification is defined by the MOGES parameters, 

whose acronym stands for: M-functional phenotype, O-organ involvement, G-genetic pattern 

of inheritance, E-etiologic annotation including genetic defect or underlying disease/substrate, 

and S-functional status. It classifies HF according to the score of these five attributes (Arbustini 

et al., 2014). 

The EF was used to classify the three main HF phenotype. HF with reduced EF (HFrEF) 

means an EF <40%, HF with preserved EF (HFpEF) means an EF ≥50%, and borderline or 

intermediate EF (HFmrEF) means an EF between 40-49%. Each group is defined by the 

presence of signs and symptoms of HF and distinguished by the percentage of EF. 

Comorbidities and choice of effective treatment depend on the group to which EF belong. 

(Ponikowski et al., 2016). A second classification is the NYHA functional class that classifies 

HF on a scale from I to IV, with class I having no limitation of physical activity, class II having 

mild limitation, class III having marked limitation, and class IV having symptoms even at rest 

and discomfort with any physical activity. This classification is used to evaluate the HF 

prognosis. The ACCF/AHA classification of disease progression is a third measurement used 

to group stages of HF. Stage A stands for risk of heart failure, stage B pre-heart failure, stage 

C heart failure, and stage D advanced heart failure. The purpose of this classification, which 

includes two pre-symptomatic stages (A and B), is to include premature stages of HF and a 

better understanding of the risk factors that influence HF (Yancy et al., 2013).  

The assessment of cardiac performance, the measurement of workload and classification of 

cardiac phenotype are achieved by monitoring. The feasibility of choosing the optimal 

hemodynamic monitoring depends on the purpose of the study and the consideration of the 

risks and benefits of invasive versus non-invasive models and whether continuous or 

intermittent monitoring is necessary. Invasive monitoring includes intermittent transpulmonary 

bolus dilution and continuous approaches, such as esophageal ultrasound, arterial waveform 

analysis, and thermodilution. These techniques are mainly developed in human and porcine 

hemodynamic monitoring and not in rodents as a matter of small size (Bajorat et al., 2006). 

The non-invasive monitoring comprises of transthoracic ultrasound and Holter ECG. The non-

invasive assessment of cardiac function in mouse models is more feasible and reliable for 

determining physiological hemodynamics. It has been developed and standardized in the 

small animal model with parameters and normative data from a healthy individual for 

comparison with diseased models (Hartley et al., 2002 and Pour-ghaz et al., 2019). 

Ultrasound or echocardiography in mice is rapidly becoming the most widely used technique 

in monitoring because the appeal of this technology lies in its portability, accessibility, non-
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invasiveness, and rapid real-time imaging capability. As studies began to examine this 

technique in detail in mice, it became apparent that the data were remarkably variable between 

different strains of mice. These results led to increasing standardization of echocardiography 

by recognizing the genetic backgrounds most commonly used in generating inbred mouse 

strains. The characterization of genetic variation in complex cardiovascular traits in mice 

founded a solid basis for reliable parameter quantification in different mouse strains. Each 

mouse strain should have a database of mean values for age and gender, including the 

temperature, HR, heart dimensions, and heart hemodynamics such as FAS, SV, EF and CO 

(Hoit et al., 2002). 

1.3 Phenotyping by echocardiography 

The evaluation of cardiac function by echocardiography utilizes the principle of ultrasound. 

This refers to sound waves with a frequency beyond human hearing (> 20,000 Hz). This 

approach is based on the production of images of the heart and vascular structures using a 

one-dimensional view or motion mode (M-mode), and a two-dimensional (2D) view or 

brightness mode (B-mode) echocardiography. In addition to the structural mapping, 

echocardiography can also sense the direction and velocity of blood flow towards or away 

from the observer within these cardiac structures using the Doppler effect. 

1.3.1 Principles of echocardiography 

Echocardiography is the predominant non-invasive and less hazardous method of assessing 

cardiac structure and function. High sound waves penetrate the tissue, the reflected energy 

can be recorded and imaged. The higher the ultrasound frequency, the higher the axial 

resolution, but the imaging depth is shallower. The properties of ultrasound waves are 

described by their frequency, as the number of cycles per second, measured in Hz, and the 

wavelength, as the distance between two points of the same phase. Both properties are 

proportional to the velocity of the wave denominated by the speed of propagation through a 

given medium, measured in meters per second (m/s). The amplitude is another property of 

ultrasound, known as the maximum particle displacement, measured in decibels (dB) (Wyman 

et al., 2009).  

The interaction between the sound waves and the tissue to generate images interfaces with 

the physical properties of the matter (Figure 2). First, reflection is the deflection of the 

ultrasound wave towards the transducer. The more perpendicular the angle with respect to 

the tissue, and the wider the tissue compared to the ultrasonic wave, the greater the mismatch 

in acoustic impedance and the stronger the reflection. Second, scattering is the interaction 
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between two colliding particles, meaning that the ultrasound beam affects a boundary 

consisting of small structures, smaller than the wavelength of the sound. Then, this results in 

the disorganized reflection of sound waves in all directions, making it difficult to detect the 

returning signal. The refraction is the third property, referring to the bending of the ultrasound 

beam when it enters a medium where the propagation speed is altered. The two last properties 

are attenuation and absorption/cavitation. Both phenomena result in the loss of energy; the 

attenuation is the loss of signal intensity as it passes through the tissues. The absorption is 

the conversion of energy into heat and the cavitation in microbubbles (Otto, 2018). 

 

Figure 2. Ultrasound and tissue interactions. The physical properties of light create 2D 
images based on ultrasound reflection at tissue interfaces causing specular reflection. 
Attenuation limits the penetration depth of ultrasound. Refraction, a change in the direction of 
the ultrasound wave, results in image artefacts. Doppler analysis is based on ultrasound 
scattering in all directions from moving blood cells, with a consequent change in the frequency 
of the ultrasound. Taken from Otto, 2018. 

The effect of each propagation mechanism depends on the composition and density of the 

tissue. Acoustic impedance encompasses the interaction of the ultrasound waves with these 

inherent tissue properties. The greater the resistance to the sound wave propagation, the 

higher the acoustic impedance. Therefore, acoustic impedance results from the multiplication 

of tissue density and speed of sound within the medium. However, since the tissues in the 

body are not flat and regular, additional variables, such as angle of incidence, tissue size and 

conductance, must be considered. In the end, all this properties determine the amount of 

returning ultrasound beam signal scattered and reflected back to the transducer (Rovner, 

2017).  

The ultrasound transducer array acts as both the transmitter and receiver. Each pulse 

repetition period consists of the transmission and receiver phases. The generation of 

ultrasound waves occurs by the vibration of piezoelectric crystals after stimulation with an 
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alternating electrical current. The piezoelectric crystals change their shape and generate 

electric signals upon mechanical compression and emit ultrasound waves in the transmission 

phase. This is followed by the receiver phase, which is 100 times longer and senses all the 

returned signals to the transducer by compressing the crystals and generating a backward 

signal (Rovner, 2017). There are two kinds of returned sound signals; specular reflections 

occur when the size of the structure is larger than the wavelength of the ultrasound 5 MHz 

(300 µm), and scatter reflections appear when the size is smaller.  

The probe takes the reflected sound signals, and the user can interact with the system, 

increasing the gain. Afterwards, these signals are subjected to several manipulations, termed 

signal processing, to compensate for the interaction between variables, cope with noise, 

remove artefacts, and display the information in a manner best suited for human observation 

(Figure 3). Amplification and attenuation are two main manipulations that compensate for the 

progressive signal loss. The reflected ultrasound wave is routed to the channel processing 

eliminating the acoustic signals from the cluster and forming a beam. A coherent beam 

formation combines all the signals from separated channels to increase the resolution and 

improve the signal-to-noise ratio. The radiofrequency processing works in the time-gain 

compensation to commit the changes in penetrance and reduces speckle noise (Garcia et al., 

1985). 

The detector processes the radio frequency signal to extract the echo envelope or amplitude 

of the signal. The ultrasound information is sampled with a digitizer that converts the analogue 

signal to digital. It translates the ultrasonography amplitude values to a brightness or color 

display. After all the image processing, the resonated signal produces a real-time image. The 

pericardium has a high acoustic impedance reflecting high amplitude ultrasound forming a 

white or hyperechoic image in the heart. In the intermediate level of acoustic impedance is the 

myocardium, and in a low acoustic impedance is the blood which does not reflect high 

amplitude ultrasound, illustrating a black or hypoechoic image (Pistner et al., 2010). 
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Figure 3. Data acquisition and processing pipeline in ultrasonography. The transmitted 
ultrasound is directed to the organ in a specific direction. The reflected waves are received 
back by the probe and processed. A beam is formed and the radio frequency signal is 
processed to enhance the contrast. Then the echo envelope is extracted increasing the 
resolution of the signal. The signal is digitalized, and the image is displayed in grayscale. 
Created with BioRender.com. 

1.3.2 Assessment of rodent hearts 

Echocardiography is the gold standard for identifying fundamental physiological and 

anatomical mechanisms of the cardiovascular system. The assessment in mice is reliable 

regarding structure and functionality, permitting a serial acquisition without inducing significant 

changes in the animal. Traditionally, ultrasonography is widely used to access the cardiac 

parameters of the rodent operating high-frequency transducers up to 50 MHz to overcome the 

limitation of the small size and the high heart rate. Additionally, linear array technologies with 

improved near-field imaging for superior spatial resolution of both depth and width in 0.3 mm 

and temporal resolution of 500 frames per second improve the image acquisition. Along with 

the image quality improvement, the exhaustive examination and data interpretation by a 

blinded operator to obtain meaningful and reproducible cardiac functional data are essential 

(Pistner et al., 2010). 

Critical factors in rodents have to be considered based on technicalities. The transthoracic 

ultrasound approach is preferred as it is non-invasive for the mouse, and inter-intra-observer 

variability is low for most ventricular parameters. Standardizing the procedure is essential to 

maintain the consistency between mice; the positioning of the mice and the angle of the probe 

should be adjusted to the requirements of high-quality image acquisition. Another factor is the 

administration of anesthesia while image acquisition is performed due to the impact of the 

treatment on cardiac performance. The recommendation is to use a mild inhaled anesthetic 

agent via a continuous-airflow face mask. The goal is optimal sedation and minimal adverse 

effects. Despite the alteration of the hemodynamics with increased levels of anesthesia, the 

risk of hypothermia and respiratory depression, such as a decrease in the respiratory rate or 
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the tidal volume, are complications from dose‑dependent volatile anesthetic agents (Roth et 

al., 2022). 

The assessment of cardiac function in rodents by echocardiography consists of four principal 

imaging formats. The B-mode and M-mode (Figure 4) are the basic formats of echo imaging; 

meanwhile, Doppler imaging and tree-dimensional (3D) imaging are complementary formats 

giving information about blood flow and specific abnormalities in the cardiac chambers. B-

mode imaging is a 2D view of the targeted site in the transverse and longitudinal plane of the 

cardiac tissue using the short and long axis, respectively. This assessment visualizes the 

chamber dimensions and cardiac structures from the base to the apex of the heart. The 

functionality of the heart is approached by changes in LV dimensions from end-diastole to 

end-systole. The M-mode imaging is a one-dimensional (1D) view or single-axis displayed 

over time. The wall tracing along the endocardial and epicardial borders depicts the movement 

of the myocardium in a continuous timeline. The M-mode images are taken mainly in the short 

axis at the basal level of the LV. The difference in the left ventricular area and length between 

systole and diastole assesses the ventricular performance of the LV (Pistner et al., 2010). 

These two image formats provide measurements of LV and are then used to calculate the 

global performance by EF, FAS, CO, and SV. 

Doppler imaging utilizes the change in frequency of the sound wave, using a transducer to 

determine the blood flow velocity and direction in the cardiac cavities and vessels. The Doppler 

imaging encodes a colored map superimposed on the 2D image. Red signifies the increasing 

frequency of the sound wave, which correlates with increasing speed and direction towards 

the probe. In contrast, blue represents decreasing frequency which correlates with decreasing 

speed with direction away from the probe. Different hues of the color are detectable and depict 

the differences in velocity in the continuous flow through the heart structures. This approach 

is helpful in diagnosing alterations in the ventricular blood pool, pressure gradients, and valve 

regurgitation (Anavekar & Oh, 2009). The other complementary echo format is the 3D imaging 

based on the reconstruction from several 2D images. Acquisition of these images is made at 

either the end-diastole or end-systole, with motion artefacts collected in the image sequence. 

This approach is helpful in determining the LV volumes and visualize small masses, infarct 

areas, or abnormalities in the cardiac ventricles (Dawson et al., 2004). 
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Figure 4. B-mode and M-mode ultrasound image views of a mouse heart. A. B-mode 
parasternal long-axis view of the LV in systole. B. B-mode short-axis view of the LV in systole. 
C. M-mode view of the LV displays the AW, PW, and LV cavity dimensions. The y-axis 
represents the distance (in mm) from the transducer; time (in ms) is on the x-axis through the 
diastole and systole. D. M-mode view of the LV with the continuous tracing over a time period 
of the AwTh and PhTh recognizing the end-diastole depicted in red and end-systole depicted 
in green. Images were acquired using the Vevo Lab 5.5. AoV, aortic valve; Ao, aorta; AwTh, 
anterior wall thickness; LA, left atrium; LV, left ventricle; PM, papillary muscle; PwTh, posterior 
wall thickness; RV, right ventricle. 

1.3.3 Evaluation of cardiac function  

The myocardial performance is influenced by the orientation of the myocardial fibers, the 

ellipsoid geometry of the LV, and the wall elasticity with a synchronic movement in all 

myocardial segments. The systolic contraction and diastolic filling depend on the myocardial 

contractility or compliance, hemodynamic preload/afterload conditions, electrophysiology of 

the myocardium, and the functionality of the cardiac chambers and valves. To assess the 

cardiac function in rodents, the anatomical shape and cardiac proportions need to be 

accurately measured. The assessment of the left ventricular cavity size, wall thickness, and 

mass provides information about the dimension of the LV compared to its reference values of 

each dependent mouse strain. The technique to determine left ventricular cavity size based 

on the American Society of Echocardiography uses the parasternal long axis of the 2D view, 

for measuring the length of the LV from the tip of the aortic leaflets to the apex. The anterior 

wall thickness or interventricular septum and posterior wall thickness are accessed through 

the short axis of the 2D view (Mathur et al., 2015). 

The systolic function of the LV is evaluated by the FAS and EF, which quantify changes in 

area and volume, respectively. The SV, CO, and indexes of the LV function are additional 

methods to measure the amount of blood ejected with each contraction and its relation to HR, 

as well as the strength of the contraction (Ram et al., 2011). Early proposed techniques in 

converting linear cavity measurements to estimations of LV volume were based on regression 

equations. The Teichholz and Quinones methods are mathematical techniques that calculate 

LV volume using only LV diameter (D), but its accuracy depends on the assumption that the 

LV is a spheroid. Due to geometry and synchrony assumptions of the LV, the efficiency and 

accuracy are limited, especially in scenarios where the wall motion is altered or the cavity 

geometry is distorted (Mathur et al., 2015). 

Nowadays, more robust methods are used to quantify LV volumes based on the biplanar 

technique. One approach is the Simpson’s rule by using the summation of a series of disks 

from the apex to the base. The area is plotted by dividing the LV into these disc series at the 

end-diastole by the end-systole in two different views. The 4-chamber (frontal view) and the 
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2-chamber (lateral view) are used for this purpose. The total global ventricular volume is 

calculated by summation of the volume of each disk. The second method uses the biplanar 

approach and is an area-length method. It considers the geometry of the ventricle between 

the base as a cylinder and the apex as an ellipsoid. The volume is calculated using the long 

axis length and the cross-sectional area of the short-axis view at the midpapillary muscle 

(Mathur et al., 2015). 

The diastolic function evaluates the filling phase starting with the mitral valve opening. The 

ventricular filling velocity is monitored by the magnitude of blood flow of the LV in the early 

relaxation phase (E wave) and the ratio between the E wave and the peak velocity flow in the 

late diastole caused by atrial contraction (A wave). The E/A ratio (passive/active filling) is a 

marker of the diastolic LV function visualized by echo-Doppler assessment. The transmitral 

flow pattern recognizes the impairment of cardiac functionality caused by diastolic dysfunction. 

The E wave and the E/A ratio are significantly reduced in the HFpEF model, while the rest of 

the systolic parameters may remain unchanged (Schaefer et al., 2003). An additional echo-

Doppler parameter in rodents is the vasculature doppler. The pulmonary artery and aorta 

Doppler imaging are suitable to show the strength of the flow and the regurgitation pattern in 

the case of valve insufficiency. Nevertheless, the pulmonary vein Doppler approach is 

unsuitable because the mice have a single prominent vein which imposes technical 

challenges. 

1.3.4 Measurement of ventricular deformation 

In the search for new methods to address defects in cardiac function, post-acquisition 

analyses have been developed to determine alterations of ventricular deformation in a global 

and segmental perspective. The myocardium is divided into three layers; the longitudinal is 

the most inner (endocardial), the circumferential in the mid-wall, and the radial is the most 

outer (epicardial). The complex interplay between these myocardial layers produces a 

multidimensional motion resulting in a squeeze maneuver of the LV. The term deformation 

refers to the change in shape and dimensions of the myocardium during the cardiac cycle. 

This approach directly assesses the diastolic and systolic functionality based on the intrinsic 

myocardial motion independent of the EF. This highly quantitative analysis reveals early 

anomalies in the cardiac tissue (Mathur et al., 2015). 

Strain is a dimensionless quantity and it represents the fractional change in the myocardial 

deformation. A positive strain value indicates stretching of the tissue, while a negative strain 

value indicates shortening of the tissue. The calculation is derived from the positional distance 

between two different points in the myocardial wall over a fixed period of time, where L0 is the 
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distance between 2 points at an initial time, and L is the distance between the same 2 points 

after a defined period of time. 

𝒔𝒕𝒓𝒂𝒊𝒏 =
𝐋 − 𝐋𝟎

 𝐋𝟎
  

The complex interplay between the layers in the myocardium produces longitudinal and 

circumferential shortening, as well as a radial thickening in cardiac systole. This phenomenon 

occurs due to Poisson's effect (Figure 5), in which the myocardium tends to expand at a 

perpendicular angle to the direction of compression. Conversely, in diastole, the myocardium 

is stretched, and at the perpendicular angle, it tries to contract. A high Poisson's ratio denotes 

that the material exhibits large elastic deformation, even when exposed to small amounts of 

strain.  

𝑷𝒐𝒊𝒔𝒔𝒐𝒏’𝒔 𝒓𝒂𝒕𝒊𝒐 =
𝐋𝐚𝐭𝐞𝐫𝐚𝐥 𝐬𝐭𝐫𝐚𝐢𝐧 (△ 𝐝𝒊𝒂𝒎𝒆𝒕𝒆𝒓/𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒅𝒊𝒂𝒎𝒆𝒕𝒆𝒓)

 𝐋𝐨𝐧𝐠𝐢𝐭𝐮𝐝𝐢𝐧𝐚𝐥 𝐬𝐭𝐫𝐚𝐢𝐧 (△ 𝐥𝐞𝐧𝐠𝐭𝐡/𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒍𝒆𝒏𝒈𝒕𝒉)
  

 

Figure 5. Definition of Poisson’s Ratio. It measures the deformation of the tissue in a 
direction perpendicular to the direction of the applied force, depending on whether the material 
is elastic. Each time the tissue is stretched, its width will decrease, and its width will increase 
each time it is shortened. 

The strain rate is the speed at which deformation occurs. The unit of strain rate is expressed 

in inverse second (s-1), comprising the directional expansion of the velocity gradient. The strain 

rate is the rate at which the distance between 2 points changes over a period of time, where 

v1 is the velocity at point 1, v2 is the velocity at point 2, and L is the distance between points 

1 and 2. 

𝒔𝒕𝒓𝒂𝒊𝒏 𝒓𝒂𝒕𝒆 =
𝐯𝟏 − 𝐯𝟐

 𝐋
  

Two distinct methods from which strain parameters are derived exist: tissue Doppler imaging 

(TDI) and speckle tracking. TDI relies on the tissue velocity signal; it is mathematically 

integrated to obtain the strain and the strain rate measurements. As a result, this technique 
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has limitations due to the movement of adjacent structures and blood flow. Moreover, the 

angle of insonation may fail to capture an accurate tissue Doppler signal if it is not parallel to 

the plane of motion. Due to this last limitation, circumferential myocardial strain cannot be 

measured by TDI (Otto, 2018). 

In speckle tracking (Figure 6), a software is utilized to track the grayscale pattern of the LV 

myocardium noted with a 2D view. This technique is angle-independent and can therefore 

calculate strain patterns along any direction in the imaging plane. Since the technique is based 

on 2D imaging, it can be limited without appropriate acoustic windows. Moreover, grayscale 

patterns that resemble myocardial speckles could lead to errors within the speckle-tracking 

software. In situations of slow frame rate, speckle tracking can also be limited since grayscale 

patterns within the myocardium may change too drastically between two consecutive frames 

and cannot be appropriately recognized by the software (Mathur et al., 2015).  

For more advanced analyses, speckle tracking algorithms have been developed that exploit 

the high temporal and spatial resolution of ultra-high frequency ultrasound. Strain uses 

speckles as interference patterns of natural acoustic markers in ultrasound tracked by the 

intensity searched. After selecting the most significant speckles, it is possible to track a given 

movement over time, frame by frame, giving the displacement. In cardiac strain, the 

endocardium and epicardium are traced, and then the software detects the speckles. The 

movement of the speckles can be tracked between two consecutive images and the 

displacement can be measured. The changes in distance between frames by the frame rate 

calculate the speed of the tracked speckles. The deformation velocity or strain rate is 

equivalent to the capacity of deformation to stresses in time (Mathur et al., 2015). Strain and 

strain rate are post-acquisition analyses that provide valuable information on the prognosis of 

heart failure, especially for predicting remodeling processes and changes in myocardial 

synchrony. 
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Figure 6. Strain and strain rate analysis. The approach is by using speckle tracking of the 
parasternal long-axis B-mode view of the LV of a mouse heart. The endocardium and 
pericardium of the LV are traced to include the myocardium completely. A. LV imaging shows 
the radial and longitudinal strain by segments and the global strain concerning the echo and 
ECG tracing. The y-axis represents the distance (in mm) from the transducer; time (in ms) is 
on the x-axis through the diastole and systole. B. LV imaging shows the radial and longitudinal 
strain rate by segments and the global strain concerning the echo and ECG tracing. Images 
were acquired using the Vevo Lab 5.5. Segments are depicted by the color green, posterior 
base; lilac, posterior mid; light blue, posterior apex; blue, anterior base; yellow, anterior mid; 
purple, anterior apex. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals and reagents 

The following chemicals and reagents were used during the course of the described 

experiments. 

Table 1. Chemicals and reagents. 

Chemicals Article number Manufacturer 

Hair removal cream  Veet 

Gauze pads 00962242 Fuhrmann 

Isoflurane CP G228L19A CP-Pharma 

Sigma gel 15-25 PARKER 

Ultrasound gel ASUSG1 Asmuth 

2.1.2 Consumables 

The following consumables were used during the course of the described experiments. 

Table 2. List of consumables. 

Consumables Article number Manufacturer 

Cotton swap stick EH11.1 Roth 

Duapore 1538-1 3M 

2.1.3 Devices 

The following devices were used during the course of the described experiments. 
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Table 3. List of devices. 

Devices Specification Manufacturer 

ECG and temperature 

controller 

TM150-03-08-0486-V1.4R Indus Instruments 

Hot plate controller HP062 Labotect 

Mouse platform P/N 11503 VisualSonics 

Scale 36110118 Sartorius Gmbh 

Transducer MS-400 Vevo 2100 MicroScan  

Ultrasound system 2100 Vevo 

Vaporizer for Isoflurane 19.3 FMI GmbH 

2.1.4 Software 

The following software packages were used during the course of the described experiments. 

Table 4. List of software. 

Software Software version Manufacturer 

GraphPad 9 Prism 

Vevo LAB  5.5 FUJIFILM VisualSonics  

2.2 Methods 

2.2.1 Mouse model 

Tafazzin (TAZ) mouse model 

The TAZ mouse model has the missense mutation G197V in the tafazzin gene leading to 

Barth syndrome. The mice were generated by the working group of Professor Rehling in the 

Department of Biochemistry, University Medical Center Göttingen using the CRISPR/Cas9 

genome technique. Female C57BL/6N donor mice were superovulated to obtain zygotes for 

microinjection. Pronuclear injection was performed using micromanipulators with a mixture of 

the Cas9 enzyme, sgRNA targeting the TAZ locus and a single-stranded oligonucleotide DNA 

repair template. The embryos are then surgically transferred into pseudopregnant female 
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C57BL/6N mice. This genetic alteration is associated with X-linked inheritance in a mother-

son transmission manner. The altered founders were identified by Sanger sequencing from 

ear biopsies. Mice carrying the desired alterations were crossed with C57BL6/J for two 

generations to ensure germline transmission and rule out possible mosaicism. Heterozygous 

animals with the same alteration were then mated to produce homozygous male offspring. 

Subsequent genotyping is done using PACE (PCR Allele Competitive Extension), a 

fluorescent endpoint genotyping technique. The tafazzin mouse model is characterized by 

male mice showing stunted growth, neutropenia, infertility and low sperm count. 

2.2.2 Echocardiography 

A high-frequency ultrasound system with a mechanical transducer with a frame rate of 30 MHz 

and a focal length of 9 mm was used. The maximum field of view of B-mode images is 15.4 

mm in width X 20 mm in depth with a spatial resolution of 110 µm (lateral) by 50 µm (axial). 

Mouse preparation  

Mice were scanned at 8 weeks old and identified by ear punches. The echocardiography set 

up and the recovery station were prepared as outlined in Figures 7.A and 7.B. The weight and 

the appearance of the mice were monitored (see Figure 7.C). Anesthesia was initiated in an 

induction chamber with 3% isoflurane and then maintained with a face mask with 1% 

isoflurane (Figure 7.D). Mice were placed in dorsal recumbency on a heating platform, 

maintaining body temperature around 37 °C (Figure 7.E). A rectal thermometer was inserted 

to monitor body temperature (Figure 7.F). Each limb of the mice was placed on an electrode 

and fixed to record ECG, heart rate, and respiratory rate monitoring (Figure 7.G). The thoracic 

fur was removed (Figure 7.H), and the transducer gel is applied and spread over to the shaved 

area to create a coupling medium (Figure 7.I). The platform with the mice was angled to find 

the best position to image the heart (Figures 7.J and 7.K). Depending on the stability of the 

body temperature, a heat lamp was switched on (Figure 7.L). The transducer was placed on 

the chest perpendicular to the heart to get the longitudinal axis (Figure 7.M) and then across 

the heart to get the short axis (Figure 7.N). The recordings were taken with the Vevo 2100 

ultrasound system and the parameters were further measured on the images. Once the scan 

was completed, the transducer and residual gel were removed and the mice were moved to a 

cage with a heating pad for recovery (Figure 7.O). The conscious mice were returned to the 

cage with some supplementary food. The echo images were stored in the workstation and 

analyzed in the Vevo LAB 5.5 software.  
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Figure 7. Flow diagram of mouse handling in echocardiography. A. Set-up of mouse 
echocardiography. B. Recovery station for mice. C. Monitoring of mouse weight. D. 
Anesthetization of the mouse in the induction chamber. E. Mouse in dorsal recumbency on 
pre-warmed mouse platform with fixation of the limbs to the electrodes and permanent 
anesthetic supply via face mask. F. Temperature measurement with rectal thermometer and 
protection of the limbs. G. Chest fur removal. H. Cleaning of disturbing impurities in the chest 
area. I. Application of echocardiography gel on the chest. J. Positioning the transducer on the 
chest. K. Angling the mouse platform. L. Positioning the mouse under optimal temperature 
and oxygenation conditions. M. Long-axis view of the LV with the transducer. N. Short-axis 
view of the LV with the transducer. O. Recovery station for mice with temperature control and 
light dimming.  

