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Abstract  
  

Dietary metabolism is increasingly implicated in the regulation of cardiovascular disease 

and there is intense focus on understanding this relationship. The bacterial flora, which 

shows heterogeneity between individuals with seasonal and dietary influences, 

generates metabolites from dietary nutrients. One pathway involves carnitine, a large 

nutritional component of red meat, which is digested by bacteria into the downstream 

metabolite, trimethylamine N-oxide (TMAO).  

TMAO has been the primary focus of recent investigations as being both causative and 

predictive of heart disease which has included studies on the latter in heart failure and 

in myocardial infarction cohorts. Mechanistic actions of TMAO on heart disease, 

however, are still not well understood.  

The aim of the present study is to investigate mechanistic actions of TMAO by 

conducting metabolic pathway analysis of TMAO through a strategic series of 

experimental studies. These studies include investigations on the molecular and cellular 

basis of excitability, conduction and electrical remodelling in heart failure.   

Initial experiments using calcium fluorescence imaging suggested that the calcium 

transients of cardiomyocytes were larger in the presence of high levels of TMAO. It was 

hypothesised that TMAO altered ion channels response by potentiation of calcium 

currents. These changes in ionic currents would lead to pronounced changes in the 

cardiac action potential and so have effects on excitation contraction coupling.   

Furthermore, experiments were completed to demonstrate the molecular and cellular 

effects of TMAO, and its relationships with energy substrate uptake and utilisation. To 

investigate this, this work used a combination of evaluation of ATP, evaluation of LDH 

and a metabolic flux analyser to assess rates of oxygen consumption on rat and human 

cardiac cells. Once again, this experimental approach showed that high concentrations 

of TMAO negatively impacted cardiac cells function by altering cells bioenergetics.  

In summary, this work was able to provide insight on the mechanistic actions of TMAO 

and to find evidence of alterations of normal cardiac function by high levels of TMAO.   
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1 Introduction  
  

1.1 The heart: structure and function  
  

The heart is a critical organ responsible for the circulation of blood in the healthy body. 

Structurally, the heart is separated into the left and right side, each responsible for 

different components of the regular circulation. Each side comprises of a thin walled 

chamber, the atria, functioning as a reservoir of blood, and a thicker walled chamber, 

the ventricle, responsible for pumping blood into the circulatory systems. The flow of 

blood proceeds from the atria into the muscular ventricles and is then forcefully ejected 

to either the lungs (pulmonary circulation) or the rest of the body (systemic circulation) 

whilst strategically positioned valves impede bidirectional flow in the healthy heart 

(Figure 1.1).   

  

  
  

Figure 1.1. Structure of the heart. The heart is organised into four chambers: two atria and two 
ventricles, one atrium and one ventricle on the right side and one atrium and one ventricle on the left 

side. One-way valves separate the four chambers. The bicuspid or mitral valve separating the chambers on 
the left side, while the tricuspid valve separates the right side’s chambers. Closure of the valves prevents 

blood from flowing backwards against the physiological flow. Created with BioRender.com. 
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With the heart as the central pump through which the blood passes, the circulation can 

be divided into two different functional components: the systemic circulation and the 

pulmonary circulation. Four main blood vessels take blood into and out of the heart. 

The vena cava, the largest vein in the body, carries deoxygenated blood from the body 

back to the heart through the systemic circulation. The deoxygenated blood is then 

pumped away from the right ventricle to the lungs through the pulmonary artery system 

for exchange of carbon dioxide and oxygen. The pulmonary vein returns oxygenated 

blood from lungs to the heart and finally the aorta, the largest artery in the body, 

propels oxygenated blood around the body from the left ventricle.  

 

1.2 Electrophysiological properties of the heart  
  

A coordinated spread of electrical excitability is essential to the correct mechanical 

contraction of the heart. At the basis of the physiological electrical activity of the heart 

is the ability to correctly generate an electrical stimulus, the action potential, at the 

sinoatrial node pacemaker cells and the coordinated propagation and termination of 

this stimulus throughout the myocardium. Once the action potential is generated, the 

electrical signal is translated into a mechanical process: excitation-contraction coupling 

(ECC).  

In the adult human body in normal physiological conditions at rest, cardiac cells undergo 

the depolarisation and repolarisation events that form the cardiac action potential 

approximately once a second. The shape and duration of each action potential is 

determined by the activity of protein complexes that allow the permeation of ions 

across the otherwise impermeable membrane. Ion channels, carriers and membrane 

pumps allow the flux of ions across the membrane of the cells. Pumps use the energy 

from the hydrolysis of adenosine-5’-triphosphate (ATP) to actively move ions across the 

membrane against their concentration gradient whilst carriers often use potential 

energy from the gradient of sodium ions to allow movement of ions and molecules 

across the membrane barrier. Finally, ion channels allow the facilitated diffusion of ions 

down their concentration gradients to generate ionic currents; the coordinated 
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selective permeability and kinetics of these ion channels in cardiac ventricular cells 

giving rise to a characteristic cardiac action potential.  

  

1.2.1 The cardiac action potential  
  

The general description of the cardiac action potential, and of the ionic currents that 

generate it, is different for some of the cardiac cells that form the myocardium, due to 

different expression profiles of ion channels and of ion transport pumps specific to their 

role (Nerbonne et al., 2005).   