B-mode 

The echocardiograph is set to B-mode to obtain a two-dimensional image. The LV long-axis 

view is obtained by placing the transducer on the chest along the LV long-axis and pointing it 

at the right side of the mouse’s back (Figure 8.A). The image is adjusted, finding the aortic 

valve and the apex in the same plane. The transducer is then rotated 90° towards the mouse’s 

transverse plane, displaying the short-axis view (Figure 2.B). The image is set and recorded 

in the median plane of the papillary muscle. 

 

Figure 8. Illustration of basic mouse echocardiography views. A. Shows the position and 
direction of the probe for the LV long-axis view along with a representative ultrasound image 
of the anatomical structures onward the long-axis recording. B. The same findings in the case 
of short-axis recording. Images are acquired using the Vevo 2100 ultrasound system 
(VisualSonics). AoV, aortic valve; Ao, aorta; LA, left atrium; LV, left ventricle; RV, right 
ventricle.  

Consistent and reproducible echocardiographic data requires control of the overall 

assessment of the health and welfare of the mice as well as accurate recordings. The 

temperature of the mice is kept at about 37 °C during the procedure and the scan time is 

measured for at least 6 beats without interference between the beats. Monitoring of heart and 
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respiratory rate is a good indicator of the degree of mouse sedation. Therefore, the anesthesia 

and dosing interval is carefully reproduced and constantly monitored.  

LV dimensions are measured at the end of systole and the end of diastole in the mild-papillary 

plane using the parasternal window. The long-axis diameter (LAX) is measured from the aortic 

valve to the apex in the long-axis view (Figure 9.A). In the short-axis view (Figure 9.B), the 

following measurements are taken: anterior wall thickness (AWTh) or interventricular septum 

sandwiched between the inner septal border of the RV and LV, left ventricular internal 

diameter (LVID) from the endocardial border of the anterior wall to the endocardial border of 

the posterior wall, posterior wall thickness (PWTh) from the endocardial border of the posterior 

wall to the free posterior epicardial border, endocardial lumen area (EdA) measures a 

circumferential scan around the entire endocardial border of the LV, and epicardial lumen area 

(EpA) measures a circumferential scan around the entire epicardial border of the LV. Based 

on these measurements, LV volume in end-diastole (EDV) and end-systole (ESD) volume are 

quantified using the following formula: 

𝑬𝒏𝒅 𝑽𝒐𝒍𝒖𝒎𝒆 (µ𝒍) =
𝟓

 𝟔
∗ (𝑬𝒅𝑨 ∗ 𝑳𝑨𝑿) 

These anatomical parameters are used to determine LV systolic function by comparing the 

difference between EDV and ESV. From this calculation, the measurement of SV is the total 

volume pumped out in one beat, as explained previously. The other two parameters used to 

evaluate systolic function are CO and CI. The CO value relates the SV value to the heart rate, 

and the CI value is the ratio between the CO value and the body weight. The EF and FAS are 

measured to calculate the global LV systolic functional fraction. The EF focuses on the change 

in volume ratio, while the FAS calculates the change in area ratio in each cardiac cycle. 
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Figure 9. Images of echocardiographic LV measurements in mice. (A) The longitudinal B-
mode axis allows assessment of LV longitudinal axis diameter (LAX) in diastole (left) and 
systole (right). (B) The short B-mode axis determines the LV dimensions in a transverse plane 
in diastole (left) and systole (right). AwTh, anterior wall thickness; d, diastole; EdA, endocardial 
lumen area; EpA, epicardial lumen area; LAX, long-axis diameter; LVID, left ventricle inner 
diameter; s, systole; PwTh, posterior wall thickness. Images are acquired using the Vevo 2100 
ultrasound system (VisualSonics). 

M-mode 

The M-mode is set to visualize the tracking of the myocardium in a 1-D image over time. The 

image is acquired in the short-axis view in the mid-papillary plane. The wall tracing along the 

LV endocardial and epicardial borders is shown on a continuous time axis for at least 6 cardiac 

cycles. (Figure 10). The ECG is depicted parallel to the echo trace showing electrical 

performance consistent with wall motion. The QRS complex or depolarization of the LV is 

visible just before the left ventricular contraction. The M-mode validates the extent of wall 

motion by comparing systole and diastole over time in each cycle. This recording helps to 
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avoid artefacts not seen in B-mode due to the high frame rate and quantifies how much the 

lumen of the left heart is shortened in each cardiac cycle phase.  

 

Figure 10. M-mode view in the LV short axis. The upper panel depicts the plane of the short 
axis which is taken into consideration to follow the 1-D LV assessment in continuous tracing 
over time. AwTh, anterior wall thickness; d, diastole; LV, left ventricle; LVED, left ventricle end 
dimension; PwTh, posterior wall thickness; s, systole. Images are acquired using the Vevo 
2100 ultrasound system (VisualSonics). 

Strain 

Two-dimensional speckle tracking echocardiography or real-time strain is assessed as a 

segmental and global function of the LV. Advanced cardiac imaging is performed using Vevo 

2100 Strain software for early detection of myocardial deformities. As the longitudinal axis is 

used for speckle tracking, the planes for displacement are radial and longitudinal. The radial 

plane is perpendicular to the endocardial or reference boundary, and the longitudinal plane is 

tangential to the boundary. The circumferential plane is not considered in this approach 

because it needs to be obtained in the short axis. 

The long axis is acquired, and the strain function of the Vevo LAB 5.5 software is used to 

measure the degree of deformation of the LV at the end of systole and the end of diastole. 

The aim is to measure the fractional length change of the myocardium calculated from the 

distance by which the speckle or cardiac structure has moved between two consecutive 

images. The longitudinal axis of the LV is divided into 6 segments by the software. The mid 

base is the midpoint between the anterior and posterior endocardial points in the basal region, 

while the apex is the furthest point from the mid base in the longitudinal direction (Figure 11.A). 

The segmentation is divided into 3 evenly spaced segments from the apex to the anterior 

region as well as to the posterior region. 
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The longitudinal axis recording is selected, and at least 6 cardiac cycles are recorded in the 

time frame of interest. The ECG trace is selected, and the software recognizes the QRS 

complexes as the electrical point of ventricular depolarization (Figure 11.B). In parallel, an M-

mode view is displayed to visualize the movement of the myocardial wall over the selected 

time interval. Semi-automatic tracing of the endocardium and epicardium is drawn with at least 

12 supporting points (Figure 11.C). The software then identifies the speckle pattern along the 

trace and groups the speckles with similar behavior (Figure 11.D). These speckles that follow 

a pattern are called kernels, and the software is able to analyze the displacement of the kernels 

both segmentally and globally. The tracking of the speckles can be represented as vectors 

indicating the direction of displacement in a rotational cycle consisting of contraction and 

relaxation (Figure 11.E). The resulting changes in LV geometry and displacement are 

assessed by measuring radial and longitudinal strain in the long-axis view. 
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Figure 11. Strain-based vector mapping of cardiac function. A. LV function includes 
deformation in the longitudinal (L) and radial (R) planes on the long axis; the LV segment is 
divided into six regional segments. B. ECG and M-mode recording of the LV in the long axis. 
C. Tracking of endocardial and epicardial borders of LV long axis recording. D. Baseline 
endocardial and epicardial tracing in diastole (left) and systole (right). E. Serial vectors 
(arrows) reflecting tracing of segmental and global myocardial deformation during LV 
relaxation from diastole (upper panel) to contraction or systole (lower panel). Images are 
acquired using the Vevo 2100 ultrasound system (VisualSonics). 

The interpretation of the strain results is depicted in the first panel (Figure 12.A) with the 

functional information of systole, including EF, FAS, CO, and global longitudinal strain (GLS). 

On the M-mode curve (Figure 12.B), volume change in the LV is shown in orange, and volume 

change over time or velocity is shown in blue. During diastole, two envelopes of flow velocity 

are shown. The E wave represents the early or passive filling of the LV. The A wave, which 

occurs late in diastole, represents the active filling of the atrial contraction. In parallel, the ECG 

trace in green shows electrical monitoring. The p wave in the ECG separates the E and A 

waves in the velocity trace. These parameters ensure the accuracy of the electrical monitoring 

of the mouse during the echo. The analysis is dependent on sinus rhythm, a heart rate of no 

more than 400 beats per minute, and the orientation of the image. The correspondence 

between the changes in volume, volume over time, and the ECG also makes it possible to 

determine in which part of the cycle the atrioventricular valves close and open, the 

isovolumetric relaxation phase reflected in the Wiggers diagram. 
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Figure 12. Myocardial motion tracking analysis. A. Quantitative analysis of systolic function 
measured from the 2D image of the LV myocardial tracing listed EF (ejection fraction), EDLVM 
(end-diastolic LV mass), ESLVM (end-systolic LV mass), EDV (end-diastolic volume), ESV 
(end-systolic volume), SV (stroke volume), FS (fraction shortening), CO (cardiac output), GLS 
(global longitudinal strain). B. Event of the cardiac cycle for left ventricular function comparing 
the Wiggers diagram in parallel with the changes of the echo tracing. The Wiggers diagram 
(upper panel) includes changes in aortic pressure, atrial pressure, ventricular pressure, 
ventricular volume, ECG and Phonocardiogram. Taken from Guyton and Hall, Textbook of 
Medical Physiology 11th ed. Elsevier Inc, 2006. The echo tracing predicts the changes in 
volume (orange line) and change in volume over change in time (blue line) during the diastole 
and systole. The E wave represents the early or passive filling of the LV and the A wave 
represents the active filling of the atrial contraction. Images are acquired using the Vevo 2100 
ultrasound system (VisualSonics). 
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Another feature is qualitative synchronicity. This interpretation ensures the accuracy of the 

semi-automatic tracking of the endocardium. The color mode strain is the qualitative 

representation in a heat map of the synchrony level along the endocardial tracking. Radial 

(Figure 13.A) and longitudinal (Figure 13.B) velocities are measured in parallel over the same 

period. The negative velocity occurring during diastole is colored blue, while the positive 

velocity occurring in systole is colored red. Synchronicity is measured qualitatively by the fact 

that all spots move together in the same direction and form a band-like pattern in each phase 

of the cardiac cycle. 

The solid plane visualized in 3D represents the heat map of the endocardial velocity in time. 

In this perspective, each of the LV segments is visible as well as the degree of variability 

between each cycle. The endocardial border of the LV contracts and dilates in the direction of 

3 vectors resulting in a twisting motion. Thus, a wave pattern is evident in each contraction in 

relation to each segment. This diagram is concordant with the ECG in the time coordinate 

indicating synchronicity with the measurement. 
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Figure 13. Qualitative synchronicity of the endocardial left ventricular tracing. A. Heat 
map of endocardial synchronicity level of the radial and B. Longitudinal velocities. In each 
plane, the upper panel depicts the tracing of the speckles moving synchronic and a 2D 
visualization of the endocardial movement of the anterior (ant), medium (apex), and posterior 
(post) segments of the LV. A 3D representation is depicted in the lower panel. This graphic 
depiction gives information of the velocity (v), time (t), and width (w) of the endocardial 
segments of the LV. Images are acquired using the Vevo 2100 ultrasound system 
(VisualSonics). 

The second panel displayed depicts the quantitative global and segmental changes in strain 

and synchronicity. The traced region of interest is segmented and the reading of each segment 

is analyzed separately in a regional and together in a global interpretation of strain changes. 

The longitudinal axis of the LV is divided into six segments and allows the observation of four 

parameters: displacement, velocity, strain, and strain rate.  

In each segmental recording, the percentage peak strain (Pk) or the highest strain value in 

that segment is indicated. The measurements and landmarks are calculated for the radial 

(Figure 8.A) and longitudinal (Figure 8.B) strain of the long-axis endocardial trace. In the left 

panel, segments of the LV are listed with the Pk of each segment and average curve. In the 

middle panel, the corresponding distribution of the individual Pk is shown together in the purple 

LV diagram. Another parameter indicating synchrony is the maximum opposing wall delay 

meaning the maximum difference in time to peak (TPk) between the anterior and posterior 

opposing walls. The TPk is also listed in the left panel in each left ventricular segment, and in 

the middle panel, it is depicted along in the LV diagram in green. 

The strain curve is represented in different colored tracings. Each color represents a segment 

coding each region separately. The black tracing represents the average individual frame 

values of strain within each selected segment. The strain tracings overlap the M-mode view 

of the echo recording (right panel). The endocardial radial (Figure 14.A) and longitudinal 

(Figure 14.B) strains are measured. During systole, the myocardial fibers shorten from base 

to the apex of the heart. This displacement (in cm), measured as the distance the kernels 

travel from the peak of diastole to complete systole, is shown as a positive bell-shaped curve 

along the radial axis and a negative bell-shaped curve along the longitudinal axis. 

Consequently, radial strain is a positive curve reflecting increasing myocardial thickness 

during systole, and longitudinal strain is a negative curve indicating decreasing wall thickness. 

This physical phenomenon in the LV follows the Poisson effect and it is the reason why the 

longitudinal axis shortens in systole while the radial axis has a greater thickening. The opposite 

is observed in the diastolic phase, where the longitudinal axis has an increased length, and 

the radial axis has a shortened thickness.  
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Figure 14. Speckle tracking-based strain analysis. A. Segmentation of the longitudinal axis 
of LV and landmarks in radial and B. longitudinal strain. The segments of the LV are listed (left 
panel) with their peak % strain (Pk %) and time to peak (TPk ms). In the middle panel, the 
graphic representation of the left ventricular Pk % in each segment is depicted in purple (upper 
diagram) and the left ventricular TPk ms in each segment is depicted in green (lower diagram) 
in each case radial and longitudinal strain. Curvilinear strain data with M-mode tracing are 
depicted for and longitudinal plane. Each color corresponds to individual segment of the LV; 
strain for each segment on the left ventricle is plotted during a single cardiac cycle. Images 
are acquired using the Vevo 2100 ultrasound system (VisualSonics). 

Strain rate 

Using the same strategy as the strain measurements, the strain rate follows the speckle 

tracing approach adding a new variable, time, to calculate the velocity of displacement. The 

aim is to measure the rate of strain change by the displacement per unit time (cm/s). The 

vectors depicted from the speckle tracing represent the displacement in the strain as well as 

the velocity in the strain rate measurement. The characterization of the regional and global 

myocardial strain rate is calculated from the end of diastole by the end of systole. Radial SR 

represents the rate of thickening of the LV, producing a positive systolic value and negative 

diastolic values (Figure 15.A). Longitudinal SR represents the rate at which the deformation 

occurs, producing a negative value in systole and positive values in diastole (Figure 15.B). 

Time to peak analysis for SR is a useful tool in evaluating the synchrony of segments through 

the cardiac cycle. Average curve SR value is the summation of peak SR measurements across 

all six segments.  
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Figure 15. Speckle tracking-based strain rate analysis. A. Segmentation of the longitudinal 
axis of LV and landmarks in radial and B. longitudinal strain rate. The segments of the LV are 
listed (left panel) with their peak 1/s strain rate (Pk 1/s) and time to peak (TPk ms). In the 
middle panel, the graphic representation of the left ventricular Pk 1/s in each segment is 
depicted in purple (upper diagram) and the left ventricular TPk ms in each segment is depicted 
in green (lower diagram) in each case radial and longitudinal strain rate. Curvilinear strain rate 
data with M-mode tracing are depicted for and longitudinal plane. Each color corresponds to 
individual segment of the LV; strain for each segment on the LV is plotted during a single 
cardiac cycle. Images are acquired using the Vevo 2100 ultrasound system (VisualSonics). 

2.2.3 Statistical analysis 

The statistical analysis and graphic presentation of the data sets are done in the GraphPad 

Prism 9 software. The echocardiography data is analyzed by unpaired student’s t-test. Scatter 

dot plots depict mean +/- standard error of means (SEM). Statistical significance between two 

means is set with a * represents p < 0.05; ** represents p < 0.01; *** represent p < 0.005.

 

  



Results 

 

56 
 

3 Results 

The TAZ mouse model was characterized by using reliable parameters to evaluate left 

ventricular structure and function. 

3.1 Changes in general TAZ mice status  

A group of 5 TAZ mutant mice was compared with 5 wt mice at 8 weeks. The two groups 

shared the same feeding and bedding conditions. TAZ mutant mice significantly lost weight 

compared to wt mice (21.82 ± 2.5 g vs 25.26 ± 1.7 g, p = 0.006) (Figure 16.A). The functional 

status of the mice was measured by following two vital signs, HR and respiratory rate (RR). 

The HR has an average value ranging from 310-500 bpm and respiratory rate (RR) from 100-

200 rpm. There was no change in HR or RR between the TAZ mutant and the wt groups. 

(Figures 16.B and 16.C). 

 

Figure 16. Assessment of the general condition of the TAZ mutant vs wt mice. 
Measurement at the age of 8 weeks of A. body weight (BW), B. heart rate (HR), and C. 
respiratory rate (RR). n= 5 mice per group. Unpaired student’s t-test where * represents p < 
0.05; ** represents p < 0.01. 

3.2 Differences in cardiac structure and dimensions in the TAZ mutant mice 

All the TAZ mutant mice developed changes in the long-axis diameter (LAX) of the LV. In both 

diastole and systole, a significant decrease in the longitudinal diameter of the LV was found 

compared to the wt group at the age of 8 weeks (8.035 ± 0.23 mm vs 8.604 ± 0.43 mm, p = 

0.010) (7.329 ± 0.18 mm vs 7.935 ± 0.47 mm, p = 0.005) (Figures 17.A and 17.B). In the short 

axis of the heart, the internal diameter of the heart at diastole (Figure 17.C) and systole (Figure 

17.D) were significantly smaller compared to the wt group (4.170 ± 0.16 mm vs 4.665 ± 0.26 

mm, p = 0.003) (3.341 ± 0.16 mm vs 3.743 ± 0.35 mm, p = 0.004). Similar results were 

obtained when measuring left ventricular area. In diastole, there was a significant decrease in 

area in the TAZ mutant group compared to the wt group (11.51 ± 1.56 mm2 vs 13.42 ± 0.45 
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mm2, p= 0.003) (Figure 17.E). There was also a decrease in the TAZ mutant group in systole 

but not significantly (Figure 17.F).  

 

Figure 17. Description of left ventricular dimensions of the mutant TAZ vs wt mice. 
Echocardiographic measurement of the LV in mice at the age of 8 weeks in the sagittal plane 
of the A. longitudinal axis diameter diastole (LAXd) and B. in systole (LAXs). Measurement in 
the coronal plane of the C. inner diameter of the left ventricle in diastole (LVIDd) and D. systole 
(LVIDs), and E. the endocardial lumen area in diastole (EdAd) and F. systole (EdAs). n= 5 
mice per group. Unpaired student’s t-test where * represents p < 0.05; ** represents p < 0.01. 

No significant differences were found between the TAZ mutant group and the wt in both 

diastole (Figures 18.A and 18.B) and systole (Figures 18.C and 18.D) in the anterior and 

posterior wall thickness of the LV. In contrast, the measurement of heart weight shows a 

significant decrease in the TAZ mutant compared to the wt group (68.24 ± 14.11 mg vs 80.15 
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± 10.28 mg, p= 0.044) (Figure 18.E). This decline was due to a decrease in the area in the 

short axis and the diameter in the longitudinal axis of the LV, and not due to changes in the 

myocardial wall thickness itself. The ratio of heart weight-to-body weight did not show 

significant changes in the TAZ mutant group compared to the wt. As both heart weight and 

body weight parameters were significantly decreased, no significant changes were evident in 

the ratio between them (Figure 18.F). 

 

Figure 18. Characterization of cardiac mass in the mutant TAZ vs wt mice. 
Echocardiographic measurement of myocardial A. anterior (AwThd) and B. posterior wall 
thickness in diastole (PwThd) and C. anterior (AwThs) and D. posterior wall thickness in 
systole (PWThs). E. Echocardiographic calculation of heart weight (HW). F. Heart weight 
normalized to body weight (HW/BW). All the parameters were measured at 8 weeks in TAZ 
mutant and wt mice in both groups. n= 5 mice per group. Unpaired student’s t-test where * 
represents p < 0.05. 
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3.3 Changes in global left ventricular function in the heart of TAZ mutant mice 

The left ventricular systolic function was assessed by comparing end-diastolic volume to end-

systolic volume. These two parameters take the long axis diameter and the endocardial lumen 

area in the short axis into consideration. In both diastole (Figure 19.A) and systole (Figure 

19.B), the end volume was 20% lower in the mutant group than in the wt group (77.13 ± 11.32 

µl vs 96.40 ± 7.72 µl, p = 0.016) (42.46 ± 7.92 µl vs 53.22 ± 12.11 µl, p = 0.046). End-diastolic 

volume was subtracted from end-diastolic volume to calculate stroke volume (SV). SV was 

significantly decreased in the TAZ mutant group than in the wt group at 8 weeks (34.68 ± 3.46 

µl vs 43.18 ± 7 µl, p = 0.012) (Figure 19.C). CO is the result of SV times heart rate to calculate 

the blood pumped per minute. Since the TAZ mutant group had no changes in pacemaker 

function, but a decreased SV, this implied a significant decrease in CO in the TAZ mutant 

group compared to the wt mice (11.89 ± 2.19 ml/min vs 15.91 ± 1.68 ml/min, p = 0.041) (Figure 

19.D). Cardiac index (CI) is another systolic parameter where CO is divided by body weight 

(Figure 19.E). The TAZ mutant group showed a significant decrease in CI compared to the wt 

group (0.512 ± 0.08 ml/min/g vs 0.631 ± 0.069 ml/min/g, p = 0.017). 

 

Figure 19. Analysis of global parameters of left ventricular systolic function in the 
mutant TAZ vs wt mice. Echocardiographic measurement of A. EDV (end-diastolic volume), 
B. ESV (end-systolic volume), C. SV (stroke volume), CI (cardiac index), and CO (cardiac 
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output) in TAZ mutant group compared with wt group at age of 8 weeks. Unpaired student’s t-
test where * represents p < 0.05; ** represents p < 0.01. 

Cardiac systolic function was assessed not only by measuring the absolute values of the 

volumes at the end of systole and diastole, but also by measuring the fraction between these 

values. EF calculates the percentage of blood expelled from the LV, which was unchanged in 

the TAZ mutant mice compared with the wt mice at 8 weeks (Figure 20.A). FAS evaluated the 

differences in area shortening between the TAZ mutant and the control group, as a 

complementary measure of LV fractional changes. There were no significant changes in the 

TAZ mutant mice compared to the wt mice after 8 weeks (Figure 20.B).  

 

Figure 20. Characterization of systolic cardiac function in the mutant TAZ vs wt mice. 
A. EF (ejection fraction). B. FAS (fraction area shortening) of LV in the mutant TAZ group 
compared with the wt group at 8 weeks. Unpaired student’s t-test. 

3.4 Strain and strain rate modifications in the speckle tracking of the TAZ mutant 

mice  

Echocardiographic speckle tracking was used to measure the degree of deformation of the 

left ventricular myocardium to calculate diastolic and systolic strain. The TAZ mutant mice 

showed no change in diastolic strain (Figure 21.A), while the systolic strain indicated 

myocardial dysfunction (Figure 21.B). Changes in longitudinal strain indicated a decrease in 

longitudinal shortening of all segments of the LV myocardium (-11.47 ± 1.89 % vs -13.51 ± 

1.53 %, p = 0.051). Radial systolic strain was significantly longer in the TAZ mutant group than 

in the wt group at 8 weeks (19 ± 2.24 % vs 26.28 ± 4.42 %, p = 0.004). 
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Figure 21. Left ventricular strain results in the mutant TAZ vs wt mice. A 
Echocardiography-derived regional LV longitudinal and radial systolic strain and B. diastolic 
strain in the TAZ mutant group compared to the wt group at 8 weeks. Unpaired student’s t-
test where * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.005. 

Strain rate was also analyzed using the speckle tracking method. The LV diastolic strain rate 

showed significantly impaired longitudinal and radial axis deformation velocity in the TAZ 

mutant group compared to the wt group at 8 weeks of age (2.596 ± 0.76 1/s vs 3.793 ± 0.43 

1/s, p = 0.003) (-3.128 ± 1.4 1/s vs -5.635 ± 1.11 1/s, p = 0.002) (Figure 22.A). This meant that 

the ability of the LV to expand in a given time was impaired. The systolic strain rate remained 

unchanged when comparing the TAZ mutant group with the wt group in both the longitudinal 

and radial axes (Figure 22.B). 

 

Figure 22. Left ventricular strain rate results in the mutant TAZ vs wt mice. A. 
Echocardiography-derived regional LV longitudinal and radial systolic strain rate and B. 
diastolic strain rate in TAZ mutant group compared with the wt group at age of 8 weeks 
Unpaired student’s t-test where * represents p < 0.05; ** represents p < 0.01. 
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4 Discussion 

The Tafazzin mouse model was developed as a new tool for the study of Barth syndrome. 

This new model is based on a missense mutation in the human tafazzin gene, where glycine 

has been exchanged by valine at position 197 with a point mutation using the CRISPR 

technique. Barth syndrome is a congenital metabolic disorder characterized by phenotypic 

features including cardiomyopathy, neutropenia, hypotonia, and lactic acidosis (Clarke et al., 

2013). The mutation in Tafazzin (TAZ) gene locus on chromosome X leads to abnormalities 

when forming mature cardiolipin molecules, causing perturbation of the inner mitochondrial 

membrane. The disruption of the functionality of phospholipids perpetuates fundamental 

alterations in mitochondrial function, making the electron transport chain unstable and 

impairing aerobic respiration. Mitochondrial dysfunction is not only limited to metabolic 

changes, but also changes in protein transport, mitochondrial morphology, and its effects on 

cellular ROS, calcium, and protein kinase C signaling. Disbalance of cardiolipin contents alters 

the function, structure, and dynamics of mitochondria in skeletal muscle, as well as induces a 

growth delay of patients carrying a TAZ mutation (Ferreira et al., 2014), as demonstrated by 

our animal model through a decrease in body weight. Those changes predominantly occur at 

an early age in humans with Barth syndrome, similarly to the TAZ mouse model evidenced at 

8 weeks old. So far, no changes in the autonomic nervous system have been demonstrated 

in patients with Barth syndrome, which can be correlated with the absence of changes in heart 

and respiratory rate in the TAZ mutant mice model compared to the control. 

A wide range of cardiac abnormalities have been thoroughly described in Barth syndrome, 

including dilated cardiomyopathy, hypertrophic cardiomyopathy, endocardial fibroelastosis, 

left ventricular non-compaction, and ventricular arrhythmia (Clarke et al., 2013). Those 

findings make further study of the cardiac phenotype of this specific TAZ mutant mouse model 

interesting as they have not been described so far. This animal model can also provide an 

approach where the development of chronic pathologies, as well as control of factors that 

modify the course of the disease (such as diet, medication, bedding, and genetic background), 

can be followed. The assessment of cardiac performance that meets the criteria and 

characterizes a phenotype is achievable through monitoring. Non-invasive imaging modalities 

with intermittent cardiovascular monitoring include echocardiography, computed tomography 

(CT), and magnetic resonance imaging (MRI). Although the latter two techniques provide high-

quality images of the cardiac chambers, the global LV function assessment accuracy is similar 

to that of echocardiography. In comparison to CT and MRI, echocardiography is cost-effective, 

has low irradiation, and can process the image with new methods. Echocardiography 

orchestrates the ability to take measurements of the heart dimensions and calculate cardiac 
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functionality through recordings. Its non-invasive nature has the advantage of unfluctuating 

the hemodynamic status of the model under study. In addition, the accessibility, high-

throughput, and accurate assessment of murine cardiac physiology make it the test of choice 

when reaching a diagnosis. 

4.1 Echocardiography up to date with the cardiac performance  

As in human clinical research, echocardiography has become the ‘gold standard’ of 

phenotyping genetically modeled rodents due to its improved high-frequency transducers, 

improved software, and better technique handling. Echocardiography uses ultrasound 

technology to capture high temporal and spatial resolution images of the heart to detect 

changes in structure and functionality (Pistner et al., 2010). The knowledge of standard values 

in cardiac dimensions and fractions is becoming increasingly robust, as it is the technique of 

choice for characterizing several mouse strains. The accuracy and reproducibility of the 

diagnosis would improve if the protocol of rodent handling is systematically followed. However, 

some factors that may influence the variation of the measurements cannot be neglected and 

should be strictly regulated, such as the inter-intra-observer variability of the recording, the 

degree of anesthesia applied during the test, and differences in the biological background of 

the animal models. This diagnostic technique is considered an animal experiment and should 

therefore include clauses for ethical handling of rodents, beyond purely technical 

considerations. 

Changes in the linear dimensions of the heart correspond to structural changes in the heart 

cavities and walls. In particular, the LV is the subject of observation of the development of 

heart failure, as well as its classification according to phenotype, mainly dilated or 

hypertrophic. These adaptations of the left ventricular myocardium continue adjusting 

anatomical dimensions in response to the imbalance of intrinsic (preload and contractility) and 

extrinsic (afterload) cardiac properties. In the TAZ mouse model, the decrease in LV cavity 

diameters in the long (LAX) and short (LVID and EdA) axis is secondary to the overall size 

decrease in the mouse model. However, the anterior and posterior walls of the LV remain 

unchanged compared with the control mouse. Barth cardiomyopathy is characterized by an 

undulating progression in which the size and mass of the LV increase during the first six 

months of life, then decrease until two years, and then appear to stabilize (Rigaud et al., 2013). 

The TAZ mouse model is studied at a young age and correlates with fluctuation toward size 

reduction. Overall, heart weight is decreased compared to the control, but the heart-to-body 

ratio is normal. Therefore, the conclusion that the decrease in heart dimensions is consistent 

with the growth disturbance of the studied model is reinforced.  
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The global ventricular function, assessed by conventional echocardiographic parameters, 

shows a significant decrease in the EDV and ESV in the TAZ mutant mouse model compared 

with the control. This is due to the narrowing of the diameter of the left ventricular cavity in 

length and width. The decrease in both volumes is approximately 20 %; however, as expected, 

the maximum volume in diastole is greater than in systole, meaning a greater difference in the 

end-diastolic volume. Therefore, SV is found to be decreased in the mouse TAZ mutant mouse 

model compared with the control. Like the domino effect, if a dependent variant is altered, the 

outcome of the next parameter will be altered. When SV is changed, CO and CI are also 

significantly decreased in the TAZ mutant mouse model compared with the control. The 

systolic functionality was analyzed not only by the absolute values but also by the fraction 

between the volumes and areas in EF and FAS respectively. Both parameters did not show 

any significant differences between the TAZ mutant mice model and the control. Although EF 

and FAS are important systolic parameters in determining and classifying the diagnosis of 

heart failure, it should be considered that EF is influenced by both preload (degree of the 

ventricular stretch at the end of diastole) and afterload (pressure against which the heart must 

work to eject blood during systole). It cannot be interpreted as an index of contractility without 

considering the LV load. In turn, FAS and EF are influenced by structural changes in the LV, 

meaning that decreasing LV diameter and size will strongly influence the EDV calculation, 

leading, as in this case, to an unchanged EF and FAS, even though the SV is decreased. 

4.2 Myocardial deformation, a step forward in understanding cardiac function 

Recent echocardiographic imaging techniques based on tissue deformation improve 

myocardial performance accuracy not only in terms of contractility but also in preload and 

afterload. Quantification of the myocardial functionality is approachable globally and 

regionally, offering versatility in the diagnosis of cardiomyopathies that affect the entire LV or 

single LV segment failures. Speckle tracking imaging is a novel technique used to detect 

myocardial deformation by strain, in terms of displacement, and wall motion by strain rate, in 

terms of velocity. The speckle tracking, not being doppler dependent, relies on the contrast of 

the kernels and not on the angle of the acquisition. This among other advantages, such as the 

evaluation of synchrony between the LV segments, the assessment of both diastolic and 

systolic cardiac phases, and the measurement along several LV axes, allows the study of the 

tridirectional movement of the heart longitudinal, radial, and circumferential. The strain and 

strain rate parameters have mainly been standardized along the longitudinal axis of the LV 

since it is more likely to get a sharper view of the myocardial borders without hypoechoic 

shadows. In addition, the characteristics of the morphological changes of lengthening, 

thickness, or torsion are evident in the longitudinal plane of the ultrasound, which is the reason 

why this axis was taken for the longitudinal and radial analysis. 
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This method identifies subtle changes in the diastolic and systolic heart function. Strain and 

strain rate detect early left ventricular dysfunction before changes in EF and FAS occur 

(Rigaud et al., 2013). This is also visible in the TAZ mutant mouse model, where changes in 

radial systolic strain were already significantly decreased, even though EF and FAS were 

unaltered at this age. Similar to EF, strain is also load-dependent, whereas strain rate is 

independent. This can be seen in the diastolic strain rate parameters of the TAZ mutant mouse 

model in both longitudinal and radial planes. These findings conclude the high sensitivity of 

speckle tracking analysis of LV myocardium, as it is expected that the mutant TAZ model may 

develop heart failure with possibly mixed characteristics. Systolic dysfunction is due to 

contractile impaired myocardial deformation in the radial plane and diastolic dysfunction is due 

to prolonged time for dilatation of the ventricle in both the longitudinal and radial planes. These 

parameters have been clinically useful in the diagnosis of cardiomyopathies in the early stages 

of HF or HFpEF. In addition, in a preclinical phase, strain measurement can recognize 

subclinical stages of cardiomyopathies. However, the limitations of the technique cannot be 

omitted as it requires high-quality echocardiographic images since poor delineation of the 

endocardial border may result in an inaccurate measurement. It is also important that the 

frame rate is at least 200 frames/s for the kernel tracking to be as continuous in time as 

possible.  

Echocardiography is a robust technique providing us with parameters reported in the 

conventional echo and even further with the new approach of speckle tracking. The big 

difference is the orientation of the research question of whether one wants to investigate 

changes in LV cavity area and volume, or whether one wants to precisely investigate changes 

in LV myocardial deformation and motion. The two perspectives are complementary, but 

without doubt, more accurate knowledge of ventricular performance dysfunction is generated 

throughout the cardiac cycle and each time more explicit measurements are conducted in the 

myocardial wall. Echocardiography may have many more features that have yet to be 

developed, as it is a technique that is steadily discovering the close relationship of anatomical 

modifications to physiological changes in the heart. The state of the art in echocardiography 

is constantly evolving, not only in terms of understanding the technique, but also the heart. 
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Chapter II: Cardiac cell redox signaling and heart 

failure in oxidative stress 

1. Introduction 

A crucial step in evolution has been the utilization of molecular oxygen (O2) to generate 

energy. The evolution of aerobic organisms began 2.5 billion years ago, from simple 

prokaryotes to large mammals, and arose in parallel with periods of atmospheric O2 

accumulation. Biological complexity and evolutionary diversification emerged towards an 

efficient way of handling O2 as a terminal electron acceptor in the oxidation of carbon-based 

fuels to generate adenine triphosphate (ATP) via oxidative phosphorylation. In terms of 

biological usefulness, O2 is atmospherically abundant and exhibits molecular stability due to 

its parallel spinning electrons. O2 has a high diffusion capacity through biological membranes 

and an affinity for the heme group, which allows for easy biological storage and transport of 

O2 throughout an organism. On a cellular level, O2 can release four times more energy per 

molecule of oxidized glucose compared to metabolic processes that utilize anaerobic 

pathways. O2 is also a crucial common factor among other biosynthetic pathways, such as 

those used in the processing of unsaturated fatty acids and nicotinic acid (Thannickal, 2009). 

1.1. Generation of reactive oxygen species and physiological significance in 
signaling and cellular functions 

The aerobic network architecture consists of redox-sensitive cellular targets that orchestrate 

bioenergetics and cellular respiration. Cell metabolism is highly dependent on redox reactions 

that inevitably generate reactive oxygen species (ROS) as a by-product of O2 metabolism or 

by enzymatic means. ROS are highly reactive chemicals and, even in small amounts, can 

stimulate numerous physiological processes in living organisms and thus, exhibit regulatory 

functions. ROS, when maintained at low to moderate levels, play a pivotal role in the immune 

system, cell signaling, and mitogenic response. Although ROS are crucial for human health, 

the most studied response to ROS production is the state of "oxidative stress". This describes 

an increase in ROS production that is beyond the capacity of antioxidant detoxification and 

leads to severe damage to DNA, proteins, and lipids. Cellular apoptosis after homeostatic 

failure and progressive inflammatory responses are the final stages of this condition 

(Phaniendra et al., 2015).  

ROS can be classified into radicals, species containing at least one unpaired electron in the 

shells surrounding the atomic nucleus, and non-radicals, which describe oxygen species that 
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can easily give rise to free radical reactions. Examples of radicals include superoxide (O2•−), 

hydroxyl (OH•), alkoxy radical (RO•), oxygen radical (O2••), hydroperoxyl radical (HOO•), and 

peroxyl radical (ROO•). The unequal valence of the electrons makes the radicals very 

unstable. Therefore, they are short-lived and highly reactive. The non-radical oxygen derivates 

have more stable properties and include hydrogen peroxide (H2O2) as a central signaling 

molecule, hypochlorous acid (HOCl), singlet oxygen (1O2), and organic peroxide (ROOH) 

(Phaniendra et al., 2015). 

In mammalian cells, the reduction of O2 to H2O is carried out in four steps during which the 

most abundant ROS molecules occur: 

1. O2 + e- → O2•− 

2. O2•− + H2O ⇄ HOO• + OH- 

3. HOO• + e- + H+ → H2O2  

4. H2O2 + e- + H+ → OH• + e- + H+ → H2O 

Aerobic metabolic activity is also one of the main cellular sources of ROS. The tricarboxylic 

acid (TCA) cycle, also known as the Krebs cycle, represents a series of chemical reactions 

that release stored energy through the oxidation of acetyl CoA. This cycle generates the 

reducing equivalents NADH and FADH2, which are necessary to transfer electrons to the 

electron transport chain (ETC). Mitochondrial complexes I and II of the ETC replenish NAD+ 

and FAD, respectively, allowing the TCA oxidative cycle to function. Once electrons are 

channeled through the inner mitochondrial membrane complexes, oxidative phosphorylation 

(OXPHOS) takes place in the presence of oxygen creating a membrane potential and 

ultimately resulting in the production of ATP (Martínez-Reyes & Chandel, 2020).  

Highly oxygen-consuming organelles, such as mitochondria, peroxisomes, and the 

endoplasmic reticulum produce H2O2. This is formed in a reaction catalyzed by the superoxide 

dismutase (SOD) enzyme. Although it is not a radical, it can induce cellular damage even at 

relatively low concentrations. H2O2 can be reduced directly to H2O by antioxidant enzymes or 

via OH• to H2O in a non-enzymatic process (Liu et al., 2002).  

 

O2•− are the primary radicals produced in mitochondria at two crucial sites within the ETC. The 

NADH dehydrogenase enzyme reaction occurs at complex I and the ubiquinone cytochrome 

c reductase reaction at complex III (Finkel & Holbrook, 2000). The O2•− generated by 

complexes I and III enters the mitochondrial matrix and intermembrane space, respectively 

(Figure 1). While the contribution of complex II appears to be negligible, it has been recognized 
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as a ROS modulator in complexes I and III through respirasome assembly and electron 

delivery (Siebels & Dröse, 2013). The ETC is a non-enzymatic pathway of ROS production; 

therefore, the extent of ROS generation is presumably linear to the metabolic rate. Since the 

mitochondria are the sites where the most oxygen is expended in the cell, oxidative 

phosphorylation is the main generator of mitochondrial ROS in the ETC along with ATP 

production. Other minor sources of mitochondrial ROS are enzymatic sources such as 

oxidases, -ketoglutarate dehydrogenase, or glycerol phosphate dehydrogenase (Starkov, 

2008). 

 

Figure 23. Mitochondrial ROS production by the respiratory chain. Mitochondrial ROS 
generation occurs mainly in the electron transport chain (ETC) located in the inner 
mitochondrial membrane during oxidative phosphorylation. The leakage of electrons, mainly 
in complexes I and III, leads to the partial reduction of oxygen to form superoxide anions. 
Subsequently, superoxide anions are rapidly converted to hydrogen peroxide (H2O2), in the 
mitochondrial matrix by superoxide dismutase 2 (SOD2) and in the mitochondrial 
intermembrane space by superoxide dismutase 1 (SOD1). Both superoxide anions and 
hydrogen peroxide generated in this process are considered not just mere by-products of 
cellular metabolism but are also important signaling molecules. When produced in excess, 
antioxidant systems such as glutathione peroxidase (Gpx) scavenge the free radicals. Created 
with BioRender.com. 

NADPH (nicotinamide adenine dinucleotide phosphate) oxidases (NOX) are transmembrane 

proteins whose electrons are transported and transferred across biological membranes to 

reduce oxygen to superoxide. The catalytic subunits of NOX are the only known family of 

enzymes that produce ROS as their main product. NOX enzymes have conserved structural 

properties common to all NOX family members (Figure 2). All isoforms consist of a multiprotein 

complex composed of six highly conserved transmembrane domains, an NADPH, a FAD-

binding region at the cytoplasmic COOH terminus, and four highly conserved heme-binding 
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pockets within the transmembrane domain (Altenhöfer et al., 2012). There are seven individual 

members of the catalytic protein family. The NOX family members, namely NOX1-5, and the 

dual oxidases (Duox)1-2. Of these, NOX1, 2, 4, and 5 have been associated with 

cardiovascular disease, with NOX4 being the most widely distributed isoform. NOX1 has been 

extensively studied in phagocytes and NOX3 in the colon, while DUOX1 and 2 appear to be 

limited to thyroid tissue. NOX can be dynamically activated or deactivated by regulatory 

subunits. For example, NOXA1 regulates NOX1, p67phox acts on NOX2, and calmodulin acts 

on NOX5. In contrast to other members, NOX4 generates ROS constitutively without any 

stimulus (Bedard & Krause, 2007). 

 
Figure 24. NOX family, structure, and activation mechanism. Despite their similar structure 
and enzymatic function, NOX isoform-based NADPH oxidase complexes differ in their 
activation mechanism. Cell or subcellular compartment membranes are shown in amber, core 
proteins in yellow, activator binding proteins in blue, and organizer binding proteins in gray. 
NOX1, NOX2, NOX3, and NOX4 are associated with p22phox, but only NOX1, NOX2, and 
NOX3 are regulated by the small GTPase Rac. For its activation, the NOX1 enzyme complex 
requires the assembly of NOX organizer 1 (NOXO1) and NOX activator 1 (NOXA1). The NOX2 
enzyme complex requires binding of p47phox, p67phox, and optionally p40phox that can 
further support the activity. The NOX3 enzyme complex requires the assembly with NOXO1. 
In contrast to NOX1, NOX2, and NOX3, the NOX4, NOX5, and DUOX1/2 do not depend on 
any cytosolic NADPH oxidase subunits. NOX4 is the only isoform that produces hydrogen 
peroxide (H2O2) and superoxide (O2•−). The NOX5 and DUOX1/2 proteins contain calcium-
binding sites that regulate the activation of the enzyme. Modified from Bedard & Krause, 2007. 

In peroxisomes, the respiratory pathway involves electron transfer from various metabolites to 

oxygen, leading to the formation of H2O2. In these organelles, electron transfer is not coupled 

to oxidative phosphorylation and production of ATP; instead, free energy is released as heat. 

The -oxidation of fatty acids is the main metabolic process that produces H2O2 when fatty 



Introduction 

 

71 
 

acid chains are too long to be handled by mitochondria. -oxidation involves the activation of 

acyl-CoA by conjugation with coenzyme A in the cytosol. H2O2 is not the only radical produced 

in peroxisomes, O2•−, OH•, and NO• are also generated to a lesser extent. Other enzymes 

involved in ROS production in peroxisomes are D-amino acid oxidase, L--hydroxy oxidase, 

and xanthine oxidase (Schrader & Fahimi, 2006). Another cellular ROS-producing 

compartment is the endoplasmic reticulum, involving cytochrome p-450, b5 enzymes, and 

diamine oxidase. Other minor endogenous sources of ROS are prostaglandin synthesis, 

adrenaline auto-oxidation, phagocytic cells, riboflavin reduction, reduced flavin-adenine 

dinucleotide (FMNH2), flavin adenine dinucleotide (FADH2), and immune cell activation 

(Phaniendra et al., 2015). 

1.2. Antioxidant defense systems and maintenance of cellular redox homeostasis  

The intercourse of kinetic and thermodynamic properties in redox processes creates an 

equilibrated sequence of reactions in the redox couple that strongly depend on the onset of 

oxidizing or reducing conditions. The kinetics of the redox potential describes the rate at which 

a reductive or oxidative process occurs and the pathway by which it occurs. The 

thermodynamic redox potential defines the change in free energy of a given redox couple. 

Expressed by the Nernst equation, this calculates the relationship between the redox potential 

and the activity of the oxidized and reduced species (Jones & Sies, 2015). The human body 

is equipped with a variety of antioxidants that serve to counterbalance the effects of oxidants. 

Antioxidant defense mechanisms against oxidative stress involve 1) Blocking the production 

of free radicals, 2) Scavenging of oxidants, 3) Conversion of toxic free radicals into less toxic 

substances, 4) Blocking the production of toxic secondary metabolites and inflammatory 

mediators, 5) Blocking the chain propagation of secondary oxidants, 6) Repairing injured 

molecules, and 7) Initiation and potentiation of the endogenous antioxidant defense system 

(Adwas et al., 2019).  

Antioxidants are classified according to their mechanism into primary antioxidants 

(scavengers), secondary antioxidants, which yield synergistic stabilization effects with the 

primary oxidants, and tertiary antioxidants, which mediate the repair of damaged 

biomolecules. A second characteristic by which antioxidants can be classified is their 

enzymatic or non-enzymatic activity (Kunter et al., 2020). In general, enzymatic antioxidants 

are primary and non-enzymatic antioxidants are secondary (Figure 3). 
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Figure 25. Classification of antioxidant defense systems. The categorization of antioxidant 
systems is divided into enzymatic and non-enzymatic systems, which can act in both the 
intracellular and extracellular space. This increases the spectrum of action to prevent or retard 
oxidation of a biological substrate and reverse oxidative damage to the affected molecules. 

The three main classes of primary antioxidants in the body are superoxide dismutase (SOD), 

catalase (CAT), and glutathione peroxidase (Gpx). Since O2•− is the main ROS produced, its 

dismutation by SOD is crucial for acting as a bulk scavenger (Formula A). SOD is located in 

the cytoplasm, mitochondria, and extracellular space. H2O2 produced by SOD or oxidases is 

reduced to H2O by CAT (Formula B). A CAT contains four porphyrin heme groups that allow 

the enzyme to react with H2O2; the more H2O2, the higher the catalase rate. The Gpx is 

responsible for reducing H2O2 and lipid hydroperoxides secondary to oxidative degradation of 

the membranal lipids The Gpx family is represented by tetrameric enzymes that use low 

molecular weight thiols, such as reduced glutathione (GSH), to reduce H2O2 and oxidize GSH. 

To maintain the equilibrium of the reaction, glutathione reductase (GR) catalyzes the reduction 

of the oxidized glutathione (GSSG) to GSH (Formula C). In addition, H2O2 removal is mediated 

by peroxiredoxins (Prdx) and thioredoxins (Txn). The catalytic action of Prdx is known to 

catalyze the reduction of H2O2 and involves the oxidation of thioredoxin. Then the oxidized 

thioredoxin is recycled by thioredoxin reductase (TR) (Formula D). Common to these 

antioxidants is the requirement of NADPH as a reducing equivalent. The Txn and GR utilize 

NADPH as a cofactor. Finally, glutathione-S-transferases (GSTs) represent an important 

group of antioxidant enzymes forming a family of multifunctional proteins involved in the 

cellular detoxification of cytotoxic and genotoxic compounds (Birben et al., 2012). 
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The catalyzed reactions of the main enzymatic scavenger antioxidant defense are: 

O2                O2•−                  H2O2 (A)            

H2O2                  H2O + O2 (B) 

 

H2O2                                      H2O (C) 

 

H2O2                                      H2O (D) 

1.3. Detection of ROS 

The importance of ROS for cell signaling has been gradually acknowledged and their reliable 

and precise detection has been imperative in understanding cellular physiology and 

pathophysiology. ROS can behave differently depending on their respective reaction 

preferences, production site, degradation, and diffusion. Consequently, to ascertain the 

biological impact of ROS, it is essential to monitor the concentration and location of ROS in 

the biological system of interest. However, due to the instability, short lifetime, and mutual 

interference of most oxygen radicals, the development of specific methods and assays was 

hampered (Zhang et al., 2018).  

Sensitive methods for ROS detection based on luminescent (fluorescent, chemiluminescent, 

and bioluminescent) probes are used to monitor and elucidate the biological functions of these 

species. Fluorescent probes that increase their fluorescence intensity after oxidation by ROS 

include dihydroethidium and dichlorodihydro fluorescein, both cell-permeable O2•− detection 

probes, and Amplex Red which is a cell-impermeable agent and detects H2O2. Quantitative 

analyses are possible by measuring the amount of product detected, which is proportional to 

the amount of oxidant produced in the system. Fluorescent probes are limited by their low 

selectivity and efficiency in capturing the specific oxidant of interest. These probes could also 

form harmful byproducts and are highly sensitive to pH changes. Chemiluminescent probes 

produce fluorescence following chemical reactions with available ROS as their excited 

molecules decay to the ground state. These probes have been used to detect oxidants in 

biological systems, especially O2•−. Some of the probes in this category are lucigenin and 

luminol, which are characterized by their easy handling in O2•− quantification as well as H2O2 

in the presence of peroxidases (Burns et al., 2012). All of these methods contain drawbacks 
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in terms of selectivity and in vivo detection. Therefore, new methods have been developed to 

enable dynamic and real-time measurements of ROS levels. 

Fluorescent protein-based redox indicators are probes designed to monitor redox status 

changes by combining fluorescent and prokaryotic redox-sensitive proteins. The recombinant 

protein is introduced into cells by plasmid or adenovirus transfection and can be targeted to 

subcellular organelles, indicating the redox states of specific cell compartments. Spectral 

changes are achieved under oxidized conditions by the formation of a disulfide bond between 

two cysteines. This system can display rapid and reversible ratiometric fluorescence changes 

in response to environmental redox potential changes in vitro and in vivo. This method 

provides redox status detection in real-time. Some examples for redox-sensitive proteins are 

the redox-sensitive green fluorescent protein (roGFP) used to monitor changes in the global 

thiol/disulfide equilibrium and the hydrogen peroxide (HyPer) recombinant protein designed to 

detect H2O2 (Dickinson & Chang, 2012) 

1.3.1. Development of the HyPer genetically encoded indicator for H2O2 

The genetically encoded biosensor, HyPer, is a powerful research tool for specific and real-

time monitoring of H2O2. In addition, its response is reversible, allowing for dynamic 

measurements. The HyPer family of probes are the most popular genetically encoded 

fluorescent indicators for H2O2 recording. HyPer combines a circularly permuted fluorescent 

protein (cpYFP) with the H2O2-responsive regulatory domain of the transcription factor OxyR 

(OxyR-RD) from E. coli. (Belousov et al., 2006). In the C-terminal domain of OxyR-RD are 

located the Cys-199 and Cys-208 critical for the function of the protein as a biosensor (Lee et 

al., 2004). Cys-199 is positioned in the hydrophobic pocket of the OxyR-RD and has a low 

pKa. Therefore, the Cys-199 is oxidized by H2O2 to a sulfenic acid derivative. The sulfenic acid 

is then repelled by its hydrophobic environment and the Cys-199 come closer to the Cys-208. 

These two cysteine residues are enough in proximity to form a disulfide bridge and forms a 

conformational change to a 3-fold increase of the ratio F500/F420. As a result of the 

intramolecular rearrangement of HyPer, the excitation spectrum lies between 420 and 500 nm 

and, the fluorescent emission peak is at 516 nm (Figure 4) (Zheng; M et al., 1998). 
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Figure 26. Schematic representation of HyPer biosensor. The structure of HyPer consists of a 
circular permuted yellow fluorescent protein (cpYFP) and two cysteine OxyR residues. In the 
presence of H2O2, a disulfide bond is formed between the Cys-199 and Cys-208 which drives 
a conformational change of the cpYFP. This results in a ratiometric fluorescence change when 
the molecule is activated at 420 and 500 nm excitation wavelengths. As an antioxidant defense 
agent, glutaredoxin (GRX) can reduce already oxidized HyPer. Created with Biorender.com. 

HyPer is very sensitive to pH changes due to changes in the protonation of the chromophore. 

This leads to the development of different excitation peak intensities depending on the pH. 

When the cellular environment is more acidic, the intensity of the excitation peak increases, 

and when the surrounding space is more alkaline, the excitation peak decreases (Poburko et 

al., 2011). Therefore, a synthetic pH sensor (SypHer) was developed as a pH control sensor 

with a relatively similar conformational structure to HyPer, but with Cys-199 replaced by Ser-

199. SypHer can also be modified by pH values within the same pKa values as HyPer, but 

cannot respond to H2O2 (Belousov et al., 2006). 

The HyPer biosensor allows for the study of intracellular redox dynamics and two spectrally 

distinct variants of HyPer biosensors have so far been developed. The first biosensor is HyPer, 

which emits yellow fluorescent light; the other is called HyPerRed, which emits red fluorescent 

light. Remarkably, both can be expressed and measured simultaneously (Bogdanova et al., 

2017). Subsequently, improved versions of HyPer have been developed to measure H2O2 

production at lower concentrations, with extended dynamic range and improved performance 

for fluorescence ratiometric response. HyPer 2 is the first upgraded version with an Ala406Val 

point mutation in the OxyR transcription factor domain. This mutation stabilizes the interface 

between monomers in OxyR dimers in the HyPer 2 making it more dynamic the probe. Upon 

H2O2 stimulation the HyPer 2 undergoes a conformational change up to 6- to 7-fold increase 

of the ratio F500/F420. Therefore, HyPer 2 is twice as effective at the same or lower oxidant 

concentration. However, HyPer 2 has a long half-oxidation time due to its structure. As a result, 

the reaction rate is slow and affects the temporal resolution of the probe (Markvicheva et al., 

2011). The second improved version of HyPer is HyPer 3; it contains a His34Tyr mutation in 
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the OxyR transcription factor domain and the conformational change is the same as in HyPer 

2. However, HyPer 3 is monomeric and has higher oxidation and reduction reaction rates 

(Bilan et al., 2013). These existing HyPer probes were not sufficiently sensitive, so new HyPer 

versions solved the problem by providing better brightness and detection of ultralow 

concentrations of H2O2. The HyPer 7 probe consists of a cp-GFP integrated into the 

ultrasensitive OxyR domain of Neisseria meningitidis. This genetically encoded indicator for 

H2O2 fulfills all requirements for an ultrasensitive, kinetically fast, and pH-stable probe for an 

accurate H2O2 readout (Pak et al., 2020). 

1.3.2. Genetically encoded HyPer-DAO system for controlled H2O2 production and 

detection 

HyPer offers the advantage of intracellular spatial targeting and allows the monitoring of H2O2 

production specifically in each compartment. The specific localization of the biosensor is 

determined by the fusion of HyPer with different compartment target signals or organelle 

retention sequences in the cell (Lyublinskaya & Antunes, 2019). HyPer is highly diffusible 

which enables interaction with H2O2 in different subcellular compartments (Malinouski et al., 

2011). HyPer is suitable for studies in many novel cell models used to explore the role of H2O2 

in redox research.  

The HyPer biosensor was fused with a D-amino acid oxidase (DAO), allowing simultaneous 

H2O2 production by DAO and measurement by HyPer (Matlashov et al., 2014). This 

HyPer-DAO fusion construct has two novel features: 1) it uses as a controllable source of H2O2 

due to an independent enzymatic reaction in the presence of the substrate D-amino acid (D-

aa) (Figure 5). 2) its ability to target different compartments of the cell (Bogdanova et al., 

2017). In particular, the role of HyPer-DAO in cardiomyocytes has revealed a heterogeneity 

of concentrations and management of redox homeostasis in different cellular compartments. 

The HyPer-DAO fusion protein provides the feature to produce and detect H2O2 in parallel in 

the same compartment. 
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Figure 27. Schematic representation of the chemical reaction catalyzed by DAO. The 
reaction catalyzed by DAO (1) dehydrogenates the D-amino acid to its imino acid counterparts, 
simultaneously transferring a proton to the oxidized FAD and reducing it to FADH2. This 
FADH2 is (2) oxidized back to FAD by molecular oxygen (O2), producing hydrogen peroxide 
(H2O2). The imino acid is (3) non-enzymatically hydrolyzed to keto acid and ammonia (NH4+). 
Modified from Rosini et al., 2018. 

This chemogenetic tool simulates endogenous ROS effects and mimics physiological handling 

of H2O2. The HyPer-DAO fusion protein has been tested in a variety of biological settings, not 

only in cultured cells, but also in vivo where it has been specifically targeted to the heart. 

(Steinhorn et al., 2018). Recently, the principles of synthetic biology have been applied in the 

form of DAO from Rhodotorula gracilis (red yeast) in combination with HyPer to overcome the 

technical deficiency in this field. DAO catalyzes the deamination of D-aa and produces H2O2 

(Figure 5). In a linear fashion, the higher the dose of D-ala, the more H2O2 is produced. The 

activity of the expressed enzyme is controlled by the external addition of D-aa, which 

mammalian enzymes mainly cannot metabolize. The DAO enzyme converts the D-aa into 

imino acid which are structurally related to amino acids but instead of a single bond between 

nitrogen and carbon there is a double bond. Further the imino acid can be non-enzymatically 

hydrolyzed to keto acid and ammonia (Matlashov et al., 2014).  

However, this system has some limitations, as some D-aa can be found in some mammalian 

systems, albeit in picomolar concentrations (Koga et al., 2017). Another limitation is the 

mammalian isoform of DAO described in the brain and kidney, but its kinetics are slower. An 

additional observation is the production of ammonia as a result of DAO catalysis, which is 

found in equimolar amounts as H2O2. However, ammonia is usually present in cells in higher 

concentrations compared to the amount produced by DAO. Normal plasma ammonia levels 

are <50 µM and a deleterious effect on the cell occurs at around 0.5 mM (Braissant et al., 

2013). 
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1.3.3. Chemogenetic model generator of H2O2 in the heart 

This research topic has long been hampered by technical limitations, including specific 

detection methods and consideration of subcellular compartments. The HyPer-DAO made it 

possible to detect the direct effects of H2O2. with optimal selectivity and no impact on cellular 

functions. This fusion construct was specifically targeted to cardiomyocytes using the MHC 

promoter. Indeed, this chemogenetic approach has been shown to manipulate the intracellular 

redox state in cardiomyocytes in a rodent model. This heart failure model relies on the 

controllable in vivo production of H2O2. Even with a millimolar excess of added D-alanine 

(D-ala) as D-aa substrate, the concentration of H2O2 produced by DAO in cells does not 

usually exceed the range of 50-100 nM (Matlashov et al., 2014). 

The HyPer-DAO fusion protein enables the generation of high levels of H2O2 and thus 

influences redox-sensitive cellular transcription factors. Transcription factors are activated or 

induced depending on the response of cardiomyocytes to the D-ala stimulus. Transcriptional 

output is based on major transcription factors involved in cellular redox stability, such as 

nuclear factor erythroid 2-related factor 2 (Nrf2). Nrf2 is cardioprotective and is known to 

regulate the expression of antioxidant proteins. Nrf2 target genes are heme oxygenase 1 

(HMOX1), NAD(P)H quinone oxidoreductase (NQO1), and sulfiredoxin 1 (Sxn1), which 

encode cytoprotective proteins involved in antioxidant systems and detoxification (Marinho et 

al., 2014). In addition, the nuclear factor kappa-light chain-enhancer of activated B cells (NF-

κB) is a proinflammatory transcription factor that is affected by increased oxidative stress. 

Overactivation of NF-κB is deleterious to the heart, regulating genes such as interleukin-1 

(IL-1), tumor necrosis factor- (TNF-), intercellular adhesion molecule-1 (ICAM-1), and 

inducible nitric oxide synthase 2 (iNOS2), all of which encode proinflammatory factors that 

accelerate the primary immune response (Steinhorn et al., 2018). 

In addition to testing HyPer-DAO in vitro, overexpression of the fusion protein was also 

recently applied in vivo. HyPer-DAO was induced in rat hearts with an adeno-associated virus 

serotype 9 vector. Expression was driven by the cardiomyocyte-specific troponin T (cTnT) 

promoter. HyPer-DAO was not targeted to a specific subcellular domain. With this in vivo 

model, the authors demonstrated that induction of DAO by adding D-ala to the drinking water 

is possible in a living animal. Furthermore, it was observed that rats developed dilated 

cardiomyopathy with significant systolic dysfunction after two weeks of D-ala treatment 

(Steinhorn et al., 2018). The signaling response produced due to chronic in vivo DAO 

activation decreased alpha-myosin heavy chain (-MHC) expression. For this reason, rapid 

contraction was impaired in systole. Likewise, elevated H2O2 levels decreased the response 
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to -adrenergic stimuli in the heart. In addition, some cardiac markers such as atrial natriuretic 

peptide (ANP) and brain natriuretic peptide (BNP) were elevated secondary to excess cardiac 

chamber elongation (Oikonomou et al., 2017). 

1.4. Impact of high ROS levels in the development of pathologies  

Excessive ROS can have damaging effects on the cells of various tissues. Organs with high 

metabolic activity and high oxygen demand, such as the heart, brain, and pancreas, are 

particularly vulnerable to ROS-induced damage. In this imbalanced state, elevated ROS plays 

an important role in endothelial dysfunction and the development of various cardiovascular 

diseases. Induction of myocyte hypertrophy by extracellular stimuli such as angiotensin II, 

endothelin-1 (ET-1), and TNF- mediates the choice of different signaling pathways. ROS 

signal transduction factors are activated, including mitogen-activated protein kinase (MAPK), 

Protein kinase C (PKC), NF-κB, calcineurin, and tyrosine kinase. In addition, ROS can directly 

influence cardiac contractile function by enhancing the inotropic effects of agents such as ET-

1, possibly through the activation of redox signaling pathways such as extracellular signal-

regulated kinase 1/2 (ERK 1/2) (Moris et al., 2017). 

In the brain, ROS can lead to the rapid progression of neurodegenerative diseases. The 

central nervous system is composed of a high lipid content that makes it susceptible to 

oxidants. In turn, it has low levels of antioxidant enzymes, which perpetuates the development 

of Alzheimer's, Parkinson's, Huntington's, lateral amyotrophic sclerosis, and multiple sclerosis 

(Phaniendra et al., 2015). Pancreatic tissue contains islets of Langerhans which are made up 

of beta cells, crucial in insulin production, and glucagon-producing alpha cells. Increased ROS 

may contribute to the development of diabetes by increasing glycolysis which results in 

increased lactate production. This is associated with an increase in the NADH/NAD+ ratio. 

Secondly, the increased activity of the sorbitol pathway accumulates sorbitol and fructose. In 

addition, increased pancreatic ROS may contribute to glucose auto-oxidation and generation 

of H2O2, hydroxyl, and superoxide (Ahmed, 2005). 

During the aging process or senescence, ROS may contribute to several pathologies involving 

the gradual deterioration of the antioxidant rate and the inability to cope with radicals and cell 

debris. The oxygen paradox of fitness/survival during early life, followed by age-associated 

diseases in old age, twists an O2/ROS ratio that may exert unintended consequences leading 

to pathologies. ROS-induced pathologies in old age involve a selection of genes that, while 

serving useful purposes in early reproductive life, exert pathological effects in old age, such 

as chronic inflammation and tissue fibrosis. In addition, the generation of ROS by mitochondria 

and other cellular enzymatic sources mediate nonspecific and irreversible damage that results 
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in progressive organ dysfunction in a stochastic, but nonetheless cumulative manner 

(Thannickal, 2009). 

Low ROS levels in the cardiovascular system have a homeostatic role in cell signaling. In 

contrast, excessive levels of ROS activate apoptotic caspases and trigger the formation of 

nitrotyrosine in the endothelium giving rise to atherosclerosis (Montezano & Touyz, 2012). 

Another important phenomenon associated with excessive ROS production is the reperfusion 

of the heart tissue after acute myocardial infarction which causes structural damage to the 

heart and dysfunction of the cardiac conduction system (Lopes et al., 2012). Furthermore, 

high ROS production induces a decrease in the levels of SOD and glutathione peroxidase 

(Pimentel et al., 2011).  

An excess of ROS is also associated with heart failure (HF) through the resulting modification 

of molecular remodeling pathways in cardiac tissue. HF is a complex clinical syndrome, 

explained in detail in chapter I, which affects the efficacy of ventricular filling and ejection 

secondary to any structural or functional heart disorder. HF involves alterations in cytosolic 

and mitochondrial ROS production and ionic handling which can contribute to impaired 

contractility and relaxation. In the mitochondria, ROS overproduction may alter mitochondrial 

mechanics leading to further ROS production in the respiratory chain. ROS leads to 

mitochondrial DNA damage, which in turn leads to dysregulation of the ETC and enhanced 

electron leakage (Ide et al., 2012). In addition to the increase in ROS, there is an imbalance 

of the cytosolic and mitochondrial calcium handling that are hallmarks of HF. A key feature of 

HF is molecular remodeling involving complex redox changes (Santos et al., 2016).  

1.5. Redox signaling in cardiomyocytes and development of oxidative stress-related 

cardiopathies 

Complex biological mechanisms have evolved to facilitate the maintenance of balanced 

myocardial O2 supply and consumption during physiological fluctuations in contractile function 

and workload, during growth and differentiation, and under pathological stresses such as 

ischemia, pressure, and volume overload. These mechanisms induce changes in 

cardiomyocyte structure and/or function through coordinated changes in gene and protein 

expression or protein activity. Redox mechanisms are centrally involved in the signaling 

pathways underlying many of these homeostatic mechanisms, both via the direct effects of O2 

levels in the cardiomyocyte and through the effects of ROS. The sources of ROS in 

cardiomyocytes derive mainly from the mitochondrial complexes I and III of the ETC through 

"leakage" during respiration. The NOX family also contributes to ROS production in 

cardiomyocytes, mainly NOX2 and NOX4. NOX2 is quiescent, has regulatory subunits, and is 
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acutely activated by stimuli such as cytokines, growth factors, and G protein-coupled receptor 

(GPCR) agonists such as angiotensin II (Hingtgen et al., 2006). NOX2 generates O2•−, in 

contrast to NOX4 which predominantly generates H2O2 and does not require a regulatory 

subunit as it is an inducible subunit that depends on changes in abundance (Ago et al., 2010). 

In cardiomyocytes, NOX2 has been found predominantly in the plasma membrane and NOX4 

intracellularly in the endoplasmic reticulum and mitochondria. 

The redox balance of the cell, and specifically of each compartment, is a critical regulator of 

differentiation and proliferation in many cell types, including cardiomyocytes. Adult 

cardiomyocytes are cells with absent or extremely limited proliferative capacity; therefore, 

differentiation and proliferation are processes relevant primarily to the developing heart. Cell 

differentiation has been shown in cultured embryonic stem cell systems to be ROS dose-

dependent at certain points in the cellular program. Thus, in vitro models represent a viable 

approach to study the molecular mechanisms underlying early differentiation of 

cardiomyocytes (Buggisch et al., 2007). In cardiomyogenesis, NOX4 is a source of ROS, 

providing small amounts of H2O2. (Spitkovsky et al., 2004). While mitochondrial respiration 

and ROS production are important during cardiomyocyte differentiation, the precise 

mechanisms of redox regulation remain poorly understood. 

In adult cardiomyocytes, several redox-modulated protein targets may be important for 

function, including protein kinase A (PKA)(Brennan, et al., 2006), protein kinase G (PKG) 

(Burgoyne et al., 2007), the ryanodine receptor (RyR) (Xu et al., 1998), the small G protein 

Ras (Kuster et al., 2006), class II histone deacetylases (HDACs) (Ago et al., 2008). Efficient 

energy processes and high O2 content is required in the heart for contractile function, as well 

as for the modulating complex intracellular signaling cascades. Excitation-contraction coupling 

(ECC) involves fine-tuned interaction of calcium handling components consisting of L-type 

calcium channels, RyR calcium release channels, sarcoplasmic reticulum calcium ATPase 

(SERCA) channels, and calcium exchangers, all contributing to calcium homeostasis. This 

specialized molecular machinery is susceptible to oxidative modification, particularly in target 

proteins like RyR, which has approximately 20 reduced cysteine subunits that can potentially 

be redox-modified by S-nitrosylation, S-glutathionylation, or disulfide crosslinking (Xu et al., 

1998). Prolonged exposure of RyR to high doses of oxidizing agents may cause detrimental 

activation and contribute to abnormal calcium handling. This could trigger cardiopathies such 

as arrhythmias and impaired lusitropy during diastole. Redox modulation of SERCA can also 

occur due to cysteine oxidation or tyrosine nitration. Depending on ROS levels, low levels will 

activate SERCA, while high levels will inactivate it as a result of irreversible oxidative 

modifications (Sharov et al., 2006). 
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ROS regulate direct oxidative modifications in proteins, as well as secondary redox effects 

within protein kinases such as calcium/calmodulin-dependent protein kinase II (CaMKII) and 

protein kinase A (PKA). Those protein kinases are responsive to -adrenergic signaling, and 

under increased ROS levels, cardiac inotropy may be reduced. In addition to the multiple 

effects that ROS can exert on calcium handling proteins, direct oxidative modifications of 

contractile proteins can also affect myofilament function and calcium sensitivity. ROS might 

have a direct inhibitory effect on myofilament function as is described in the redox modulated 

elastic protein titin. Elevated oxidation increased titin-regulated stiffness in heart myofibrils 

(Grützner et al., 2009). Other myofilament proteins, such as troponin I and myosin-binding 

protein C, are also ROS modulated. Under ROS overload, these proteins are 

hyperphosphorylated by PKA leading to increased contractile shortening that is independent 

of -adrenergic stimulation and cAMP elevation (Brennan, Bardswell, Burgoyne, Fuller, Schro, 

et al., 2006). 

Beyond ECC, redox signaling has been reported in molecular pathways involved in 

cardiomyocyte hypertrophy. One pathway is the activation of ERK1/2 and NF-κB by GPCR 

agonists such as angiotensin II (Oro et al., 2007). Other mechanisms directly influence gene 

expression where oxidation of class II histone deacetylases (HDACs) disinhibit the 

transcription of MEF2-dependent genes (Clocchiatti et al., 2011). HDACs control gene 

expression by removing the acetyl group from the histone allowing for DNA condensation. In 

the specific case of cardiomyocytes, the cysteines that are oxidized in HDAC4 are Cys667-

Cys669 forming a disulfide bond and thus leading to nuclear export independent of HDAC4 

phosphorylation and induction of hypertrophy (Ago et al., 2008). In turn, redox signaling is also 

implicated in pressure-overload-induced cardiac hypertrophy via the Rac1-ROS pathway that 

activates ERK1/2 and p38MAPK. 

1.6. Redox post-translational modifications of reactive cysteine residues in the 

cardiac pathophysiology 

Oxidative modifications in proteins have emerged depending on the magnitude and 

fluctuations of reactive oxygen and nitrogen species in the cell. A certain class of redox 

modifications occurs in the thiol side chain of cysteine residues. These are prone to oxidation 

by ROS because of their highly nucleophilic properties. The tendency of the cysteine to give 

away electrons and be attracted to the positive charge of electron-poor species allows the 

cysteine to produce multiple alterations to its protein depending on the cellular redox status. 

Redox-sensitive cysteine residues are present in the thiolate form under physiological 

conditions and are therefore prone to redox modifications by H2O2 (Wani et al., 2014). The 

cysteine-based redox modifications depend on ROS levels and cellular redox cofactors like 
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glutathione and NADPH. Mild levels of ROS cause a reversible redox modification, however 

at high ROS levels, these modifications become irreversible. This switch occurs via post-

translational modification of thiol groups on cysteine residues, which affect protein structure 

and function (Chung et al., 2013). 

The availability of different oxidation states of the cysteine allows for the formation of a diverse 

range of oxidative post-translational modifications. In the presence of mild ROS, reversible 

changes to the thiol group may occur. S-nitrosylation (RS-NO) is a selective covalent 

modification describing an addition of a nitrosyl (NO) group to a thiol group of a cysteine 

through single or double electron transfer triggered by ROS/RNS changes. In addition, 

sulfhydration (SSH) is a newly discovered oxidative post-translational modification in proteins 

in which hydrogen sulfide (H2S) yields a hydropersulfide moiety (R–SSH) in the active cysteine 

residues. The SSH mediates most of the cellular functions involved in cell survival. Another 

oxidative post-translational modification is S-glutathionylation (RS-SG), which describes the 

reversable binding to glutathione tripeptide. This occurs when the oxidized form of glutathione 

(GSSG) or S-nitrosoglutathione (GSNO) responds to fluctuations in the redox state of cellular 

glutathione pools. The disulfide bonds (RS-SR') involve an oxidative post-translational 

modification between the sulfhydryl (SH) side chains of two cysteine residues. Here, a sulfide 

from one sulfhydryl group acts as a nucleophile, attacking the side chain of a second cysteine 

to create a disulfide bond which releases electrons. This process has repercussions on the 

folding of many proteins, leading to alterations in their function. Sulfenylation (SOH) also 

occurs under mild ROS conditions and produces sulfenic acid. SOH is the lowest oxidation 

state induced by H2O2 and O•2− (Filomeni et al., 2005). This mechanism has been controversial 

as it was once considered to be deleterious due to oxidative damage. Now it is widely 

considered as a critical intermediate in redox signaling. 

When ROS concentrations are high, irreversible oxidative post-translational modifications 

include sulfinic acid (SO2H), and sulfonic acid (SO3H). Because sulfenic acid is reactive and 

unstable, it can be converted to other reversible or irreversible oxidative post-translational 

modifications. When sulfenic acid undergoes further oxidation, it generates SO2H and then 

SO3H, each with a higher oxidation state. Although all these reversible and irreversible 

oxidative post-translational changes affect cysteine residues; not all react equally to the local 

redox state. A given protein may contain numerous cysteine amino acids, however only a 

minority of these have the availability and chemical properties to function as possible target 

sites for ROS/RNS. Redox reactivity depends on the physical availability and pKa of a thiol in 

a particular cysteine residue. The lower the pKa the more reactive it will be. A cysteine residue 

can have different pKa values depending on various factors, one of them being the residues 
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of neighboring amino acids. A thiolate anion is stabilized by positively charged or protonated 

amino acids but destabilized by negatively charged amino acids (Chung et al., 2013).  

 

Figure 28. Oxidative posttranslational modifications on cysteine. Chain of possible post-
translational modifications on a cysteine residue depending on ROS levels. From left to right, 
increasing ROS levels create the spectrum of reversible reactions (blue) and irreversible 
reactions (red). The reactive cysteine under mild ROS levels can undergo the following 
posttranslational modifications: S-nitrosylation (SNO), sulfhydration (SSH), S-glutathionylation 
(RS-SG), disulfide bonds (RS-SR') and sulfenylation (SOH). At high ROS levels the possible 
posttranslational modifications are sulfinic acid (SO2H), and sulfonic acid (SO3H). Taken from 
Chung et al., 2013.  

Cysteine oxidative modifications could also have the potential to influence other post-

translational pathways such as phosphorylation, acetylation, and ubiquitination. Changes in 

oxidative balance can affect redox signaling leading to modifications in protein and metabolite 

levels. The signaling response is embodied in the production of secondary metabolites as a 

result of cell survival chemical reactions, such as lactate production during glycolysis and 

increases in various metabolites of the TCA cycle. Redox reactions are fundamental to the 

metabolic balance of all cells. This redox balance influences ATP production, gene expression, 

and cell cycle regulation. 

1.7. Impact of redox processes on various metabolites 

The redox network influences metabolic pathways like glycolysis, TCA cycle, and -oxidation, 

resulting in a homeostatic equilibrium that is able to affect the viability of the cell. In oxygen-

compromised environments, hypoxia-inducible factors (HIFs) are key transcription factors in 

adaptation and promotion of cell survival. The flux of metabolites between glycolysis and the 

TCA cycle is controlled by pyruvate dehydrogenase (PDH) which is inactivated in hypoxia 

(Eyassu & Angione, 2017). One important metabolite driven by HIF in the TCA cycle is L-2-

HG, a promiscuous metabolite derived from -ketoglutaric acid (-KG). -KG is a crucial 
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product of the TCA cycle which regulates mitochondrial enzymes, guides ATP synthesis, and 

maintains NADH homeostasis (Armitage et al., 2015). The redox equilibrium is altered in 

hypoxia and affects the TCA cycle, generating side metabolites that downregulate the 

glycolysis pathway and the electron transport chain in the mitochondria to reduce the oxidative 

response and maintain the homeostasis of the cell (Oldham et al., 2015).  

An increase in L-2-HG alters epigenetics. The KDM family of histone demethylases, the TET 

family of DNA demethylases, and the AlkB homolog family of repair molecules alkylating DNA 

damage are the major targets inhibited by L-2-HG (Ye et al., 2018). Hypoxia plays a crucial 

role not only in epigenetics but also in cell metabolism, particularly in the mitochondria where 

energy conversion and calcium ion storage take place. The mitochondrial calcium uniporter 

(MCU) is one of the main channels in the mitochondrial inner membrane allowing calcium 

influx into the mitochondrial matrix following a conformational change of the MCU dimer. 

(Stefani et al., 2016). Mitochondrial function can be altered by different oxygen concentrations. 

For this reason, biological models are useful to understand the biochemical changes in the 

cell following O2 depletion. Cardiomyocytes possess a high metabolic rate and react 

exponentially to stimuli such as hypoxic conditions (Solaini et al., 2010). In these low O2 

environments, the excess of L-2-HG promotes histone methylation and acetylation. This 

genetic instability leads to sarcomere dysregulation and contractile dysfunction in the heart. 

Important pathophysiological hallmarks of HF involve disturbances in antioxidant systems, 

alteration of calcium uptake, and impaired energy production. For this reason, the deterioration 

of regulatory oxidative pathways dysregulate excitation-contraction coupling ending in 

cardiomyopathy (Bertero & Maack, 2018) 

Other metabolites are involved in the regulation of the homeostasis of the cell in hypoxia. The 

TCA cycle is severely affected and altered for the purpose of cell survival (Chinopoulos, 2013). 

The metabolite citrate is decreased in hypoxia due to the upregulation of pyruvate 

dehydrogenase kinase 1 (PDK1) leading to the inactivation of the PDH enzyme which then 

impairs pyruvate dehydrogenation to acetyl CoA. However, citrate levels are compensated via 

the conversion of glutamine to -ketoglutarate and its subsequent reductive carboxylation by 

isocitrate dehydrogenase (IDH). This reversion of the TCA cycle is necessary because citrate 

is a main regulator in lipid metabolism (Mylonis et al., 2019). Succinate is one of the critical 

mediators of the hypoxic response. Here, it increases its levels to allow for anaerobic 

mitochondrial metabolism and ATP generation via conversion of ‑ketoglutarate to succinate 

(Tretter et al., 2016). Malate is an additional metabolite from the TCA cycle and is converted 

into oxaloacetate by the malate dehydrogenase enzyme or into pyruvate by malic enzyme. 

This series of enzymes catalyze chemical reactions in the TCA cycle in order to utilize oxygen 

as part of cellular respiration. 
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1.8. Aims of the thesis 

Studies using different redox biosensors have shown that ROS influences cell metabolism and 

cell function. In cardiomyocytes, contractility, cellular hypertrophy and cardiac energetics are 

severely altered. The first aim of the project presented in Chapter II is to utilize a chemogenetic 

tool to sense and produce H2O2 in vivo. To this end, a transgenic mouse model expressing 

HyPer-DAO specifically in cardiomyocytes was utilized and fully characterized. 

Once the correct transgene expression was corroborated, treatments with the substrate D-ala 

were conducted at different time points (7 and 21 days) and in intermittent phases to induce 

H2O2 production in the nucleus. The second objective of this study is to visualize 

cardiovascular structures and assess cardiac function in HyPer-DAO mice by 

echocardiography performed before and during D-ala treatment. Excess ROS production 

increases oxidative stress and modifies cardiac physiology due to alterations in ROS signaling, 

metabolism, and excitation-contraction coupling. ROS also contribute to maladaptive 

structural remodeling of the left ventricle, resulting in morphological changes and impaired 

contractility. In addition, ex vivo isometric measurements were performed to confirm inotropic 

dysfunction of cardiac tissue after D-ala treatment and the recovery of the inotropism in 

response to an antioxidant disulfide breaker agent. 

The third aim of this project is to measure the expression of known target genes involved in 

redox signaling in the cardiac tissue of the HyPer-DAO mouse line after 7 and 21 days of 

treatment with D-ala. These genes encode cytoprotective proteins involved in the fine balance 

of cellular redox status, the expression of an array of antioxidant responses, and regulators of 

inflammation.  

The fourth aim was to screen the redox proteome of cardiac tissue samples after 7 days of 

induction with D-ala to determine the proteins that might be involved in the resulting contractile 

dysfunction. Eight candidates were found, one of them being mitochondrial IDH3, which is 

part of the TCA cycle. This H2O2 target protein and its activity was evaluated in cardiomyocytes 

isolated from the HyPer-DAO mouse line. Finally, ATP levels were evaluated in HyPer-DAO 

cardiomyocytes after treatment with D-ala. ATP measurement by various methods provides 

an overview to investigate the relationship between oxygen availability and metabolism. 
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2. Materials and Methods 

2.1. Materials 

2.1.1. Chemicals and reagents 

The following chemicals and reagents were used during the course of the described 

experiments. 

Table 29. Chemicals and reagents. 

Chemicals Article number  Manufacturer 

4-(5-methanesulfonyl-

[1,2,3,4]tetrazol-1-yl )-phenol 

(MSTP) 

MSTP001-10 Xoder Technologies 

Acetonitrile (ACN) 0001204101BS Biosolve 

Acrylamide 7871.2 Carl Roth GmbH 

Agarose BioReagent A9539 Sigma-Aldrich 

Ammonium persulfate (APS) 9592.1 Carl Roth GmbH 

BDM B0753 Sigma-Aldrich 

-mercaptoethanol  4277.1 Carl Roth GmbH 

Bromophenol blue sodium salt  A512.1 Carl Roth GmbH 

BSA A8806 Sigma-Aldrich 

CaCl2 CN93.1 Carl Roth GmbH 

Chloroform 3313.2 Carl Roth GmbH 

Coomassie G 9598.2 Carl Roth GmbH 

Coumaric acid C-9008 Sigma-Aldrich 

D-alanine A7377 Sigma-Aldrich 

DMEM P04-03590 PAM biotech 

DTT 6908.1 Carl Roth GmbH 
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ECL 32106 Thermo Fisher Scientific 

EDTA 8043.2 Carl Roth GmbH 

Ethanol 3738.5 Carl Roth GmbH 

Fetal bovine serum (FBS) 3302-P271806 PAN biotech 

Glucose X997.2 Carl Roth GmbH 

HCl K025.1 Carl Roth GmbH 

Heparin 10005400413816 Ratiopharm 

HEPES 9105.2 Carl Roth GmbH 

Histoacryl glue - B. Braun 

Hydrogen peroxide (H2O2)  H1009 Sigma-Aldrich 

Isoflurane CP G228L19A CP-Pharma 

Isopropanol 6752.4 Carl Roth GmbH 

KCl 6781.1 Carl Roth GmbH 

KH2PO4 6875.1 Carl Roth GmbH 

KHCO3 237205 Sigma-Aldrich 

L-alanine A7627 Sigma-Aldrich 

Laminin L2020 Sigma-Aldrich 

Liberase solution 5401054001 Roche 

Methanol absolute 13684101BS Biosolve 

MgCl2 KK36.2 Carl Roth GmbH 

MgSO4, 7H2O P027.2 Carl Roth GmbH 

Na2HPO4, 2H2O 49841 Carl Roth GmbH 

NAC A7250 Sigma-Aldrich 

NaCl 9265.2 Carl Roth GmbH 

NaF S7920 Sigma-Aldrich 
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NaHCO3 HN01.1 Carl Roth GmbH 

Nonidet P40 (NP-40) 74385-1L Sigma-Aldrich 

Orange G dye O318 Carl Roth GmbH 

Paraformaldehyde 4% 0335.2 Carl Roth GmbH 

Penicillin-Streptomycin (P/S) P06-07100 PAN biotech 

Phenol red sodium salt P5530 Sigma-Aldrich 

Ponceau  P7170 Carl Roth GmbH 

Puromycin P9620 Sigma-Aldrich 

Roentogen liquid, X-ray 

developer solution  

103482 Tetenal 

Roentogen Superfix, X-ray fixer 

solution  

103655 Tetenal 

Roti histokitt II T160.1 Carl Roth GmbH 

Roti Safe Gel Stain 3865.1 Carl Roth GmbH 

Saline solution  6726174 Braun 

Seahorse XF DMEM medium 103575-100 Agilent technologies 

Seahorse XF glucose 103577-100 Agilent technologies 

Seahorse XF L-glutamine 103579-100 Agilent technologies 

Seahorse XF pyruvate 103578-100 Agilent technologies 

Sodium dodecyl sulfate (SDS)  4360.2 Carl Roth 

Sodium deoxycholate 30970 Sigma-Aldrich 

Sodium Orthovanadate 10388480 Fisher scientific 

Taurine T8691 Sigma-Aldrich 

Thiopropyl sepharose resin 17042001 GE healthcare 

TEMED 2367.2 Carl Roth GmbH 

Trifluoroacetic acid (TFA) 91707 Sigma-Aldrich 
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2.1.2. Assay kits 

Table 2. Assay reagents.  

Reagent Reference Number Company 

CellTiter-Glo  

Luminescent Cell Viability 

Assay 

G7570 Promega 

cDNA synthesis Kit    

First Strand cDNA synthesis kit  K1612 Thermo Fisher Scientific 

qRT-PCR reaction mix 

SensiMix TM SYBR Low-ROX  QT625-25 Bioline 

Protein estimation assay 

DC™ Protein Assay Kit 500-0116 Bio-Rad 

Enzyme activity Kit 

Isocitrate dehydrogenase 

activity Kit 

MAK062 Sigma-Aldrich 

Staining Kit   

Picro Sirius red stain Kit ab150681 Abcam 

Movat Pentachrome Stain Kit ab245884 Abcam 

 

 

Trypsin 15090 Thermo Fisher Scientific 

Trypsin Protease MS grade 90059 Thermo-Fischer Scientific 

Tris 5429.3 Carl Roth GmbH 

Tris HCl 9090 Carl Roth GmbH 

TRIzol 15596018 Thermo Fisher Scientific 
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2.1.3. Primer list 

Table 3. Primers used for qRT-PCR. 

Gene of 

interest 

Sequence Annealing 

temperature (°C) 

Gpx1 fw 5'-CAGTCCACCGTGTATGCCTTC-3' 60 

rev 5'-TCATTCTTGCCATTCTCCTGGT-3' 

Gpx2 

 

fw 5'-CCAGTTCGGACATCAGGAGAA-3' 60 

rev 5'-GTCATGAGGGAGAACGGGTC-3' 

Gpx3 fw 5'-AGCCAGCTACTGAGGTCTGA-3' 60 

 rev 5'-GAGGGCAGGAGTTCTTCAGG-3'  

HMOX1 

 

fw 5´-GACAGCCCCACCAAGTTCAAAC-3´ 61 

rev 5´-CCTCTGACGAAGTGACGCCATC-3´ 

ICAM-1 fw 5´-CCGTGGGGAGGAGATACTGAGC-3´ 61 

rev 5´-GGAAGATCGAAAGTCCGGAGGC-3´ 

IDH3 fw 5'-AGGGAAGTTGCGGAGAACTG-3' 64 

rev 5'-GGGCTGTTCCATGAACCGAT-3'  

IDH3 fw 5'-GGAAGTGTTCAAGGCTGCTG-3' 60 

rev 5'-ACGCCTCAGCTGCATATCAT-3'  

IDH3 fw 5'-GCTGCAAAGGCAATGCTCAA-3' 60 

rev 5'-GGAGGAATTGTTTGTTGTGAGGA-3'  

IL-1  fw 5´-AGCTTCAGGCAGGCAGTATCAC-3´ 58 

rev 5´-AATGGGAACGTCACACACCAGC-3´ 

iNOS fw 5'-AAGTCCAGCCGCACCACCCT-3' 64 

rev 5'-TCCGTGGCAAAGCGAGCCAG-3' 

ms12 fw 5´-GAAGCTGCCAAGGCCTTAGA-3´ 58 
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rev 5´-AACTGCAACCAACCACCTTC-3´ 

NQOI fw 5´-GGTAGCGGCTCCATGTACTCTC-3´ 58 

rev 5´-CCAGACGGTTTCCAGACGTTTC-3´ 

Prdx1 fw 5'-GGCTCGACCCTGCTGATAG-3' 60 

 rev 5'-GCAATGATCTCCGTGGGACA-3'  

Prdx2 fw 5'-GGGCATTGCTTACAGGGGTC-3' 60 

 rev 5'-TGGGCTTGATGGTGTCACTG-3'  

Prdx3 fw 5'-GAAGGTTGCTCTGGTCCTCG-3' 64 

 rev 5'-GGTGTGGAAAGAGGAACTGGT-3'  

Prdx5 fw 5'-CCTTTGGGAAGGCGACAGA-3' 64 

 rev 5'-CATCTGGCTCCACGTTCAGT-3'  

Srxn1 fw 5'-CGGTGCACAACGTACCAATCGC-3' 58 

rev 5'-GCAGCCCCCAAAGGAATAGTAG-3' 

TNF-  fw 5´-CCACTTGGTGGTTTGCTACGA-3 58 

rev 5´-GACCCTCACACTCAGATCATCTTC-3´ 

Txn1 fw 5'-GCCCTTCTTCCATTCCCTCTG-3' 60 

 rev 5'-AGGTCGGCATGCATTTGACT-3'  

Txn2 fw 5'-TGGACTTTCATGCACAGTGGT-3' 60 

 rev 5'-TCCCCACAAACTTGTCCACC-3'  

Txnrd1 fw 5'-GTGGGTTGCATACCTAAGAA-3' 60 

 rev 5'-GCATTCTCATAGACGACCTT-3'  
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2.1.4. Antibody lists 

Table 4. Primary antibodies used for immunoblotting.  

Antibody Raised in 

Dilution 

Article number 

Lot 

number Manufacturer 

Anti-GFP Rabbit 1:1000 11814460001 19958500 Sigma-Aldrich 

Anti-GAPDH Rabbit 1:1000 2118L 12/2008-2 Cell signaling  

Table 5. Secondary antibodies used for immunoblotting. 

Antibody Raised in Dilution Article number Lot 

number 

Manufacturer 

Anti-rabbit 

HRP 

Goat 1:10000 sc-2004 B1315 Santa Cruz 

2.1.5. Fluorescence dyes and probes list 

Table 6. Live cell staining probes. 

Probe Dilution Article number Manufacturer 

Draq5 1:10000 DR50050  Biostatus 

Orange CMTM Ros 1:8000 M7510 Thermo Fisher 

2.1.6. Buffers 

Table 7. Components and concentrations of buffers. 

Phosphate Buffered Saline (PBS) 

The following components were dissolved in distilled H2O and adjusted to pH 7.4. 

Buffer Components  Concentration (mM) 

PBS KH2HPO4 1.8 

KCl 2.7 

Na2HPO4 10 
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Tyrode solution 

The following components were dissolved in distilled H2O and adjusted to pH 7.4. 

Isometric force measurement buffers 

The following components were dissolved in distilled H2O and adjusted to pH 7.4 

NaCl 137 

Buffer Components  Concentration (mM) 

Tyrode solution NaCl 140 

 KCl 5.4 

 CaCl2 1,8 

 MgCl2 2 

 Glucose 10 

 HEPES 10 

Buffer Components  Concentration (mM) 

Slicing buffer NaCl 140 

 KCl 6 

 CaCl2 1,8 

 MgCl2 1 

 Glucose 1 

 HEPES 10 

 BDM 5 

Krebs solution NaCl 112 

 KCl 4.7 

 CaCl2 2,5 

 MgCl2 1,2 
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Cardiomyocytes isolation buffers 

The components below were dissolved in distilled H2O and adjusted to pH 7.4. 

Buffer Components Concentration Storage  

10x Stock 

perfusion buffer 

NaCl  1.13 M  4 ºC 

KCl  47 mM  

KH2PO4  6 mM  

Na2HPO4, 2H2O  6 mM  

MgSO4, 7H2O  12 mM  

Phenol red  0.32 mM  

NaHCO3  120 mM  

KHCO3  100 mM  

HEPES  100 mM  

Taurine 300 mM  

1x Perfusion buffer 10x Perfusion buffer  10% -20 ºC  

Glucose  5.5 mM  

BDM solution  10 mM  

BDM solution BDM  500 mM -20 ºC 

BSA solution BSA 1.5 M -20 ºC  

Calcium chloride 

solution 

CaCl2 100 mM  4 ºC 

CaCl2 10 mM  

Digestion buffer 1x Perfusion buffer  96% Freshly prepared 

CaCl2 solution  12.5 mM 

 Glucose 11,5 

 KH2PO4 1,2 

 NaHCO3 25 
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Trypsin  2.5% 

Liberase  1% 

Imaging buffer NaCl 144 mM  Freshly prepared 

KCl 5.4 mM  

MgCl2, 6H2O  1 mM  

CaCl2 1 mM  

HEPES  10 mM 

Liberase solution Liberase DH - -20 ºC  

Stopping buffer 1  10x Perfusion buffer 99% Freshly prepared 

BSA solution  150 mM 

CaCl2 solution  55.55 µM 

Stopping buffer 2 10x Perfusion buffer 9.5% Freshly prepared 

BSA  300 mM 

CaCl2  166 µM 

Trypsin solution Trypsin 2.5% -20 ºC  

 

Protein isolation buffers 

Buffer Components Concentration 

Urea buffer Urea 3.7 M 

Tris pH 6.8 134.6 mM 

SDS 1% 

NP-40 2% 

Lysis buffer Urea buffer 90% 

1 Protease Inhibitor Cocktail tablet  

in 1 ml urea buffer 

10% 
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Cytoplasmic/nuclear fractionation buffers 

Buffer Components Concentration 

Buffer A HEPES pH 7.9 10 mM 

KCL 10 mM 

EDTA 1 mM 

EGTA 1 mM 

Buffer C HEPES pH 7.9 20 mM 

NaCl 0.4 M 

EDTA 0.25 mM 

EGTA 0.25 mM 

Solution A1 Buffer A 80% 

PMSF 1 mM 

NaVanadat 50 mM 

1 Protease Inhibitor Cocktail tablet 10% 

DTT 1 mM 

NP-40 10% 

Solution A2 Buffer A 90% 

PMSF 1 mM 

NaVanadate 2 mM 

1 Protease Inhibitor Cocktail tablet 10% 

DTT 1 mM 

Solution C Buffer C 99% 

PMSF 1 mM 

NaVanadate 2 mM 

1 Protease Inhibitor Cocktail tablet 1% 
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DTT 0.1 mM 

SDS-PAGE and immunoblot buffers 

Buffer Components Concentration 

Enhanced chemiluminescence 

solution (ECL) 

Tris HCl, pH 8.5 100 mM 

Coumaric acid  90 mM 

Luminol 250 mM 

H2O2 0.009% 

Immunoblot blocking buffer Skimmed milk powder in 1x  

PBS 

5% 

Immunoblot transfer buffer Tris  25 mM 

Glycine  192 mM 

Methanol 20% 

Sample loading buffer (6x 

Laemmli) 

Tris, pH 6.8  100 mM 

SDS  4% 

Bromophenol blue  0.2% 

Glycerol  20% 

-mercaptoethanol 5% 

Ponceau S staining solution Ponceau 0.1% 

Acetic acid 5% 

5x SDS-PAGE running 

buffer 

Tris 125 mM 

Glycine  1.25 M 

SDS  0.5% 

X-ray developer solution Roentogen liquid in ddH2O 1:3.5 

X-ray fixing solution  Roentogen Superfixin ddH2O 1:2 
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Proteomics and redox proteomics buffers 

Buffer Components Concentration 

Modified RIPA 

buffer 

Tris HCl 50 mM 

NaCl 150 mM 

EDTA  1 mM 

NP-40 1% 

 Sodium deoxycholate 0.25 % 

 NaF 1 mM 

 MSTP ((4-(5-methanesulfonyl-

[1,2,3,4]tetrazol-1-yl )-phenol) 

10 mM 

Reduction buffer 

(pH 7.5) 

HEPES 50 mM 

EDTA 1 mM 

SDS 0.1% 

 DTT 10 mM 

Binding buffer (pH 

7.5) 

HEPES 50 mM 

EDTA 1 mM 

2.1.7. Mouse strains 

Table 8. Experimental mouse lines used. 

Transgenic mouse model Plasmid 

Wild type Mouse: C57Bl6N 

HyPer-DAO  Mouse: mMHC-HyPer-NLS 

  

2.1.8. Cell lines 
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Table 9. Experimental cell lines used. 

Cell line Mutation Origin Specification 

HEK (Human 

embryonic 

kidney) Cells 

wt Human 

embryonic 

kidney 

ATCC Cat# CRL-1573,  

RRID: CVCL_0045 

HyPer-DAO-NLS N/A 

HyPer-DAO-NES N/A 

HyPer-DAO-MLS N/A 

2.1.9. Plasmid list 

Table 10. Plasmids used for the generation of transgenic model. 

Transgenic model Plasmid 

Mouse transgenic model  

HyPer-DAO (NLS) MHC-Hyper-DAAO-NLS-hGHpolyA 

HEK transgenic model  

HEK HyPer-DAO (NES) pCMVpL4-HyPer-DAAO-1x NES 

HEK HyPer-DAO (NLS) pCMVpL4-HyPer-DAAO-3xNLS 

HEK HyPer-DAO (MLS) pCMVpL4-HyPer-DAAO-Cox8MLS 

2.1.10. Cell culture Media  

Table 11. Media used for cell culture. 

Seahorse measurement media 

The following components were dissolved in non-buffered Dulbecco’s modified eagle medium 

(DMEM) and adjusted to pH 7.4. 

Buffer Components  Concentration  

DMEM (Dulbecco's 

modified Eagle's medium) 

FBS 10% 

 Penicillin g/Streptomycin 1% 
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2.1.11. Consumables 

The following consumables were used during the course of the described experiments. 

Table 12. List of consumables. 

Consumables Article number Manufacturer 

6-well plate 83.392 Sarstedt 

96-well plate 821581 Sarstedt 

Bio-Gel G6 spin column  1504130 Bio-Rad 

Cell culture flasks 75cm 658170 Cellstar  

Cell scraper 25 cm 831830 Sarstedt 

Coverslips 41001124 Th.Geyer  

Disposable scalpel 02.001.30.021 Feather safety razor Co., LTD 

Filter cloth - Klein & Wieler oHG. 

Glass potter BBI-8542708 Sartorius 

Hook transducer FT20 Hugo Sachs Elektronik 

Needle - Self-made (In workshop) 

Petri dishes 833902500 Sarstedt 

PVDF membrane PVH00010 Immobilon (0.45 µm) 

Seahorse XFe-96 FluxPak 102416-100  Agilent technologies 

Syringe 9161309V Braun, Omnifix 40 solo 

Medium Components  Concentration (mM) 

Seahorse XF DMEM 

medium  

XF glucose 10 

XF glutamine 2 

 XF pyruvate 1 
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Thin filter paper (Ø=110 mm)  431011 Carl Roth GmbH 

Threads 4-S Fine science tools  

2.1.12. Devices 

The following devices were used during the course of the described experiments. 

Table 13. List of devices. 

Devices Specification Manufacturer 

Block thermostat BT200 Kleinfeld Labortechnik 

Bridge amplifier KWS 3073 HBM 

Cell culture incubator CB150 Binder 

Centrifuge 5415R Eppendorf 

Centrifuge 5810R Eppendorf 

Confocal microscope LSM800  Zeiss 

Embedding station EG1150H Leica 

Epifluorescent microscope  IX83 Olympus 

Isometric force transducer 

FT20 

Type 385 73-4986 Hugo Sachs Elektronik 

Microplate luminometer Centro LB960 Berthold 

Seahorse Analyzer Xfe-96 Agilent 

Stereoscopic microscope Nikon SMZ1500 

Langendorff Perfusion 

system 

Connected to Julaba hot 

water bath  

Ismatec 

LC-MS/MS system Dionex Ultimate 3000 

coupled with LTQ Orbitrap 

Velos Pro mass 

spectrometer 

Thermo-Fischer Scientific 

Light cycler Mx300SP Agilent Technologies 
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Microplate reader Model 680 Bio-Rad 

Microscope AE30 Motic 

Microscope Examiner Z1 AX10 Zeiss 

Microscope Observer D1 Axiovert S100TV Zeiss 

Organ bath setup 73-2369 Hugo Sachs Elektronik 

PCR cycler Arktik thermos cycler  Thermo scientific 

pH meter MR30001 Heidolph 

Plate reader CLARIOstar BMG labtech 

Spectrophotometer  NanoDrop 2000c Thermo Fisher Scientific 

Tissue processor  TP1020 Leica 

Universal isolated 

stimulator output 

Type 263 Hugo Sachs Elektronik 

Vibratome VT1000s Leica 

Western blot transfer 

system 

- PeqLab Biotechnologie 

GmbH 

2.1.13. Software 

The following software packages were used during the course of the described experiments. 

Table 14. List of software. 

Software Description Manufacturer 

BioRender 2022 Biorender.com 

CorelDRAW  23.0.0363v Corel Corporation 

GraphPad Prism  9.02v GraphPad software 

ImageJ-win64 1.45v Wayne Rasband 

LabChart For recording: 7.2v 

For analysis: 8v 

ADInstruments 
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Mendeley 1.19.4 Mendeley software 

Microsoft Office Excel 2019 Microsoft 

Microsoft Office Word 2019 Microsoft 

Proteome discover V2.2 Thermo- Fischer Scientific 

Wave 2.6.3 Agilent technologies 

2.2. Methods 

2.2.1. Mouse model 

HyPer-DAO mouse model 

The HyPer-DAO mouse model was designed to produce H2O2 in the nucleus secondary to 

D-ala deamination catalyzed by the DAO enzyme. DAO was fused to the HyPer biosensor, 

which records increased H2O2 production. This HyPer-DAO fusion construct is directed to the 

nucleus with a nuclear localization signal (NLS). This construct was specifically targeted to 

cardiomyocytes using the MHC promoter. The MHC-Hyper-DAAO-NLS-hGHpolyA plasmid 

was transfected into XL1-Blue bacterial cells by heat shock followed by overnight incubation 

at 37°C. The resulting plasmids were isolated and purified using the Wizards plasmids 

purification kit following the manufacturers protocol. Subsequently, the plasmid was linearized 

by adding the restriction enzyme EcoRV and prepared for injection into the blastocyst 

pronucleus. To generate the transgenic mice, 30 µg/ml of the plasmid was injected into 

pronuclear blastocysts of C57BL/6N mice (Jackson Laboratories). This procedure was carried 

out at the central facilities of the Max Planck Institute for Experimental Medicine, Göttingen, 

Germany. Five new founder lines for the HyPer-DAO-NLS line were found by genotyping. 

Furthermore, transgenic mice were characterized for the presence of the transgene at a 

postnatal age of 8-12 weeks. Subsequently, male and female transgenic mice were mated 

with wild-type (wt) C57BL/6N mice and their progeny were used for further experiments. 

2.2.2. Cardiac tissue isolation and associated analysis  

Organ isolation from mice 

Mice identified according to their ear punches were anesthetized with isoflurane and sacrificed 

by cervical dislocation. The mice were fixed in the supine position to remove the organs in the 

abdomino-thoracic cavity. The area was disinfected with 70% ethanol (EtOH), the fur was 

removed using Veet hair removal cream, and the thorax was dissected by opening the thoracic 
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cavity. The pericardial sac was removed and the heart was separated from the mediastinum 

just above the aortic valve. The abdominal cavity was then dissected and the peritoneal sac 

was removed. The right medial lobe of the liver was removed without disrupting the 

gallbladder. The abdominal organs were then removed to reach the retroperitoneal organs 

and the kidney was removed, making sure not to puncture the tissue. The leg was then 

disinfected with 70% EtOH and the fur was removed. The thigh was dissected and the 

quadriceps was removed as a muscle sample. Finally, the mouse was flipped and placed in a 

prone to extract the brain by disrupting the skull through a sagittal cranial incision. 

Protein isolation 

A tissue sample (approximately 1 mg) was taken and mixed with 100 µl of cold lysis buffer. 

The first homogenization step was carried out with a homogenizer and a glass beaker for 3 

min on ice. Next, 100 µl of lysis buffer was added and the sample was homogenized until 

uniform. The samples were placed on ice for 5 min with occasional vortexing, and then a 

centrifugation step was performed at 800 rpm at 4 °C for 5 min. The supernatant was 

transferred to a new tube without breaking the pellet. When collecting the liver sample, it was 

important not to break the lipid layer on top of the sample. The proteins have been isolated 

and ready for quantification. 

Cytoplasmic and nuclear fractionation 

Cardiac tissue was taken and mixed with 750 µl of cold A1 solution. The tissue was 

homogenized by swirling 10 times in a pre-cooled glass potter. The sample was incubated on 

ice for 10 min and centrifuged at 850 rpm at 4 °C for 10 min. The supernatant containing the 

cytoplasmic fraction was separated and kept on ice. The pellet was gently resuspended in 

1000 µl of A2 solution and incubated on ice for 15 min. 75 µl of NP-40 was added and the 

sample was vortexed for 10 sec. This was followed by a centrifugation step at 13,200 rpm at 

4 °C for 1 min. The supernatant was transferred to the cytoplasmic fraction sample. The pellet 

was resuspended in 100 µl of solution C and incubated on a shaker at 300 rpm at 4 °C for 30 

min. The sample was then vortexed for 30 sec and centrifuged at 13200 rpm at 4 °C for 10 

min. The supernatant containing the nuclear fraction was transferred to a new tube. Both 

fractions were frozen in liquid nitrogen and used for subsequent steps. 

Protein concentration measurement 

First, bovine serum albumin (BSA) serial dilutions ranging from 0.5 mg/ml to 4 mg/ml were 

prepared and standardized. Second, using the DC™ Protein Assay Kit, the working reagent 

(A’) was prepared by mixing 20 μl of reagent S for each ml of reagent A’ required for the run. 
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A sufficient volume of A’ was prepared based on the number of samples to be assayed using 

the following formula:  

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 A′ = (# standards + # unknowns) ∗ (# replicates) ∗ (volume of A′ per sample)  

Third, the isolated protein samples were diluted 1:10 and 1 µl of the final solution was pipetted 

into a clean, transparent and dry 96-well plate. Then, 25 µl of reagent A’ and 200 µl of reagent 

B were added to each well, avoiding the formation of bubbles. The samples were incubated 

at room temperature for 15 min. Finally, absorbance was measured at 750 nm using a 

microplate reader. 

SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) 

This method separates proteins on a polyacrylamide gel according to their molecular weight. 

First, the glass gel cassette was assembled with spacers and forceps. The gel consisted of 

two parts, the stacking gel (5%) in the upper part and the dissolution gel (10%) in the lower 

part. The gels were prepared according to Table 11. First, the dissolution gel was prepared 

and poured between the glass cassette to polymerize for 60 min. Then, the stacking gel was 

prepared and poured over the dissolution gel between the glass cassette. The comb was 

inserted and the gel was left to polymerize. The gel was placed in the holding frame and 

attached to the electrode assembly. The running buffer was poured into the gel cassette and 

onto the base of the assembly. The first well was loaded with the protein ladder used for 

protein determination, and the remaining wells were loaded with the protein lysates previously 

mixed with Laemmli 6x loading buffer. Electrophoresis was performed at 40 mA and 100 W. 

Table 15. Composition of gels for SDS-PAGE. 

Component Stacking gel (ml) Resolving gel (ml) 

5% 10% 

ddH2O 6.8 11.9 

30% acrylamide mix 1.7 10 

1,5 M Tris HCl (pH 8,8) - 7.5 

1.0 M Tris HCl (pH 6,8) 1.25 - 

10% SDS 0.1 0.3 

10% APS 0.1 0.3 
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Western blot of mice samples 

After running the SDS-PAGE, the gel was removed from the cassette to transfer the proteins 

to a nitrocellulose membrane using a semi-dry immunoblot technique. The filter papers and 

membrane were immersed in immunoblot transfer buffer for 1 min to prepare for the transfer. 

The gel was removed from the glass cassette and immersed in immunoblot transfer buffer. To 

assemble the Western blot transfer system, the first three wet filter papers were placed on the 

anode side of the Western blot chamber. Next, the membrane was placed on top of the filter 

papers and the gel was placed on top of the membrane. Finally, another three layers of wet 

filter papers were placed on top of the gel, and the cathode side was placed. This arrangement 

creates an electric field that attracts the negatively charged proteins to the anode side. The 

transfer was performed at 2 mA/cm2, 100 W for 60 min. The membrane was then stained with 

Ponceau S staining solution for 3 min to visualize the transferred proteins. The membrane was 

then submerged and washed several times with PBS until the Ponceau-S staining solution 

was completely washed away. The membrane was labeled and cut according to the expected 

band size. The membrane was then blocked with 5% milk in PBS for 60 min at room 

temperature. After blocking, the membrane was placed in primary antibody diluted 1:1000 in 

5% milk in PBS overnight at 4 °C (Table 5). The next day, the membrane was washed five 

times for 5 min in PBS and then a secondary antibody was added (Table 6). The membrane 

was incubated in a rotor for 60 min at RT, followed by five washes with PBS for 5 min. The 

membrane was then imaged using an electrochemiluminescence (ECL) method. The blot was 

placed in a film cassette and covered with 1 ml of ECL solution. The membrane was then 

exposed to X-ray films at different times. Finally, the films were developed and the protein 

bands were observed. 

RNA isolation 

The hearts of HyPer-DAO mice treated for 7 or 21 days with D-ala were extracted and divided 

into the atrium, RV, and LV. The LV was minced with a mortar into LN and divided into 8 equal 

parts. 1/8 of the LV was taken for isolation of RNA. The minced tissue was dissolved in 1 ml 

TRIzol, and this mixture was quickly frozen in LN. It was then vigorously tapped to dissolve all 

tissue particles completely. The samples were then incubated for 5 min at RT. The 

homogenized tissue lysates with 1 ml TRIzol were mixed with 200 µl chloroform by gently 

swirling and inverting the tubes 6x; then, the samples were incubated for 3 min at RT. The 

TEMED 0.01 0.012 

Total volume 10 30 
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lysates were centrifuged at 12,000 x g for 15 min at 4 °C to separate RNA from proteins. This 

separated two phases, the aqueous phase containing RNA was transferred to a new reaction 

tube and mixed with 500 µl isopropanol. The samples were vortexed and incubated for 10 min 

at RT to precipitate the RNA. Then the samples were spun at 12,000 x g for 10 min at 4 °C. 

The supernatant was removed, and the RNA pellet was washed in two steps. The first step 

was done in 750 µl 75% EtOH, followed by the second step in 500 µl 75% EtOH. After the 

washing, the samples were centrifuged at 7,000 x g for 10 min at 4 °C. The RNA pellet was 

then air-dried at RT and resuspended in 13 µl nuclease-free water. Samples were incubated 

at 56 °C for 10 min to dissolve the RNA pellet. A spectrophotometer was used to determine 

the RNA concentration. Isolated RNA was stored at -80 °C if not used immediately. 

cDNA synthesis 

Isolated RNA was transcribed into complementary DNA (cDNA) using the First Strand cDNA 

Synthesis Kit. 1 µg of isolated RNA was transcribed into cDNA. Template RNA was incubated 

with oligo dT primers at 65 °C for 10 min. The previously prepared RNA was added to the 

cDNA synthesis reaction mix (1x) composed of 4 µl of 5x reaction buffer, 1 µl of RiboLock 

Rnase inhibitor, 2 µl of 10 mM dNTP Mix, and 2 µl of M-MLV reverse transcriptase. The 

samples were mixed and incubated at 37 °C for 60 min. To stop the enzymatic activity, 

samples were incubated at 70 °C for 10 min. 10 µl of H2O was added to the sample. The cDNA 

was stored at -20 °C upon further usage.  

qRT-PCR of target genes 

Quantitative real-time polymerase chain reaction (qRT-PCR) was used to quantify and 

compare gene expression. Per sample, 10 µl cDNA was taken for amplification and was mixed 

with 1 µl of specific exon spanning oligonucleotides. Then the sample was centrifuged at 

11,000 rpm for 10 min at 4 °C. The reaction was prepared by adding 12.5 µl SensiMix TM SYBR 

Lox Kit solution to 1 µl cDNA mixed with 20 pM forward and reverse primers. The final volume 

of the PCR reaction mix was filled up to 25 µl with H2O. Using a cycling program (Table 12), 

the samples were run in a 96-well plate in a light cycler. Each primer gene was set to the 

specific annealing temperatures TM (Table 3). The transcript abundance correlates with the 

fluorescence intensity detected by the light cycler. The results of the gene expression levels 

were analyzed using the MxPro software. The CT value represents the number of PCR cycles 

after the fluorescent signal from the sample was detectable exceeding the threshold. To 

calculate the relative expression of fold difference in the gene of interest, the ΔΔCT analysis 

method was used. The murine ribosomal protein S12 (ms12) was used as a reference gene 

to normalize the ΔCT values.  
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Table 16. qRT-PCR cycling program. 

Stage Temperature (°C) Time (min) Cycle 

Initial activation 95 10:00 1 

Denaturation 95 00:30 40 

Annealing TM 00:20 

Elongation 72 00:30 

Dissociation 95 01:00 1 

TM 00:30 

95 00:30 

Paraffin tissue processing 

The harvested hearts from the mice under anesthesia with isoflurane (4%) and anticoagulant 

treatment with intraperitoneal heparin (2 U) were flushed with 150 saline solution through the 

aorta to clear out the blood from the heart cavities. The heart was removed from the inverted 

microscope and the atriums were cut out. A small paper ball was placed inside the left ventricle 

to avoid the collapse of the cavity. The hearts were placed into the pre-labeled chamber and 

submerged in paraformaldehyde (PFA) 4% for 24 h 4 °C. Tissues were taken out and 

submerged in PBS at 4 °C for 2 days. Then the dehydration and paraffin embedding method 

was carried out after the PFA fixation.  

The fixed hearts were dehydrated in an EtOH series and embedded in paraffin for sectioning 

using a dip and dunk tissue processor by incubating in 60% EtOH, 2x 75% EtOH, 2x 96% 

EtOH, 2x 100% EtOH, 2x xylol, and 3x paraffin, each for 90 min. After dehydration of the 

tissue, the heart tissue was placed apex to the top in a metal mold, and the tissue was 

embedded with paraffin wax. Paraffin blocks were prepared using an embedding station where 

the melted paraffin is dispensed from a reservoir direct to the mold. The sample in the mold 

was transferred to a cold plate till the paraffin solidified. The labeled tissue cassette was 

plugged on top of the mold. The cassette was filled with paraffin and the mold was placed on 

the cold plate for 30 min until it fully solidified. The paraffin block was removed from the mold 

pulling it from the tissue cassette. 3 µm heart cross sections were performed at the Department 

of Pathology, University Medical Center Göttingen, Germany. For downstream applications, 

paraffin cross sections were deparaffinized in xylol twice for 5 min and rehydrated in a 
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decreasing EtOH series in 100%, 95%, 70%, 50%, and 30%, each for 10 min. Finally, the 

sections were placed in distilled water and utilized for further staining. 

Hematoxylin-eosin staining 

Hematoxylin and eosin staining were performed on sagittal sections of heart ventricles from 

wt and HyPer-DAO mice. This staining was performed in collaboration with the Department of 

Pathology of the University, University Medical Center Göttingen, Germany. The rehydrated 

sections were stained with alum hematoxylin for 5 min on each slice. Then the sections were 

rinsed in running tap water and differentiated with 0.3% acid alcohol for 2 sec. The sections 

were rinsed again in running tap water and then immersed in eosin stain for 2 min. The 

sections were then rinsed and mounted. Sections were imaged on an inverted microscope at 

1.5x magnification. Image J was used for image analysis for background exclusion. 

Pentachrome staining 

The elastic working stain solution was freshly prepared by mixing 30 ml of hematoxylin solution 

(5%), 15 ml of ferric chloride solution (10%), and 15 ml of Lugol’s iodine solution. The elastic 

working stain solution has a high affinity for nuclei and elastin fibers, which are negatively 

charged. The deparaffinized sections were stained with the elastic working stain solution for 

20 min. The slides were then rinsed under running tap water for 30 min until no excess stain 

remained. The slides were immersed in ferric chloride (2%) 15-20 times and rinsed in tap 

water for 5 min. The slides were then rinsed twice with distilled water for 5 min. Sodium 

thiosulfate solution (5%) was then added to the slides and incubated for 1 min. The slides 

were rinsed in tap water for 2 min, followed by two changes in distilled water for 5 min each. 

Then the slides were incubated in acetic acid solution (3%) for 2 min to equilibrate the tissue. 

Without rinsing, slides were incubated in alcian blue solution for 25 min and then rinsed in tap 

water for 2 min, followed by two changes in distilled water for 5 min. The sections were stained 

with Biebrich scarlet acid fuchsin solution for 2 min staining acidophilic tissues in red like fibrin 

and muscle. Then the sections were rinsed with two changes of distilled water for 5 min. The 

slides were then placed in acetic acid solution (1%) for 5-10 sec with agitation. The sections 

were quickly rinsed in distilled water and differentiated in two changes of phosphotungstic acid 

solution (5%) for 5 min each to destain the collagen and reticular fibers. Slides were rinsed in 

distilled water for 1 minute and then immersed in acetic acid solution (1%), repeated 5 times. 

Without rinsing, slides were incubated with yellow metanil solution for 15 min that stains 

collagen and elastic fibers yellow. The slides were rinsed in 3 changes of absolute alcohol 

(99%), cleaned, and embedded in synthetic resin. After embedding, the sections were imaged 

using Zeiss Examiner Z1 microscope with Axiocam 208 color Zeiss using 2.5x magnification. 
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For further analysis of the images, Image J was used for alignment and stitching, utilizing 

linear blending, regression threshold of 0.30 and overlap settings of 20%. 

Sirius red staining 

Sections were covered with Picro Sirius Red solution and incubated for 60 min. Then the 

sections were rinsed twice with of Acetic Acid Solution. The sections were then rinsed in 

absolute alcohol and dehydrated in ascending alcohol series EtOH 60% 2 min, EtOH 75% 2 

min, EtOH 96% 2 min, EtOH 99% 2 min. After mounting, sections were imaged using Zeiss 

Examiner Z1 microscope with Axiocam 208 color Zeiss using 2.5x magnification. For further 

analysis of the images, Image J was used for alignment and stitching of the images utilizing 

linear blending, regression threshold of 0.30 and overlap settings of 20%. 

Sirius red/ fast green staining 

Sections were covered with Picro Sirius Red/fast green solution and incubated for 60 min. 

Then the sections were rinsed in 2 changes of Acetic Acid Solution. The sections were then 

rinsed in absolute alcohol and dehydrated in ascending alcohol series EtOH 60% for 2 min, 

EtOH 75% for 2 min, EtOH 96% for 2 min, finally EtOH 99% for 2 min. After mounting, sections 

were imaged with the Observer D1 microscope using the 10x objective to quantify the fibrosis 

in each field of view. Image analysis on Image J quantified the total amount of fibrosis which 

was differentiated into interstitial and perivascular. The percentages of total, perivascular and 

interstitial fibrosis were compared to the total amount of tissue within an image, excluding the 

lumen spaces. A Zeiss Examiner Z1 microscope with Axiocam 208 color Zeiss using 2.5x 

magnification was used to visualize the overview of the sections. For further analysis of the 

images, Image J was used for alignment and stitching, using linear blending, regression 

threshold of 0.30 and overlap settings of 20%. 

Proteomics and redox proteomics sampling and measurement 

The proteomics and redox proteomics were performed in collaboration with Dr. Cristina Furdui 

at the Laboratory for Research on Molecular Mechanisms Relating Redox Balance to the 

Development and Treatment of Disease at Wake Forest School of Medicine, USA. 

Homogenization of cardiac tissue and protein extraction.  

10 mg of heart tissue was homogenized using a Bead-Ruptor for three cycles each for 20 sec, 

followed by the addition of 500 μl of modified RIPA buffer (mRIPA) supplemented with 10 mM 

MSTP (4-(5-methanesulfonyl-[1,2,3,4]tetrazol-1-yl )-phenol) to selectively block reduced 

thiols. Samples were incubated for 30 min on ice and centrifuged at 18,000 g and 4 °C for 10 

min. The supernatant was transferred to a new tube, and the protein concentration was 
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measured using the bicinchoninic acid (BCA) assay. 100 µg of protein fraction was 

precipitated with cold 4x (volume) acetone overnight at -20 °C. 

Reduction of reversible oxidized thiols.  

The protein pellet was isolated by centrifugation at 16,000 g at 4 °C for 5 min and resuspended 

in 150 μL of reduction buffer. The samples were incubated at 37 °C with shaking at 850 rpm 

for 1 h. The protein extract was passed through a spin column to remove excess DTT. 

Enrichment of thiol-containing proteins.  

Freshly released thiol-containing proteins were isolated by covalent binding to 4 °C thiopropyl 

sepharose resin in up and down rotation overnight. The resin was preconditioned with binding 

buffer to remove non-covalently bound proteins; the resin was washed five times with each of 

the following solutions: 8 M urea, 2 M NaCl, 0.1% SDS in PBS, 80% (vol/vol) ACN and 0.1% 

(vol/vol) TFA, and 50 mM NH4HCO3. 

Digestion on resin and elution of enriched cysteine-containing peptides.  

Proteolytic digestion was performed on resin by adding 200 μL of 50 mM NH4HCO3, and 

trypsin protease MS grade (trypsin: protein=1:20) overnight incubated at 37 °C. After 

digestion, the resin was similarly washed with 8 M urea, 2 M NaCl, 80% ACN, and 0.1% TFA, 

and 50 mM NH4HCO3 and covalently bound peptides were eluted by incubating three times 

with 20 mM DTT in 25 mM NH4HCO3 and shaking at 850 rpm for 30 min at room temperature. 

Each eluent was collected by spinning at 1,500 g for 1 min at room temperature. Finally, the 

resin was washed with 100 μL of 80% ACN/0.1% TFA to collect residual peptides. The eluent 

fractions were combined, dried with SpeedVac, and stored at -80 °C until LC-MS/MS analysis. 

LC-MS/MS analysis and database search.  

The dried peptides were dissolved in water with 0.1% formic acid and 5% ACN. A system 

consisting of nanoLC coupled to an LTQ Orbitrap Velos Pro was used. The flow rate was set 

at 300 nL/min and peptides were eluted with a 2-h linear gradient of solvent A: 95% H2O, 5% 

ACN, 0.1% FA, and solvent B: 20% H2O, 80% ACN, and 0.1% FA. The MS spray voltage was 

set at 1.9 kV, and the temperature of the heated capillary was 300°C. The analysis was carried 

out using the top 10 data-dependent MS and a positive ion mode MS/MS acquisition with 

dynamic exclusion enabled. MS data were processed with Proteome Discoverer with the 

following search engine and parameters: Sequest HT and UniProt mouse protein FASTA 

database; parent mass error tolerance of 10 ppm; fragment mass error tolerance of 0.6 Da 

(monoisotopic); maximum missed cleavage with trypsin at two sites; variable modifications of 

+15.995 Da (oxidation) on methionine and +160.039 Da (MSTP) on cysteine. Identified 
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peptides were validated by reverse database search with the decoy PSM validator node under 

0.05 for maximal delta Cn, 0.01, and 0.05 for each strict and relaxed target FDR. 

2.2.3. Ex vivo measurements  

Isometric force measurement  

The explanted HyPer-DAO mouse hearts were retrogradely flashed with ice-cold PBS and the 

ventricles were separated from the atriums. The RV was excluded and the LV was placed in 

an ice-cold slicing buffer. The LV was cut along the septum and embedded in 4% low-melting 

agarose in a petri dish. 300 µm thick slices were produced with a vibratome with 1.0 mm 

amplitude, 80 Hz frequency and 0.2 mm/s speed in an ice-cold slicing buffer. 0.5 cm2 of heart 

tissue was cut from the slices, glued on two plastic triangles, and placed into vertical 20 ml 

glass organ baths filled with 37 °C Krebs solution and bubbled with carbogen (95% O2, 5% 

CO2). Plastic triangles were fixed to the hooks of FT20 transducers and core holder with field 

stimulation electrodes on each site and pre-stretched to 2-3 mN. The isometric force was 

measured with a bridge amplifier and a Powerlab 8/35 using the LabChart7.2 software. 

Electrical pacing was performed with a stimulator at 0.5 Hz until diastolic force and force 

generation stabilized. Finally, the pre-stretch was readjusted to 2-3 mN, the pacing frequency 

was increased to 2 Hz, and the experiments started after a 15-20 min stabilization phase. Both 

treatments, N-Acetyl-L-cysteine (NAC) and D-ala, were dissolved in Krebs solution up to 0.5 

M and 1 M stock solution, respectively. Slices were treated with D-ala or pre-incubated with 1 

mM NAC for 15 min and then D-ala (0.1 mM, 1 mM, 10 mM) in 15 min long steps. To quantify 

the isometric force, 10-15 peaks without arrhythmia were averaged at the end of each 15 min 

step. This procedure was performed in collaboration with Runzhu Shi from the Vegetative 

optogenetic laboratory at the Institute of Cardiovascular Physiology, University Medical Center 

Göttingen, Germany. 

2.2.4. Isolation of cardiomyocytes and associated analysis  

Isolation of cardiomyocytes 

The mouse heart was extracted, making sure not to disrupt the cardiac tissue. The heart was 

immediately transferred to cold PBS to remove the excess blood. The heart was then placed 

under an inverted microscope with a fastened needle in the center of the optical area. Under 

the microscope, the aorta was identified and grasped with two fine-point forceps. It was slipped 

onto the needle up to 3 mm, avoiding penetration of the cardiac cavities. The aorta was tightly 

fastened to the needle with four looped treads and the needle was disconnected from the 

syringe. The hanging heart was fixed in a pre-warmed (37 °C) perfusion system and the 1x 
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perfusion buffer was infused for 3 min with a speed of 3.5 ml/min. During this step, the heart 

turns pale because the remaining blood in the chambers is expulsed. After perfusion with 1x 

perfusion buffer, an infusion with 60 ml fresh digestive buffer at the same speed was infused. 

Once finished, the heart was carefully taken off the needle and submerged in 2.5 ml digestion 

buffer to break up the heart tissue for 30 secs. The tissue digestion was stopped by adding 

2.25 ml of the stopping buffer 1. Then, the mixture was mechanically minced with a syringe 

for 2.5 min. The resulting cell solution was filtrated and kept in a falcon tube for 10 min at RT. 

A few drops of the solution were used to check the cardiomyocyte viability. The 

cardiomyocytes were allowed to settle down and the supernatant was carefully discarded. 

Then, 9.5 ml of the stopping buffer 2 were added and the sample was mixed by pipetting. 

Recalcification steps were performed according to Table 13. Between each step, the sample 

was shaken by inverting and incubated at RT for 4 min until the cells settled. The 

cardiomyocytes were seeded directly on a laminin coated slide or plate. The cells were 

incubated for 60 min at RT in order to allow the cells to get attached to the surface. The 

cardiomyocytes were used for further experiments. 

Table 17. Recalcification protocol. 

CaCl2 stock 

concentration 

Volume added to cardiomyocytes 

from the stock (µl) 

Final concentration 

(µM) 

10 mM 50  62  

10 mM 50  112  

10 mM 100 212  

100 mM 30 500  

100 mM 50  1000  

Treatment of cardiomyocytes with D and L alanine 

Isolated cardiomyocytes were seeded on coverslips and observed under brightfield 

microscopy to verify at least 40% confluence. The medium was discarded and the cells were 

carefully washed with 2 ml Tyrode solution. D/L-alanine treatment solutions were prepared in 

Tyrode solution and titrated at different concentrations (3 mM, 4 mM, 6 mM, 8 mM, and 10 

mM). Cardiomyocytes were treated with the respective treatment solutions of D/L-alanine in 

multiple replicates. Treatment was performed under the epifluorescence microscope and 
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HyPer measurement was carried out. For the IDH activity and ATP measurements, the cells 

were plated directly into a 96 well plate and treated with 2 mM D/L-ala for 20 min. 

HyPer measurements 

Isolated cardiomyocytes were placed under epifluorescent microscopy. The cells were excited 

at 420 and 500 nm, and the light emitted was recorded at 510 nm. The light intensity was set 

at 11% and the exposure time at 1 sec. Each image was acquired at an interval of 120 sec. 

Once a stable baseline was reached, D/L-Alanine was added respectively. 

Nuclear staining and live-cell imaging 

HyPer-DAO isolated cardiomyocytes were seeded on coverslips. The cells were rinsed twice 

with PBS and incubated with a Draq5 probe for 10 min. The cells were gently washed with 

Tyrode solution, and the coverslip was placed in a circular chamber for imaging. The live cell 

imaging was performed under confocal microscopy. The cells were excited at 568 nm and the 

light emitted was recorded at 695 nm. 

Glycolytic and mitochondrial ATP levels measurement by sea horse 

Real-time measurements of OCR and ECR were carried out using the Seahorse XFe-96 

Analyzer. Isolated cardiomyocytes from HyPer-DAO mice were plated in a precoated XFe-96 

plate with laminin at a density of approximately 40%. Once the cells were seeded in XF 

medium, they were incubated for 60 min at 37 °C with 5% CO2 for the cells to set. The plate 

was then incubated in the non-CO2 incubator for 45 min just before starting the measurement. 

Meanwhile, the treatments were dissolved in the XF assay (Table 15). 

Table 18. Treatment given during seahorse assay. 

Metabolic 
modulators 

Stock 
Concentration 

Volume of XF 
assay Media 

Volume of the 
drug 

Working 
concentration 

L/D-ala 14,4 mM 2,5 ml 25 µl 2 mM 

Oligomycin 10 mM 5 ml 15 µl 30 µM 

Antimycin A 10 mM 5 ml 5 µl 10 µM 

Rotenone 10 mM 
 

5 µl 10 µM 
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The port plate was pipetted. This procedure was performed in collaboration with Dr. Maithily 

Nanadikar from the Institute of Cardiovascular Physiology, University Medical Center 

Göttingen, Germany: 

Port A: 25 µl of assay media control, L-ala and D-ala  

Port B: 25 µl of oligomycin, 

Port C: 30 µl of rotenone + antimycin A. 

The XFe-96 plate and port plate were placed inside the Seahorse XFe-96 Analyzer. Oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 

accordantly with the preset parameters in the metabolic modulator workflow. The first injection 

was port A, which stood for control or treatment of interest. The second injection was port B, 

which contained oligomycin, inhibiting mitochondrial ATP synthesis. This effect reduced OCR 

consumption, allowing quantification of mitochondrial ATP production rate (mitoATP). The 

third injection was port C, which contained rotenone and antimycin, which block the ETC 

complex I and III, respectively. This complete inhibition of mitochondrial respiration accounts 

for mitochondrial-associated acidification. This measurement, in conjunction with the total 

ECAR and the buffer factor of the test medium, allows the calculation of the glycolytic proton 

efflux rate (PER) or the glycolytic ATP production rate (glycoATP). 

GlycoATP production rate calculation: 

In the glycolytic pathway, converting one molecule of glucose to pyruvate and subsequently 

to lactate produces two molecules of ATP and two H+.  

Glucose + 2 ADP + 2 Pi → 2 Lactate + 2 ATP + 2 H2O + 2H+ 

It means that the glycoATP production rate is equivalent to glycoPER, meaning the amount of 

H+ produced by glycolysis per min. For this reason, the mitoPER should be subtracted from 

the total PER. 

GlycoATP (pmol/ATP/min) = GlycoPER → PER (pmol/min) – mitoPER (pmol/min) 

To calculate the total PER, the total ECAR production is required, as well as the buffer factor 

(BF) and the volume scaling factor (Kvol) for the XF DMEM medium plated. It quantifies the 

total protons released by the cell during glycolysis (glycoPER) and in mitochondria through 

the coupled processes between oxidative phosphorylation and the TCA cycle (mitoPER). 

PER (pmol H+/min) → ECAR (mpH/min) x BF (mmol/L/pH) x Vol measurement chamber (µl) x 

Kvol 
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The contribution of mitochondria to proton production and oxygen consumption is taken from 

the ECAR and OCR measurements respectively. The mitoPER and the mitoOCR are then 

calculated to represent the CO2 contribution factor (CCF) as the empirically calculated H+/O2 

ratio 

mitoPER → PER basal / PER rot/AA 

mitoOCR → OCR basal / OCR rot/AA 

CCF → mitoPER / mitoOCR 

• MitoATP production rate calculation: 

The oxygen consumption rate coupled to ATP production during oxidative phosphorylation 

can be calculated by subtracting the OCR after adding the ATP synthase inhibitor from the 

basal OCR. 

OCR ATP (pmol O2/min) → OCR (pmol O2/min) – OCR oligo (pmol O2/min) 

The rate of mitoATP production is multiplied by 2 to convert O2 molecules to spent oxygen (O) 

atoms and then further multiplied by 2.75 or the P/O ratio. P/O is the number of ADP molecules 

phosphorylated to ATP per O atom reduced by a pair of electrons across the ETC: 

mitoATP (pmol ATP/min) → OCR ATP (pmol O2/min) x 2 (pmol O/pmol O2) x P/O (pmol 

ATP/pmol O) 

IDH activity measurement 

HyPer-DAO isolated cardiomyocytes were plated in a precoated petri dish with laminin. The 

cells were treated with D/L-ala and harvested with 150 µl assay buffer from the kit. The cells 

were scraped and homogenized upon addition of the ice-cold IDH assay buffer and then 

collected. The samples were centrifuged at 4 °C and 13000 g for 10 min. 50 µl of the 

supernatant was used per well and condition to perform the assay. Prepare three parallel 

sample wells, with one well serving as a sample background control and the other two for 

NAD+ and NADP+ measurement. At this step, the protein concentration was estimated by the 

DC protein estimation method. The standard curve was prepared using 1 mM NADH standard 

by mixing 10 µL of the 10 mM NADH standard with 90 µL of IDH assay buffer. The standards 

were prepared according to table 16 and those can be used for NAD+ and NADP+ dependent 

IDH activity. 

 



Materials and Methods 

 

118 
 

Table 19. Preparation of NADH standards. 

Well 1 mM NADH standard IDH assay media NADH (nmole/ well) 

1 0 µL 50 µL 0 

2 2 µL 48 µL 2 

3 4 µL 46 µL 4 

4 6 µL 44 µL 6 

5 8 µL 42 µL 8 

6 10 µL 40 µL 10 

The reaction mix was prepared for the number of samples to be performed. Per each well; 50 

µL of the reaction mixture was added containing the components in table 17. 

Table 20. Preparation of reaction mix. 

Reagent Reaction mix Background control mix 

IDH assay buffer 38 µL 42 µL 

Developer 8 µL 8 µL 

IDH substrate 2 µL  

NAD+ or NADP+ 2 µL  

The reaction mix (50 µL) was added to each test sample and standard well, and the 

background control mix (50 µL) to each control well. The plate was read in the CLARIOstar 

plate reader with an optical density of 450 nmMeasurements were recorded every 5 min for 1 

h at 37 °C. The ODEND 0 Standard value was subtracted from the last ODEND standard reading 

and taken as the NADH Standard Curve. For each sample subtract the background control 

from the last reading of the sample. The IDH generated was calculated based on the following 

formula where NADH changes correlate to IDH3 and NADPH to IDH1&2. 

𝑰𝑫𝑯 (𝒏𝒎𝒐𝒍𝒆𝒔/𝒎𝒊𝒏/𝒎𝑳) =
𝐍𝐀𝐃(𝐏)𝐇

 △ 𝐭𝐢𝐦𝐞 − 𝐬𝐚𝐦𝐩𝐥𝐞 𝐯𝐨𝐥𝐮𝐦𝐞
∗ 𝒔𝒂𝒎𝒑𝒍𝒆 𝒅𝒊𝒍𝒖𝒕𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓 
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2.2.5. In vivo HyPer-DAO experiments and associated analysis  

D/L-alanine treatment in drinking water 

HyPer-DAO-NLS and wt mice were fed with 55 µM of D/L-alanine provided through the 

drinking water during the time planned under acute treatment (7 days) or chronic treatment 

(21 days). The water was changed every fourth day and each bottle was covered with 

aluminum foil. Each mouse drank approximately 4 ml of water daily. 

Echocardiography 

The echocardiographic recordings were performed in collaboration with Dr Aline Jatho as 

described in Chapter I. 

2.2.6. Cell culture and associated analysis 

Generation and cultivation of cell lines 

HEK293 cell lines were generated by Dr. Maithily Nanadikar at the Department of 

Cardiovascular Physiology, University Medical Center Göttingen, Germany. HEK293 cells 

were generated by lentiviral transduction using pCMV-pL4-HyPer-DAAO-3xNLS to express 

the Hyper-DAO fusion protein in the nucleus (NLS), pCMV-pL4-HyPer-DAAO-1xNES to 

express it in the cytoplasm (NES) and pCMV-pL4-HyPer-DAAO-Cox8MLS to express it in the 

mitochondria (MLS). Viral particles were produced in HEK293T cells using a ViraPower 

lentiviral packaging mix according to the manufacturer's instructions (Thermo-Fischer 

Scientific). 300 ng/mL puromycin was used to select HEK293T cells that successfully 

integrated with the plasmid. A monoclonal cell population was selected for each cell line by 

limited dilution (4 cells/ml). Cell lines were cultured in DMEM medium supplemented with FBS 

and P/S. Cell lines were grown in a humidified incubator with 5% CO2 at 37 °C. 

Characterization of HEK293 HyPer-DAO cell lines 

HEK293 cell lines were characterized based on the expression of the biosensor and its 

functionality. The HyPer biosensor was localized in three different compartments of the cell 

the nucleus, mitochondria, and cytoplasm. The three cell lines were live-stained and imaged 

using a confocal microscope. The three HyPer-DAO cell lines were incubated with Draq5 

(dilution 1:1000) for 10 minutes, and then the cells were live-imaged. HyPer-DAO MLS cell 

line was additionally stained with Orange CMTM Ros Mitotracker (dilution 1:8000) for 15 

minutes before nuclear staining. Between staining and imaging, cells were washed with PBS. 

Dr. Jia Guo performed further functional characterization using HyPer and MitoSOX 
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measurements in the Department of Cardiovascular Physiology, University Medical Center 

Göttingen, Germany.  

ATP level measurement by luminescence 

HEK293 HyPer-DAO NLS cells and HEK293 wt cells were prepared and cultured in 96 well 

plate in a 100 µl culture medium. Some wells were prepared with a medium without cells to 

subtract the background luminescence. 1 µM ATP was prepared in cell culture and serial 

tenfold dilutions were made. The 96 well plate was loaded with the ATP standards (0, 0.001, 

0.01, 0.1, 1, 10 µM) and further used to detect the concentration of the samples. Celltiter-Glo 

luminescent cell viability reagent was added in a 1:1 dilution to the standard and the sample. 

The reaction was incubated for 30 min with gentle shaking and in the dark. Measurements 

were performed using a microplate luminometer.  

2.2.7. Statistical analysis 

Statistical analysis and graphical representation of the data sets were performed using 

GraphPad Prism 9 software. The HyPer fluorescence response was normalized to the HyPer 

ratio before treatment. Relative changes in RNA levels of NF-κB, Nrf2, and antioxidant 

enzymes were analyzed with an unpaired t-test. Echocardiographic data were analyzed by 

one-way ANOVA or two-way ANOVA. Comparison between fibrosis quantifications in cardiac 

sections was performed by one-way ANOVA. The isometric force of the cardiac slices was 

compared within each group and analyzed by two-way ANOVA. These average values were 

normalized to the highest force for each section. IDH activity and ATP levels by luminescence, 

or seahorse were analyzed by one-way ANOVA. Data are means ± standard error (SEM). 

Statistical significance between means was set at a p-value < 0.05. 
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3. Results 

The transgenic HyPer-DAO mouse model was characterized to validate the presence and 

functionality of the HyPer-DAO fusion protein in the nucleus of cardiomyocytes. The 

expression of HyPer-DAO to the nucleus in cardiomyocytes was enabled by using a NLS 

expressed under the activity of the MHC promoter. This chemogenetic tool is attractive for 

studying cardiomyopathies generated by increased ROS as it cannot only measure the 

increase in H2O2 but also produces ROS internally in the cell. This increase in ROS levels in 

the mouse is controlled by an oral intake of D-ala via the drinking water. After blastocyst 

injection, in total 5 positive founder lines were identified by PCR performed with tail biopsies. 

Cardiomyocytes from these mice were isolated and screened for a functional HyPer response 

after D-ala treatment by Dr. Maithily Nanadikar at the Department of Cardiovascular 

Physiology, University Medical Center Göttingen, Germany. Subsequently, one successful 

mouse line, i.e. the HyPer-DAO #9 (which will be named HyPer-DAO throughout the text), was 

chosen for further characterization. 

3.1. Characterization of cardiomyocyte-specific HyPer-DAO mice 

The offspring of the HyPer-DAO mouse line were taken for heart extraction. The presence of 

the HyPer-DAO protein in the hearts of transgenic mice was validated and compared with wt 

littermate mice by Western blot. The anti-GFP antibody was used to detect the HyPer-DAO 

protein because HyPer is a variant of cpYFP that the anti-GFP antibody can detect. It is 

detected at around 100 kDa in the HyPer-DAO heart lysates compared to being absent in the 

wt heart lysate (Figure 7.A). Western blots further confirmed the heart-specific expression of 

HyPer-DAO protein by comparing lysates from different organs of HyPer-DAO mice. 

Confirmation of organ-specific HyPer-DAO protein in the heart compared to absence in brain, 

kidney, liver, and skeletal muscle is presented in Figure 7.B. GAPDH was used for 

normalization of protein loading, showing a band at 37 kDa. The variability of GAPDH in 

different tissues is notorious because the protein composition of each organ is different, so 

the amount of protein detected by this antibody is unequal even if the total amount of protein 

loaded was the same as previously measured by the DC method.  

 

Figure 30. Western blot analysis of heart-specific expression of HyPer-DAO. A. 
Representative Western blot analysis comparing the presence of the HyPer-DAO fusion protein 
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in lysates from the HyPer-DAO mouse heart samples with its absence in heart samples from 
wt mice. An anti-GFP antibody was used to detect the HyPer-DAO protein. B. HyPer-DAO 
abundance in protein extracts isolated from tissues of the HyPer-DAO mice (H: heart, B: brain, 
K: kidney, L: liver, M: skeletal muscle). GAPDH was used to normalize protein loading. 

Three approaches were followed to ensure the correct nuclear-specific localization and 

functionality of the HyPer-DAO fusion protein in the cardiomyocytes. The first is the visibility 

of the HyPer-DAO fluorescent signal compartmentalized in the nucleus detected by confocal 

microscopy. The confocal microscope uses the pinhole principle to obtain an image of the 

nucleus with less noise-to-signal ratio and background outside the focal plane. 

Cardiomyocytes were isolated from HyPer-DAO mice and maintained under optimal 

temperature and oxygen conditions for live cell imaging. The cardiomyocytes were stained 

with Draq5, which specifically fluoresces in the nucleus as it is a far-red DNA stain probe. 

HyPer-DAO colocalizes with Draq5 staining in the nucleus of the isolated HyPer-DAO 

cardiomyocytes. At the sites where the DNA was denser, the HyPer signal was lower, 

indicating occupancy for the heterochromatin or tightly packed DNA. Throughout the rest of 

the nucleus, the nucleoplasm was occupied by the HyPer-DAO signal (Figure 8.A). 

The second approach was to screen HyPer DAO functionality. The response of the DAO 

enzyme upon stimulation with its substrate, D-ala, increases H2O2 production. This is detected 

by the HyPer biosensor. The fluorescence signal of HyPer increases at an excitation 

wavelength of 500 nm as the H2O2 content increases, while the signal decreases at an 

excitation of 420 nm. The fluorescence intensity analyzed is the normalized ratio between 

500/420 nm. The changes in fluorescence intensities were recorded using an epifluorescence 

microscope. Isolated HyPer-DAO cardiomyocytes were stimulated with different 

concentrations of D-ala and the response was recorded both in the cytoplasm and in the 

nucleus. As the HyPer-DAO was targeted to the nucleus the signal in the cytoplasm remains 

unchanged meanwhile the signal recorded in the nucleus showed an increase in the HyPer 

response that increased with treatment dose (Figure 8.B). The D-ala was applied between 3 

mM and 10 mM, using L-ala at 10 mM as a control.   

The third approach was the enrichment of the HyPer-DAO protein in the nucleus compared to 

the cytoplasmic fraction in lysates from the heart tissue of HyPer-DAO mice. After subcellular 

fractionation, compartmentalized expression of HyPer-DAO fusion protein was detected 

exclusively in the nucleus (Figure 8.C). Lamin was used as a marker for the nuclear fraction, 

whereas -tubulin was used as a cytoplasmic marker. Both proteins are filament proteins, 

which are crucial for the structural properties of each compartment, respectively. 
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Figure 31. Characterization of nuclear specific localization and functionality of the 
HyPer-DAO fusion protein in isolated HyPer-DAO cardiomyocytes. A. Confocal 
microscopy of live cell imaging of isolated HyPer-DAO cardiomyocytes. Cells were stained 
with Draq5. B. Quantification of HyPer response upon D-ala stimulation (3, 4, 6, 8, 10 mM) in 
the cytoplasm (left panel) compared with the nucleus (right panel) of isolated HyPer-DAO 
cardiomyocytes (n= 13-25 cells). Ratios are normalized to the HyPer ratio prior to treatment. 
The L-ala (10 mM) was used as a control. Data are shown as mean ± SEM. C. Representative 
Western blot of the enrichment of the HyPer-DAO protein in the nucleus compared to the 
cytoplasmic fraction in lysates from heart tissue of HyPer-DAO mice. Anti-GFP was used to 

detect the HyPer-DAO protein. -tubulin was used as a cytoplasmatic marker and lamin as a 
nuclear marker to exclude contamination during the isolation of the subcellular fractions. 
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Once the cardiomyocyte-specific HyPer-DAO mice line was successfully characterized, in vivo 

experiments were planned to monitor the cardiac function of HyPer-DAO mice. Assessing 

physiological parameters in the cardiovascular system of wt and HyPer-DAO mice at different 

age ranges and also with D-ala treatment. 

3.2. Baseline morphometry and cardiac function of DAO-NLS mice compared with 

wt mice. 

When modeling mice for pathology research projects, it is necessary to ensure a normal 

baseline for morphological and physiological parameters. This ensures two basic principles: 

comparability between the DAO-NLS and wt models, as the presence of the transgene – when 

inducible as in the case of the HyPer-DAO mice - should not cause pathology in this model, 

apart from when treatment is administered. The second principle is to ensure the absence of 

pre-existing pathology in each individual in the study. 

Histological and echocardiographic analyses verified normal morphometry and cardiac 

function. The HyPer-DAO mice appeared to be macroscopically comparable to the wt mice in 

terms of body and heart size (Figure 9.A). The transverse heart sections of a HyPer-DAO 

mouse and a wt mouse were stained with H&E (Figure 9.B). There were no significant changes 

in ventricular size and myocardial wall thickness. We also found no changes in the structure 

of the interventricular septum and papillary muscles.  

There were no differences between transgenic and control animal weight in females before 

and during the 21-day treatment with D-ala. Transgenic males had a significantly increased 

weight compared to controls, but heart size showed no difference between genotypes (Figure 

9.C). Overall, male mice were heavier and had larger hearts than female mice. Heart size was 

quantified by echocardiography before and during treatment. In both, HyPer-DAO and wt mice, 

heart size remained unchanged before and during D-ala treatment in both sexes. The ratio of 

heart weight to body weight (HW/BW) also remained unchanged both before and during D-ala 

treatment.  
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Figure 32. Characterization of cardiac morphology of mice with cardiac-specific 
HyPer-DAO overexpression. A. Macroscopic comparison of the body (left panel) and heart 
(middle panel) size of male HyPer-DAO versus wt mice at the age of 3 months. Gross 
morphology of transgenic and wt hearts (left panel) taken at the same magnification using a 
stereoscopic microscope B. H&E stained transverse sections of hearts from one HyPer-DAO 
mouse and one wt without D-ala treatment. The slides were cross-sectioned from base to 
apex (from left to right) C. Body weight (BW), echocardiographic heart weight (HW) 
quantification, and relation of the heart weight with body weight (HW/BW) of HyPer-DAO mice 
and wt before treatment (0 days) and after D-ala administration over 21 days. Data are mean 
± SEM, statistical analysis by t-test.  
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Echocardiographic measurements enable the investigation of cardiac function by measuring 

cardiac output and cardiac index, which estimate the amount of blood ejected from the LV 

over one minute and the relationship to body size, respectively. These functional parameters 

were measured in mice at the age of 8-11 weeks old, with no changes observed between 

HyPer-DAO and wt mice of each sex (Figure 10.A). Due to differences in cardiac dimensions, 

the average of some cardiac parameters such as CO differs between males and females.  

In order to ensure that the integration of the transgene does not lead to a change in cardiac 

function, cardiac parameters were examined at different ages without D-ala treatment. 

Echocardiography showed no age-dependent changes in baseline cardiac function (Figure 

10.B). Taken together, at baseline cardiac function was not altered in the HyPer-DAO mice 

compared to wild type mice.  

 

Figure 33. Characterization of cardiac function of mice with cardiac-specific HyPer-DAO 
overexpression. A. Functional parameters (CO: cardiac output and CI: cardiac index) of 
HyPer-DAO mice compared with wt before starting D-ala treatment. B. Echocardiographic 
monitoring of cardiac function (FAS: fraction area shortening, EF: ejection fraction, AwTh: 
anterior wall thickness, and PwTh: posterior wall thickness) at different ages in HyPer-DAO 
mice compared to wt mice. Data are mean ± SEM. 



Results 

 

127 
 

3.3. Mild intracellular production of H2O2 and signaling responses to in vivo 

HyPer-DAO activation 

The HyPer-DAO transgenic mice were used as a tool to understand the functional 

consequences of ROS production in the heart. HyPer detects ROS production in the nucleus 

and, in addition, DAO induces the production of H2O2 in the same compartment of 

cardiomyocytes. HyPer-DAO mice were fed with 55 mM D-ala in drinking water for 7 or 21 

days. As a control, the same conditions were applied to wt mice. Redox-sensitive transcription 

factors, including NF-κB, Nrf2, and antioxidant enzymes, were subsequently analyzed. At low 

H2O2 concentrations, Nrf2 transcription factors are activated, triggering an adaptive response 

in the cell and transactivating antioxidant systems (Steinhorn et al., 2018). If the H2O2 

concentration is in the intermediate range, NF-κB transcription factors initiate an inflammatory 

response. If the H2O2 level is exceeded, it leads to the opening of the mitochondrial 

permeability transition gate and eventual cell death. 

The HyPer-DAO mice showed a mild activation of the Nrf2 response compared to the wt mice 

after 7 and 21 days of D-ala treatment (Figure 11.A). This was reflected by increased NQO1, 

Srxn1, and Txnrd1 RNA levels. In contrast, the response of NF-κB target genes was almost 

absent, except for an increase in iNOS RNA levels in HyPer-DAO mice after 21 days of D-ala 

treatment, indicating the absence of a massive inflammatory response. (Figure 11.B). The 

redox-active enzymes showed a minor increase in the RNA levels, specifically in Prdx1, Prdx2, 

Prdx5, Gpx1, Txn1, and Txn2, further indicating the absence of a high activation of adaptive 

stress pathways (Figure 11.C). 

Since H2O2 production in this mouse model was mild and neither NF-κB activity nor the 

expression of peroxiredoxin, thioredoxin, or glutathione peroxidase family members were 

significantly elevated, further exploration was required. The effects of H2O2 as a secondary 

messenger in cardiomyocytes were subsequently investigated. 
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Figure 34. In vivo transcriptional response of redox-sensitive target genes after DAO 
activation. HyPer-DAO mice treated with 55 mM D-ala for 7 or 21 days were compared to wt 
mice. n= 3-4 mice per group. Left ventricles were isolated at the end of the experiment and 
used for RNA isolation and subsequent qPCR analyses. A. RNA levels of Nrf2 target genes 
(NQO1: NAD(P)H dehydrogenase (quinone), HMOX: Heme oxygenase, Srxn1: Sulfiredoxin 1 
and Txnrd1: Thioredoxin reductase 1) B. NF-κB target genes (ICAM1: Intracellular adhesion 

molecule 1, IL-1: Interleukin-1, TNF-: Tumor necrosis factor  and iNOS: inducible nitric 
oxide synthase) and C. redox-active enzymes as peroxiredoxin (Prdx), glutathione peroxidase 
(Gpx) or thioredoxin (Txn) in heart samples. Shown are fold changes in the HyPer-DAO mice 
compared to the wt mice. Data are mean ± SEM, statistical analysis by one sample t-test. 
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3.4. Increased H2O2 production in the heart leads to an impairment of inotropic 

capacity 

In vivo echocardiography experiments were performed on the HyPer-DAO and wt mice before 

and after 21 days of D-ala treatment. Mice were treated with D-ala as an H2O2 inductor and L-

ala as a control to exclude any DAO enzyme activation-specific effect. The HyPer-DAO mice 

developed a significant systolic dysfunction after 7 days of D-ala treatment. This was 

exacerbated further as treatment continued.  

Cardiac performance of male HyPer-DAO mice at 21 days of treatment showed a reduction in 

EF and FAS by an average of 11.7% and 11.2%, respectively, compared with wt mice (Figure 

12.A). Representative M-mode echocardiography showed that male mice have greater LV 

contractility at baseline compared to 21 days of treatment with D-ala in HyPer-DAO mice 

(Figure 12.B). Female HyPer-DAO mice also had impaired systolic function after H2O2 

production was induced. In this female cohort, EF was reduced by 11.3% and FAS was 

reduced by 11.5% even with lesser variability within each group (Figure 12.C). Female 

HyPer-DAO mice exhibited marked LV impairment in the contraction phase after treatment 

with D-ala. This can be visualized in the representative M-mode images at the papillary muscle 

level (Figure 12.D). No changes in LV anterior and posterior wall width were detected in male 

and female HyPer-DAO mice during D-ala treatment. Following L-ala treatment, both male 

and female HyPer-DAO mice showed no impairment of systolic function.  
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Figure 35. Changes in cardiac function upon an increase of H2O2. A. Echocardiographic 
analysis of fractional area shortening (FAS), ejection fraction (EF), anterior wall thickness 
(AWth), and posterior wall thickness (PWth) of HyPer-DAO and wt male mice after treatment 
with 55 mM D-ala or L-ala. B. Representative M-mode echocardiographic images along the 
parasternal short axis view showing contractility changes in male wt and HyPer-DAO mice 
before treatment (day 0) and after treatment with D/L-alanine at day 21. White bars delineate 
the systole phase and red bars depict the decrease in contractility. Images were acquired 
using the Vevo 2100 ultrasound system (VisualSonics). C. Echocardiographic analysis of 
female mice as described in (A). D. Representative M-mode echocardiographic images of 
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female mice as described in (B). Data are mean ± SEM, statistical analysis by two-way 
ANOVA. 

Left ventricular function was further characterized by measuring myocardial deformation 

during systole with speckle-tracking echocardiography. This provided a reliable and 

complementary measure of systolic function through global strain and strain rate (SR) analysis 

measured in longitudinal and radial displacement planes. Both global strain and SR were 

measured in the HyPer-DAO and wt mice before and during D-ala treatment every 7 days for 

21 days. L-alanine was also used as a control group for the D-ala-treated mice. 

The HyPer-DAO mice subjected to D-ala treatment had impaired displacement properties 

during contraction and exhibited symmetric deformation. Representative B-mode LAX 

echocardiography shows the global defect in myocardial deformation during systole upon 

treatment and subsequent H2O2 induction, while in diastole, no changes in myocardial motion 

were observed in male (Figure 13.A) and female (Figure 13.C) mice. Impaired systolic radial 

and longitudinal strain revealed a significant LV dysfunction in the HyPer-DAO male mice 

treated with D-ala for 21 days compared with wt mice (13.B). This was even more pronounced 

in female HyPer-DAO mice compared with female wt mice and L-ala treated transgenic mice 

(13.D). To assess diastolic function, reverse radial and longitudinal strain were measured, 

detailing ventricular expansion during the end-diastolic filling phase. No changes in either 

radial or longitudinal diastolic strain were observed in either male or female HyPer-DAO mice. 
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Figure 36. Changes in systolic and diastolic strain upon an increase in H2O2. A. 
Representative images of longitudinal LV strain vector velocities during systole and diastole 
in a B-mode LAX tracing for male HyPer-DAO and wt treated with D-ala for 21 days. The 
velocity, direction and synchronicity of tissue movement are indicated by the green arrows. 
Images were acquired using the Vevo 2100 ultrasound system (VisualSonics). B. 
Echocardiographic analysis of radial and longitudinal strain in systole and diastole of 
HyPer-DAO and wt male mice after treatment with 55 mM D-ala or L-ala in the drinking water 
as indicated. C. Representative images of longitudinal LV strain vector velocities during 
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systole and diastole in a B-mode LAX tracing for female HyPer-DAO and wt treated with D-
ala for 21 days as described in (A). D. Echocardiographic analysis of female mice as described 
in (B). Data are mean ± SEM, statistical analysis by two-way ANOVA. 

After ensuring that systolic strain was decreased in HyPer-DAO mice, SR was calculated to 

ascertain whether the rate of radial and longitudinal myocardial wall deformation was also 

impaired. LV SR showed significantly decreased systolic parameters in female HyPer-DAO 

mice treated with D-ala compared with female wt mice and HyPer-DAO mice treated with L-

ala. In male mice, no changes in SR measurements were observed in both the radial and 

longitudinal planes (Figure 14.A and B). Both the strain impairment in HyPer-DAO mice, and 

the strain rate abnormalities particularly in female HyPer-DAO mice highlight that this model 

replicates heart failure which can be classified as HFrEF with global synchronous systolic 

dysfunction. 

 

Figure 37. Changes in systolic and diastolic strain rate upon increased H2O2 

concentration. A. Echocardiographic analysis of radial and longitudinal strain rate (SR) in 
systole and diastole of HyPer-DAO and wt male mice after treatment with 55 mM D-ala or L-
ala in the drinking water as indicated. B. Echocardiographic analysis of female mice as 
described in (A). Data are mean ± SEM, statistical analysis by two-way ANOVA. 
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3.5. Suppression of H2O2-generating stimulus leads to a reversible heart failure 

phenotype 

H2O2-induced impairment of LV function by D-ala treatment was reversed in male and female 

HyPer-DAO mice through treatment cessation. Representative M-mode echocardiography 

recordings show that HyPer-DAO mice consistently experience a recovery of LV contractility 

after D-ala treatment was withdrawn and replaced with water (Figure 15.A). An in vivo 

experiment was performed in which D-ala treatment was administered for 7 days (ON phase) 

followed by drinking water (OFF phase) for two consecutive cycles. Impaired FAS and EF after 

7 days of D-ala treatment recovered to normal after only two days without treatment. Following 

a second ON phase of 7 days, systolic dysfunction was reliably induced which was again 

reversible during the subsequent OFF phase. The second recovery proceeded at a slower 

rate than the first. (Figure 15.B). 

Having seen the recovery of systolic cardiac function after 7 days of impairment, we wanted 

to examine whether LV function could also recover following chronic treatment for 21 days. 

Even with this prolonged ON phase, a significant reversible effect was obtained after 2 days 

without treatment (Figure 15.C). This demonstrates the ability of the heart of male and female 

HyPer-DAO mice to restore inotropic function even after prolonged H2O2 induction. There were 

no changes in anterior or posterior wall thickness in either in vivo experiment. These findings 

categorize the phenotype of HyPer-DAO mice as systolic dysfunction due to H2O2-induced 

impairment of LV contraction with functional systolic recovery after removal of the ROS 

stimulus. 
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Figure 38. Reversible H2O2-induced impairment of heart function in the HyPer-DAO 
mice. A. Representative M-mode echocardiographic images along the parasternal short axis 
view showing changes in contractility of HyPer-DAO mice after 21 days of treatment with D-
ala and consecutively recovery after replacement of the treatment with water. White bars 
delineate the systole phase and the red bar depicts the decrease in contractility. Images were 
acquired using the Vevo 2100 ultrasound system (VisualSonics). B. Echocardiographic 
analysis of fractional area shortening (FAS), ejection fraction (EF), anterior wall thickness 
(AWth), and posterior wall thickness (PWth) of HyPer-DAO male and female mice after 
treatment with 55 mM D-ala in the drinking water for 7 days followed by 2 days without 
treatment. This sequence was consecutively done twice with a prolonged second recovery 
phase for 13 days. C. Echocardiographic analysis as described in (B) of HyPer-DAO mice 
after 21 day treatment with 55 mM D-ala in the drinking water followed by 2 days without 
treatment. Data are mean ± SEM, statistical analysis by one-way ANOVA. 
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3.6. Preserved cardiac structure and morphology in HyPer-DAO mice after D-ala 

treatment  

The HyPer-DAO mouse model showed no changes in LV wall width following H2O2 induction. 

However, to obtain a more accurate description of potential structural changes in the heart, a 

histological examination was performed using excised hearts. Pentachrome staining uses a 

palette of five colors to stain different tissues in an organ. These structures are elastic fibers, 

collagen, fibrin, muscle, and mucin. In the case of the HyPer-DAO mice, no structural changes 

in the myocardium and no increase in fibrous tissue were observed in heart sections after 7 

and 21 days of treatment with D-ala (Figure 16.A). To confirm this finding especially for a lack 

of fibrosis, Sirius red staining, which targets type I and type III collagen, was performed. No 

changes in fibrotic tissue were observed in HyPer-DAO heart sections after either 7 days or 

21 days of treatment with D-ala (Figure 16.B). The heart of 12-15 week old B6L mice that 

underwent high-grade transverse aortic constriction (TAC) surgery for two weeks was used 

as a positive control for the Pentachrome and Sirius red staining. The TAC surgery was 

performed in the laboratory for Cardiac remodeling, University Medical Center Göttingen, 

Germany. A 27G needle was used to control the degree of aortic constriction and generate a 

pressure gradient above 75 mmHg. 
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Figure 39. Histological analysis of cardiac morphology of the HyPer-DAO mice upon 
H2O2 induction. Representative images of A. pentachrome staining and B. Sirius red staining 
of wt and HyPer-DAO heat sections of male mice after 7 and 21 days D-ala treatment. As a 
positive control for the stainings, heart sections from 12-15-week-old BL6 mice were 
constricted by transverse aortic constriction (TAC) for 2 weeks. 

To complement the qualitative histological characterization, the percentage of fibrosis as 

detected with the Sirius red/fast green staining was quantified. This produces a greater 

contrast between the fibrotic connective tissue and cardiac tissue. No difference was observed 

in the amount of fibrotic tissue in the hearts of HyPer-DAO mice treated with D-ala for 7 days 

or 21 days compared with wt mice (Figure 17.A). Heart sections revealed no significant 

changes in the size, shape, and configuration of heart tissue from HyPer-DAO mice compared 

with wt mice (Figure 17.B). These findings indicate an overall lack of structural remodeling of 

the heart following ROS induction. TAC heart sections were used as positive controls. To 

ensure that fibrosis in TAC sections was secondary to aortic constriction, fibrosis was 

quantified in sections from B6L mice that underwent sham surgery. This surgery was 

performed in age-matched mice with the same procedure but without aortic banding. 
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Figure 40. Quantification of fibrotic deposition in HyPer-DAO cardiac slices after H2O2 
induction. A. Quantification of Sirius red/fast green staining for fibrotic areas in cardiac slices 
of wt and HyPer-DAO male mice. The total (t) fibrotic area in the left ventricle was quantified 
and then it was segregated into interstitial (i) or perivascular (p). As a positive control for the 
staining and quantification, cardiac slices of mice that underwent transverse aortic constriction 
(TAC) or sham surgery were used. n = 3-5 mice per group. B. Representative overall images 
of Sirius red/fast green stained cardiac sections from HyPer-DAO mice after 7 or 21 days of 
D-ala treatment: As a control, they were compared with mice after TAC or sham surgery. Data 
are mean ± SEM, statistical analysis by one-way ANOVA. 

3.7. Simulation of myocardial biomechanics on HyPer-DAO heart slices and 

development of force upon H2O2 increase 

To obtain an ex vivo measurement of the impaired inotropic capacity, cardiac slices from 

HyPer-DAO and wt mice were cultured in an isometric system and were stimulated with D-ala 

as an H2O2 producer and N-acetyl cysteine (NAC) as an antioxidant and disulfide breaking 

agent. The increase of H2O2 upon stimulation with D-ala induced a decrease of the isometric 

force in HyPer-DAO cardiac slices compared to wt (Figure 18.A). The impairment of isometric 

force is consistent with the dose of D-ala treatment; the higher the concentration, the greater 

the decrease in contractility. When the sections were preincubated with NAC, the impairment 

of contractility with D-ala treatment was slowly abolished in the HyPer-DAO slices.  

Using 1 Hz pacing, the heart slices showed a permanent decrease in isometric force 

generation after an increase in H2O2 (Figure 18.B). In the traces of the HyPer-DAO heart slices 

incubated with NAC only, there are no significant changes compared to wt. Improved cardiac 

isometric force by treatment with antioxidants capable of breaking disulfide bonds suggests 

that cysteine redox modifications are involved in the observed impaired cardiac contractility 

phenotype. 
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Figure 41. Force development of HyPer-DAO compared to wt heart slices before and 
during the increase of H2O2 production. A. Force enhancement of heart slices isolated from 
a mixed group of male and female (blue-red symbol) HyPer-DAO and wt mice treated with 0-
10 mM D-ala +/- 1 mM NAC was measured and performed in the isometric chamber. B. 
Original force recordings in HyPer-DAO and wt heart slices after treatment with 10 mM D‑ala 

+/‑ 1 mM NAC. Data are mean ± SEM, statistical analysis by two-way ANOVA. 

3.8. Redox proteome screen to identify redox targeted proteins in the hearts of 

HyPer-DAO mice 

The impairment of contractility as a result of elevated H2O2 and its recovery after treatment 

with an antioxidant indicates that redox modifications in cardiac tissue proteins may contribute 

to the heart failure phenotype in DAO-NLS mice. To identify proteins that might be candidates 

for redox modification, cardiac tissue from HyPer-DAO mice underwent proteomic analysis to 

assess redox-modified proteins. Both genotypes were treated with D-ala for 7 days rather than 

21 days to preserve changes in oxidative modification status at an early stage of contractile 

dysfunction. The HyPer-DAO mice showed a significant decrease in reversible oxidation of 19 

proteins and a significant increase in reversible oxidation in 8 proteins (Figure 19.A). 
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The candidates with an increase in reversible oxidation are IDH3, succinate dehydrogenase 

complex subunit C (SDHC), peroxiredoxin 5 (Prdx5), mitochondrially encoded NADH 

dehydrogenase 5 (MT-ND5), trifunctional protein  (TP- ), cytosol aminopeptidase (LAP3), 

phosphoglucomutase-like protein 5 (PGM5), and serine hydroxymethyl transferase (SHMT1) 

(Figure 19.B). Among all proteins, almost 40% are located in the mitochondria and are 

involved in energy production. The IDH3 and SDHC are involved in the TCA pathway and the 

TP- in -oxidation. IDH catalyzes the oxidative decarboxylation of isocitrate resulting in 

-ketoglutarate and carbon dioxide. The IDH1 isoform is found in the cytosol and 

peroxisomes, whereas IDH2 and IDH3 isoforms are located in the mitochondrial matrix. IDH1 

and IDH2 react reversibly to generate NADPH from NADP while IDH3 irreversibly generates 

NADH from NAD. The IDH3 isoform is a hetero-tetramer consisting of two catalytic -subunits 

and two regulatory subunits, the -subunit and the -subunit. IDH3 is one of the main isoforms 

involved in the TCA cycle and its reaction is in fact the first oxidative reaction in the cycle 

where it produces the first TCA cycle derived reduced electron carrier, NADH. 

Another candidate found in the reversible redox modified proteome screen was Prdx5. This 

candidate validates the quality of the redox proteome screen because it belongs to the 

antioxidant family of peroxidases capable of scavenging H2O2 and is well described to be 

redox modified. 
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Figure 42. Redox proteomics analysis of heart tissue of HyPer-DAO compared with wt 
mice. A. Volcano plot showing redox-regulated proteins of HyPer-DAO heart tissue compared 
to wt after 7 days of D-ala treatment. The candidates are depicted in green when proteins 
have significantly increased redox modification and in red when proteins have significantly 
decreased redox modification. Signal to noise ratio (STN) B. Scheme of the upregulated redox 
candidates. 

3.9. Reversible redox regulation of IDH3 in HyPer-DAO mouse and cell model  

Once the redox modified proteins were found and sorted, the candidate protein IDH3 was 

selected for further analysis because of its important role in the TCA cycle. Heart tissue from 

wt and HyPer-DAO mice treated for 7 or 21 days with D-ala were processed to assess the 
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RNA levels of IDH3,  and  genes (Figure 20). RNA levels of all IDH3 isoforms were 

unaltered in HyPer-DAO mice after H2O2 induction for 7 and 21 days. 

 

Figure 430. In vivo transcriptional response of IDH target genes after DAO activation. 
HyPer-DAO mice treated with 55 mM D-ala for 7 or 21 days were compared to wt mice. n= 3-

4 mice per group. RNA levels of IDH target genes from -, -, and -subunits. Data are mean 
± SEM, statistical analysis by one sample t-test. 

IDH activity was subsequently assessed in isolated cardiomyocytes from male and female 

HyPer-DAO mice. The IDH3 isoform significantly increased its activity upon stimulation with 

H2O2 after D-ala treatment (Figure 21.A), whereas IDH1& 2 isoforms were unaltered (Figure 

21.B). These changes in activity in the absence of increased RNA levels suggest that this is 

due to post-translational modifications as opposed to IDH3 isoform availability.  

 

Figure 44. IDH activity in isolated HyPer-DAO cardiomyocytes. A. IDH3 and B. IDH1/2 
activity in protein samples obtained from isolated HyPer-DAO cardiomyocytes non-treated 
(n.t.) and after treatment with 2 mM L-ala or D-ala for 20 min. Cardiomyocytes were isolated 
from n = 7-8 mice per group in independent experiments. Data are mean ± SEM, statistical 
analysis by one-way ANOVA. 

To perform further functional analyses, HEK cell lines were generated where HyPer-DAO was 

stably overexpressed in three different cellular compartments: the nucleus, mitochondria, and 
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cytoplasm. To ensure the presence of the fusion protein in each compartment, cell lines were 

stained and imaged (Figure 22). HyPer-DAO NLS cells restricted their fluorescence to the 

nucleus, which was co-stained with the Draq5 DNA probe. HyPer-DAO NES cells fluoresced 

throughout the cytoplasm, leaving the nucleus empty. Lastly, HyPer-DAO MLS cells were 

additionally stained with Orange CMTM Ros Mitotracker to ensure HyPer localization in 

mitochondria. Indeed, HyPer and Mitotracker fluorescence directly overlapped, indicating 

successful colocalization in the mitochondria.  

 

Figure 45. Characterization of the HyPer-DAO localization in HEK cell lines. Confocal 
images of HEK cells overexpressing HyPer-DAO fusion protein in three different 
compartments. The HyPer-DAO NLS in the nucleus (upper panel), the HyPer-DAO NES in 
the cytoplasm (middle panel), and the HyPer-DAO MLS in the mitochondria (lower panel). 

The HyPer-DAO NLS cell line was used for further analysis of IDH3 activity. Treatment with 

50 mM D-ala for 20 min is comparable to the response observed in the heart tissue of HyPer-

DAO mice, namely with an increase in IDH3 activity. To mimic the ON-OFF phases of 

treatment in the mice, cells were exposed to D-ala treatment for 20 min and then incubated 

for 24 hours without treatment. IDH3 activity subsequently decreased to normal levels, 

mimicking the results of a recovery of cardiac function in the mouse model after withdrawal of 

D-ala treatment (Figure 23.A). A comparable IDH1/2 response was also observed in HEK 
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cells, where there was no significant change after an increase in H2O2 concentration upon D-

ala treatment or after treatment cessation (Figure 23.B). 

 

Figure 46. Reversible redox modification in IDH3 activity of HEK HyPer-DAO NLS cell 
line. A. IDH3 and B. IDH1/2 and activity in cell extracts obtained from HEK HyPer-DAO NLS 
cells not treated (n.t.) and after 50 mM D-ala treatment for 20 min or 50 mM D-ala treatment 
for 20 min and additional 24 hrs of D-ala free incubation (D-ala on-off). n = 5-6 independent 
experiments. Data are mean ± SEM, statistical analysis by one-way ANOVA. 

3.10. Mitochondrial energy impairment as a result of H2O2 increment 

ATP measurements were performed to assess if increased H2O2 affects differences in energy 

production. HEK HyPer-DAO NLS cells treated with D-ala showed a significant decrease in 

ATP levels compared to untreated cells and L-ala treated cells (Figure 24.A). The cells were 

further incubated with NAC to explore if these changes were reversible. Treatment with the 

antioxidant significantly reversed the impairment of ATP levels in D-ala treated cells. As a 

positive control, H2O2 was added directly to the cells which produced the same effect as in the 

D-ala treated cells. HEK wt cells were treated as well with L-ala, D-ala, and H2O2 (Figure 24.B). 

No changes in ATP levels were observed after treatment with D-ala since this cell line is not 

able to generate H2O2 from this substrate. However, cells treated directly with H2O2 did show 

a corresponding decrease in ATP. 
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Figure 47. ATP levels in HEK HyPer-DAO NLS cells upon stimulation with ROS 
generators and scavengers. Measurement of ATP levels in cell extracts from A. HEK 
HyPer-DAO NLS cells and B. HEK wt cells either non-treated (n.t.) or after treatment with 50 
mM L-ala and D-ala ± 8 mM NAC (A) or 500 µM H2O2 for 20 min, n = 8 independent samples 
per condition (A and B). mean ± SEM, statistical analysis by one-way ANOVA. 

To ensure that energy production was impaired in both cell and animal models, ATP was 

quantified in isolated HyPer-DAO cardiomyocytes. The Seahorse method was used to 

determine whether changes in ATP levels were due to impaired mitochondrial production or 

glycolysis. Isolated HyPer-DAO cardiomyocytes were treated for 20 min with D-ala or L-ala as 

a control within XF Seahorse media (Figure 25.A). The rate of ATP production from the 

glycolytic and mitochondrial pathways was simultaneously quantified using OCR and ECAR 

measurements. The basal respiration rate was defined as that reached following the 

respective treatment. Then, the ATP synthase inhibitor or oligomycin was perfused first, 

reducing electron flow through the ETC. The second injection was a mixture of rotenone and 

antimycin A, inhibitors of complex I and III, respectively. This combination shuts down 

mitochondrial respiration and allows for the analysis of non-mitochondrial respiration, which is 

driven by processes outside the mitochondria. 

ATP production decreased in the isolated HyPer-DAO cardiomyocytes treated with the H2O2 

stimulator D-ala compared with the L-ala and non-treated cardiomyocytes (Figure 25.B). The 

decrease in the total ATP production was a result of the change in the mitochondrial ATP while 

glycolytic ATP showed no significant variation. Those findings provide insight into a possible 

metabolic phenotype based on this ATP switch.  
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Figure 48. Total ATP levels segregated in mitochondrial and glycolytic in isolated 
HyPer-DAO cardiomyocytes. A. OCR and ECAR changes in response to L/D-ala, ATP 
synthase inhibitor (oligomycin), and ETC blockade (rotenone and antimycin). Non-treated 
(black), L-ala (gray), and D-ala (red) trace. B. Measurement of the mitochondrial and glycolytic 
ATP production in isolated HyPer-DAO cardiomyocytes in both non-treated (n.t.) and treated 
with 2 mM L-ala or D-ala for 20 min. n = 7 mice per group. Data are mean ± SEM, statistical 
analysis by one-way ANOVA. 
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4. Discussion 

ROS-related signaling is a classic example of a double-edged sword. On one hand, aerobic 

metabolism is the most efficient way to generate energy. With sufficient oxygen, cellular 

respiration burns carbohydrates, fatty acids, and proteins to generate ATP in the mitochondria. 

However, oxidative metabolism can also lead to an excessive and potentially deleterious 

increase in ROS production. Because of increased oxidative stress, the price of using O2 in 

metabolic pathways includes a high risk for detrimental effects on cell homeostasis, structure, 

and function. Historically, ROS has mainly been associated with these negative effects on 

cellular dynamics, however, now they are accepted as secondary messenger molecules 

involved in various physiological signaling cascades.  

4.1. Novel ROS detection tool, a step forward in the understanding of redox 

pathways 

ROS homeostasis is involved in critical cellular processes across all organ systems 

(Phaniendra et al., 2015). ROS production via aerobic metabolism and ROS scavenging by 

antioxidant systems maintains a delicate balance by sustaining redox-signaling pathways. 

When these mechanisms do not function, pathological and degenerative processes develop. 

Cellular senescence is the process through which ROS accelerates the shortening of 

telomeres, aging the cell and stopping its division process (Marinho et al., 2014). Other 

diseases in which ROS can play a major role include heart failure, diabetes, and 

neurodegenerative diseases (Phaniendra et al., 2015).  

ROS-related intracellular redox processes are equally important to understand, however, 

since ROS are highly reactive, unstable, and diffusible molecules, they are difficult to 

effectively detect. In initial free radical studies, external oxidants were added and only a single 

time point of the subsequent reaction was measured, resulting in an incomplete picture of 

ROS effects (Hardy et al., 2018). The effects of ROS in general on the health of humans and 

living animals remain elusive, partly because of the lack of methods to study these transient 

small molecules in vivo.  

A more translational perspective requires a model in an animal organism that can 

simultaneously generate and sense abundant ROS molecules. Among ROS, H2O2 is a stable 

molecule capable of producing oxidative damage at relatively low concentrations and is also 

a source of oxygen-derived free radicals. The transgenic mouse model used in this work was 

engineered by inserting the HyPer-DAO fusion construct which was targeted into the nucleus 

of cardiomyocytes. The HyPer-DAO model serves the dual purpose of producing and sensing 

H2O2 levels, meeting the requirements for full study of redox pathways and not only single 

snapshots of end modifications. HyPer, an H2O2 biosensor, undergoes a conformational 
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change of its two cysteine residues in the presence of H2O2, forming a disulfide bond and 

fluoresces when activated at 420 and 500 nm excitation wavelengths. DAO is an enzyme that 

can deaminate its substrate and produce H2O2 when stimulated by D-ala.  

The HyPer-DAO protein was successfully detected in the nucleus of cardiomyocytes from the 

HyPer-DAO tg mice and responded in a dose-dependent manner in response to stimulation 

with D-ala, validating this fusion protein as a reliable tool for stimulating and measuring H2O2. 

Mice are an advantageous model due to their mammalian physiology, their ability to reproduce 

quickly, and their uncomplicated housing and maintenance requirements. Importantly, it must 

be ensured that all mice involved in the study possess optimal and comparable health. 

HyPer-DAO mice were constantly monitored during their development and no changes in 

cardiac anatomy or physiology were detected. This strongly indicates that the presence of the 

transgene does not affect heart health. 

Another important consideration is the enzymatic reaction of DAO upon D-ala administration. 

The deamination of D-ala produces ammonia. However, basal circulating levels of ammonia 

produced by DAO should not have a significant effect, so this should therefore be 

inconsequential. According to Braissant et al. the extent of cell damage caused by 

hyperammonemia becomes irreversible when the blood reaches high ammonia 

concentrations at millimolar levels. Such levels are not feasible with the DAO reaction as the 

ammonia rate is equimolar to that of H2O2. This shows that the activity of the DAO enzyme 

reaches only nanomolar levels. In addition, D-ala is intrinsically produced by living organisms, 

therefore its application as a treatment must not exceed toxic amounts. D-ala has been found 

in the nervous, immune, and endocrine systems, where it has been linked to 

neurodegenerative diseases, cancer, and age-related disorders (Seckler & Lewis, 2020). It 

has not been previously described in the heart, suggesting that any DAO response measured 

in the heart of this transgenic model is specifically due to successful integration into the 

genome. 

The HyPer-DAO fusion protein was specifically targeted to the cardiomyocytes. No 

morphological changes were found in the cardiac phenotype, indicating that mild H2O2 

concentrations do not affect structural remodeling. If an effect was present, this could possibly 

lead to cardiac hypertrophy due to the deacetylation of histones by HDACs or indeed 

cardiomyocyte apoptosis (Ooi et al., 2015). No such effects on cardiomyocytes were 

observed, indicating a robust model. The nucleus generates ROS such as O2•− and H2O2, 

however, it is not a major ROS source (Sun et al., 2020). Rather, the nucleus plays an 

important role in the modulation of gene expression following ROS production in the 

mitochondria. 
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Ultimately, the HyPer-DAO chemogenetic tool allowed for extensive insights into the role of 

H2O2 in the heart and a deeper understanding of the sequence of events involved in post-

translational oxidative modifications. 

4.2. Precise and skillful stimulation of low ROS levels in the heart 

Alteration of redox balance has been widely associated with aging and various pathological 

conditions such as cardiovascular disease, diabetes, and cancer (Essick & Sam, 2010). The 

correlation between ROS and heart disease has been studied in multiple models, in which 

impaired cardiomyocyte function, secondary to ROS, was evident through proinflammatory 

and proapoptotic induction, contractile dysfunction, and the oxidation of DNA, lipids, and 

proteins (Peoples et al., 2019). Still, methods remain sparse that provide broad access to all 

aspects of redox signaling in the heart, not only single snapshots of redox modifications. 

Hence this perspective of innovation with the chemogenetic tool will help us to better 

understand the redox pathways and not just the end modifications.  

A landmark study to assess precise manipulations of the cardiac intracellular redox state used 

transgenic rats with DAO linked to the HyPer biosensor using cTnT as a cardiac promoter 

(Steinhorn et al., 2018). In this study, after prolonged oral D-ala treatment for 4 to 6 weeks, 

rats were diagnosed with dilated cardiomyopathy with systolic dysfunction secondary to 

elevated H2O2 levels. This phenotype included induction of Nrf2, redox-active enzymes, and 

Nf-κB transcriptional targets. In our model, proinflammatory target genes were not activated, 

possibly due to the shorter induction period of H2O2 production during 7 or 21 days of 

treatment. It is also possible that different responses may occur depending on the 

compartment in which H2O2 is produced. In this case, the study of Steinhorn et al. localized 

the fusion construct within the cytoplasmic space, whereas we localized it to the 

cardiomyocyte nucleus. This discrepancy highlights a potential area for further study by using 

this tool to observe if differences arise using DAO in different subcellular compartments. 

Oxidative stress can be measured indirectly by measuring the specific response at the RNA 

level rather than by the direct measurement of ROS. Relevant target genes exist longer as 

oxidative stress markers compared to the inherently transient nature of ROS. In the 

HyPer-DAO mouse model, ROS induction reached a mild level, as Nrf2 transcription factors 

were activated in both H2O2-induced mice for 7 and 21 days, whereas NF-κB transcription 

factors showed negligible activation. In addition, redox-active enzymes showed a minor 

increase in RNA levels which correlates with overall low ROS levels. The mild increase in H2O2 

production highlights the interface between its role as a secondary messenger and a potential 

hazardous effector in the cell. 
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Figure 49. Effects of increased ROS levels. A hierarchical model of transcription factor 

activation depends on the concentration of ROS in the cell. Low ROS concentrations induce 

Nrf2, which is involved in the transactivation of genes encoding antioxidant enzymes. An 

intermediate level of ROS triggers an inflammatory response through the activation of NF-κB 

and activator protein 1 (AP-1). A high level of ROS leads to disruption of the mitochondrial 

permeability transition pore (mPTP) and interruption of electron transfer, resulting in 

apoptosis. Modified from (Chittiboyina et al., 2018). Created with BioRender.com and 

PowerPoint. 

4.3. Impact of a mild and steady increase in H2O2 on cardiac performance  

The HyPer-DAO mouse model was further used to examine physiological changes caused by 

oxidative triggers in the absence of confounders such as existing pathologies. Numerous 

cellular processes are involved in aging and diseases such as myocardial infarction and 

metabolic syndrome. In this study, it is useful to maintain a simple model in which any adverse 

outcomes are attributable to a single intervention, rather than other insidious factors. 

Interestingly, the relationship between the mild increase in H2O2 upon D-ala treatment and the 

development of heart failure manifests as significant systolic dysfunction in the absence of 

ventricular hypertrophy or fibrosis. FAS and EF were significantly decreased in the 

HyPer-DAO tg mice after a mild increase in cardiac H2O2 after 7 days and 21 days. During a 

normal cardiac contraction, involvement of the longitudinal, radial and circumferential muscle 

fibers in the LV results in a complex multidimensional motion leading to a global squeeze 

maneuver. In the HyPer-DAO mouse model, systolic myocardial strain in both the longitudinal 

and radial planes was impaired after a mild increase of H2O2. This novel method of quantifying 

myocardial deformation, with potential advantages beyond conventional echocardiographic 

parameters, allows for a better understanding of the relationship between LV performance 
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under different H2O2 concentrations. Taken together, these observations can be functionally 

classified as heart failure with reduced ejection fraction (HFrEF). 

Systolic dysfunction, including reduced myocardial deformation velocity (strain rate), was 

more pronounced in female mice rather than in males. Undoubtedly, the HyPer-DAO female 

mice were found to have a cardiac phenotype with more pronounced systolic insufficiency 

than males, as evidenced by greater impairment of inotropy, strain, and strain rate. It has been 

reported that HF pathophysiology and associated factors differ by sex in humans (Lam et al., 

2019). The factors associated with HF in women are age, body mass index (BMI), 

hypertension, and atrial fibrillation, whereas in men are age and ischemic heart disease. The 

pathophysiology of HF in women develops increased stiffness with age, leading to decreased 

distensibility. Women also tend to have greater chronotropic incompetence and develop 

Takotsubo syndrome. In contrast, they have enhanced lipid and energy metabolism to meet 

the needs of the body/heart better. Women are also less prone to apoptosis and more resistant 

to cardiomyocyte loss. Men are more prone to develop eccentric myocardial hypertrophy and 

sudden cardiac arrest (Regitz-Zagrosek, 2020). Among the features of HF, females tend to 

have more severe symptoms than males. Some studies in mice show some sexual 

dimorphism in HF. Cardiac mitochondrial DNA content and function are higher in males than 

in females. This may correlate with decreased diastolic function and a worse prognosis of HF 

with diastolic dysfunction (Cao et al., 2022). 

However, LV wall thickness in the HyPer-DAO model remained unchanged in both sexes. No 

fibrotic remodeling was detected in hearts in which HFrEF was monitored. The absence of 

fibrotic tissue and the lack of changes in ventricular wall thickness suggest that mildly elevated 

H2O2 concentrations may affect the inotropic function of the heart without causing structural 

changes. No overall changes in functional class or physical activity of the mice were observed 

during the follow-up. Collectively, these results highlight the practicality of the HyPer-DAO 

mouse model for the investigation of disease mechanisms in the presence of mild H2O2. 
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Figure 50. Physiological modifications in the development of HFrEF induced by mild 
H2O2 increase upon D-ala treatment. HyPer-DAO-induced H2O2 production after D-ala 
stimulation triggers physiological changes in the heart. The decrease of the blood ejected from 
the LV through the aorta and decrease in strain lead to the development of heart failure. This 
phenotype is HFrEF with decreased inotropic function without changes in LV wall thickness. 
Created with BioRender.com. 

4.4. Contractile plasticity enables the restoration of cardiac inotropic functionality  

Systolic impairment was consistently reversible upon D-ala treatment cessation and the 

resulting decrease in H2O2 production. The rate of successful recovery was slower in the 

long-term treated HyPer-DAO tg mice indicating a time-dependent mechanism of H2O2 action, 

where longer ROS exposure appears to exacerbate contractility dysfunction. To corroborate 

this, the application of NAC, an antioxidant disulfide-bridge breaker, also reversed H2O2-

induced contractile dysfunction and enhanced inotropic recovery in the ex vivo approach, 

further highlighting that these changes are ROS-dependent and highly reversible.  

Hypertrophy of LV tissue and increased cardiomyocyte size was not detected in the 

HyPer-DAO tg mice exposed to mild H2O2. A lack of perivascular and interstitial fibrosis also 

indicated that structural remodeling is completely absent in this model. Since cardiac eccentric 

hypertrophy and fibrosis are major pathological mechanisms often involved in the formation of 

HFrEF (Rajapreyar et al., 2020), it is puzzling that neither contributes to the present 

HyPer-DAO HFrEF phenotype. Other aspects of cardiac remodeling commonly seen in HFrEF 

include vascular rarefaction, and electrophysiological changes (Xie et al., 2013). Even though 

the vascular number was generally unchanged in the heart sections and no arrhythmic events 

were observed during isometric force measurement, it is possible that underlying mechanisms 

such as ROS-dependent alterations of calcium-handling, myofilament sensitivity, or energy 

availability are responsible for the reduced contractility observed in the treated HyPer-DAO tg 

mice. The notion that endogenous H2O2 production causes transient myocardial contractile 
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dysfunction with a lack of fibrosis is observed in myocardial stunning. This transient post-

ischemic myocardial dysfunction occurs after a brief interruption in perfusion followed by 

reperfusion. The stunned myocardium acutely generates a burst of ROS and subsequently 

alters excitation-contraction coupling (Heusch, 2021). 

 

Figure 51. Reversible impaired inotropic phenotype of the HyPer-DAO mice. Once 
HFrEF was detected attributable to the mild increase in ROS, a decrease in EF, strain, and 
isometric force of the LV confirmed the impaired inotropic response. No changes in fibrotic 
tissue or cardiac architecture were detected. Once ROS stimulation was withdrawn, the 
phenotype was reversible and systolic function recovered. Created with BioRender.com. 

4.5. Metabolic phenotype in cardiac failure upon H2O2 stimulation 

The surprising contractile plasticity observed during redox changes prompts questions about 

the role of redox-related proteins. Proteomic screening identified mitochondrial candidates 

related to energy production such as IDH3γ and SDHC involved in the TCA pathway and TP-β 

involved in β-oxidation. These candidates demonstrate that H2O2 signaling cascades appear 

to converge with metabolic processes which are remarkable for developing this phenotype.  

The three isoforms of the IDH protein catalyze the oxidative decarboxylation of isocitrate 

resulting in -ketoglutarate in the TCA cycle. Of the three isoforms, only IDH3 activity was 

shown to be increased in the HyPer-DAO tg model. Increased IDH3 activity was ameliorated 

after the suppression of H2O2 induction which correlates with recovery of cardiac systolic 

function. Redox proteomic analysis revealed IDH cysteine modifications in particular of the 

regulatory γ subunit of the tetramer. The other regulatory subunit β and the two  catalytic 

subunits were not redox modified. At the RNA level, none of the IDH subunits were found to 

be strongly regulated after H2O2 induction. This suggests that increased IDH3 activity is 
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mediated by post-translational changes in response to redox regulatory modifications. This 

reversible redox switch demonstrates that the mechanism of H2O2 related signaling is heavily 

involved with the TCA cycle.  

 

Figure 52. H2O2-induced changes in metabolism in the HyPer-DAO model. The altered 
metabolism upon mild levels of H2O2 modified main cellular pathways such as the TCA cycle. 
The IDH3 activity increased and the mitochondrial ATP levels decreased. The mild H2O2 level 
accumulates Nrf2 (nuclear factor erythroid 2–related factor 2) in the nucleus. Nrf2 dimerizes 
with small musculoaponeurotic fibrosarcoma (MAF) proteins and binds to antioxidant 
response elements (AREs) in the enhancers of its ROS detoxification target genes. Created 
with BioRender.com. 
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Occurring in the mitochondria, the TCA cycle is critical for cellular function and the 

maintenance of aerobic energy supply. It is a pathway responsible for generating the largest 

amount of energy, producing 38 ATP molecules per glucose molecule. This is in a stark 

contrast to anaerobic respiration in the cytosol, which only produces 2 ATP per glucose 

molecule. Finely tuned metabolic regulation processes allow cells to adapt to changes in ATP 

demand, resulting in changes in ATP production to maintain total intracellular energy. In the 

Hyper-DAO transgene model, when ROS levels increased, a clear ATP deficiency occurred 

in the mitochondria and not in the cytosol. It is likely that redox changes in TCA enzymes alter 

NADH production, limiting electron flow and increasing ROS production at the expense of ATP 

synthesis. Although mild ROS elevation was not sufficient to reach an absolute state of 

“oxidative stress”, this highlights a new and previously undiscovered role of IDH3γ in H2O2-

mediated redox signaling. IDH3γ exhibited reversible redox modifications, increased 

enzymatic activity, and displayed reversible characteristics following H2O2 withdrawal. This 

project has also uncovered possible roles for TP-β which also exhibited reversible redox 

modification. Involved in β-oxidation, this protein could play a role in ROS-mediated ATP 

production deprivation. 

In conclusion, the valuable chemogenetic tool used in this work provides broad access to 

multiple aspects of redox signaling, not only single snapshots of redox modifications. Its 

precision and mechanisms of inducible ROS production allow for an unprecedented 

examination of the independent effects of oxidative modifications on cardiac physiology. Mild 

H2O2 induction was associated with the reversible ‘switch-like’ activation of the TCA cycle-

related enzyme IDH3 which regulates mitochondrial energy metabolism and affects cardiac 

contractility. ROS related physiology is an exploding research topic that has been relevant to 

the evolution of biological organisms for eons. This work represents a small step towards fully 

characterizing the mechanisms of biological redox-related processes.
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Conclusion and Outlook 

This present study investigated the role of ROS in cardiac function. The lack of knowledge 

about the metabolic pathways and protein targets affected by oxidative stress that underlie 

the impairment of cardiac inotropic function prompted the development of new models with 

properties closer to the pathophysiological ones. Thus, the HyPer-DAO mouse model was 

generated which, when induced with D-ala, produces a slight increase in H2O2 levels in the 

nucleus of cardiomyocytes. This induction could result in a gradient across the cell that affects 

other compartments such as the mitochondria and their metabolism. The increased levels of 

H2O2 are representative of an impaired cardiac systolic function without changes in the 

remodeling of the LV. Neither changes in the LV wall thickness nor fibrosis were found. The 

HFrEF was reversible after cessation of the H2O2 induction or after treatment with an 

antioxidant agent, leading to a recovery of the inotropic property of the heart. The responses 

to the redox changes were not only affirmed by the in vivo model but also by the isometric 

force measurement using an ex vivo approach. 

A mild increase in H2O2 affected cellular metabolic regulation. In the TCA cycle, the IDH3 (a 

candidate which was upregulated in the redox proteomics screen) showed an increase in 

activity upon H2O2 induction. The response was reversible after cessation of H2O2 induction 

concordantly with the restoration of the inotropic force. Along with the redox alterations in the 

TCA activity, the cells decreased ATP production as a consequence of increased H2O2 levels. 

Importantly, this study shows that there are options for targeting redox candidates, thereby 

better handling the metabolic compensation in cardiomyocytes in order to adapt to oxidative 

stress. 

Understanding how redox signaling affects cardiac function is still evolving, although their 

close relationship has been confirmed. The work with the HyPer-DAO mouse model is a step 

forward in understanding the metabolic phenotype in HFrEF derived from increased ROS. In 

conclusion, IDH3 was found to serve as a redox switch. The increase in IDH3 activity was 

accompanied by a depletion of ATP levels. The increase in IDH3 activity was reversed after 

cessation of treatment, consistent with restoration of inotropic function. The inotropic function 

was also recuperated after antioxidant treatment with a recovery of ATP levels. Thus, these 

small advances in the discovery of intermediate molecules may point to the role of ROS in 

cardiac dynamics. Complementary studies would be of interest to investigate sexual 

dimorphism in HF, calcium processing under oxidative stress, and the development of 

concomitant pathologies such as arrhythmias and metabolic syndrome, leading to a more 

comprehensive study of the interrelationships between the different organs of the body. 
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