Sino-atrial (SA) node cells have a slowly depolarising resting potential compared to 

other conduction cells, which underlies their role as pacemaker in the heart. SA node 

cells and atrio-ventricular (AV) node cells lack significant voltage-gated sodium (Na+) 

currents that underlie rapid depolarisation in other myocardial cells. Instead these cells 

have a slow influx of sodium (Na+) ions at rest that show steady depolarization that 

enables them to spontaneously reach the threshold for opening L-type calcium channels 

(LTCC) to fire an action potential. SA node cells lack potassium (K+) inward rectifier, IK1, 

the main current responsible for myocardium protection from spontaneous 

depolarization, making easier for these cells to fire action potential (Figure 1.2). The rate 

at which Na+ enters the cell to cause depolarisation determines the heart rate. The T- 

and LTCC are therefore responsible for depolarization in the SA node and as such the 

depolarisation is less rapid in SA node cells compared with the Na+-dependent 

depolarisation seen in ventricular and atrial tissue.  
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Figure 1.2. Shape of the cardiac action potential bases on different areas of the heart. Action 
potentials have different shapes and duration based on the region of the heart to which the cells belong to. 

Image modified from Nerbonne and Kass (2005). 

  

The ventricular action potential has unique characteristics including a long duration of 

the action potential with a sustained plateau phase. This unique feature allows 

significant calcium (Ca2+) ion influx to trigger contraction. In the ventricle, the duration 

and shape of the action potential differs throughout the chamber wall. 

 

1.2.2 Ionic currents underlying the cardiac action potential   
  

As previously described, the ventricular action potential is uniquely shaped and is 

characterised by a longer duration compared to the action potential in other regions of 

the heart (Figure 1.2). The longer action potential duration is due to a prominent 

plateau phase, which delays the repolarization of the cell and prevents the cells from 

being stimulated prior to the end of the ventricular contraction.  

The excitation is passed through the conduction system via changes in excitability of 

the cells that are electrically coupled to one another via gap junctions, and the 

consequent changes in the permeability of the cell membrane to ions; mainly Na+, 

potassium (K+) and Ca2+ allow the spread of excitation into the adjoining cells.   
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Figure 1.3. Profile of the active currents during the cardiac action potential. Action potential 
waveforms and underlying ionic currents in adult human ventricular cardiomyocytes. Image modified 

from Nerbonne and Kass (2005). 
  
The cardiac cell has a resting membrane potential of approximately -80 to -90 millivolt 

(mV) in diastolic conditions, meaning that the sum of all ion flux at rest gives a potential 

difference across the membrane of ~-80 to -90 mV. This gradient of electrical potential 
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is established by pumps, in particular the Na+-K+- ATPase and the plasma membrane 

Ca2+ ATPase (PMCA). Normally the electro-chemical gradient between the intra and 

extracellular compartments would favour Na+ entering the cells. However, the voltage- 

gated Na+ channels that allow ions to move down the electro-chemical gradient into the 

cells are closed when the membrane potential is negative, blocking Na+ from entering 

the cells at rest. In contrast, inwardly rectifying K+ channels are open at negative 

membrane potentials and allow K+ to freely move through the membrane.   

Inwardly rectifying K+ (Kir) are formed from tetramers of a subunits assembled around a 

central pore. Each a subunit is composed of two putative transmembrane domains 

(TM1 and TM2) linked by an extracellular pore-forming region (H5) loop and cytoplasmic 

amino (NH2)- and carboxy (COOH)- terminal domains. This structure constitutes the 

basic building blocks for all types of Kir channels. The Kir family is categorized into seven 

subfamilies (Kir1-Kir7). The cardiac inward rectifier current IK1 is carried by Kir2 subunits 

and exhibits strong inward rectification. The Kir2 subfamily consists of six members 

(Kir2.1-Kir2.6), of which three are expressed in human cardiac myocytes (Kir2.1, Kir2.2, 

and Kir2.3, encoded by genes KCNJ2, KCNJ12, and KCNJ4, respectively) (M. N. Foster et 

al., 2016).  

In experimental conditions, Kir channels are able to pass inward currents at potentials 

more negative than the equilibrium potential for K+ (EK). In vivo, they pass outward 

current at potentials close to EK to maintain a relatively hyperpolarised membrane 

potential, but as the membrane potential gets more positive, they are blocked by a 

combination of magnesium (Mg2+) ions and intracellular polyamines (such as spermine) 

(Dhamoon et al., 2005). These characteristics make IK1 crucial in shaping the ventricular 

action potential. The limited outward current through IK1 prevents the efflux of K+ during 

the plateau phase and is, therefore, essential to maintaining a prolonged plateau phase 

(Hibino et al., 2010). Finally, during the last phase of the action potential, the 

repolarization of the cell to more negative potentials, caused by influx of K+ via voltage-

gated channels, allows for relief of the polyamine block so allowing IK1 to pass a 

relatively large outward current, resulting in a faster final repolarization (Hibino et al., 

2010). The IK1 current is, therefore, of crucial importance for maintaining the resting 

membrane potential and for the final stages of repolarization (Hibino et al., 2010). 
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Despite the activity of the Kir family being voltage-independent, the inward rectification 

of IK1 channels is a result of the intrinsic high affinity of the channels for K+ and of the 

strong voltage-dependent block of the inner channel pore by cytosolic Mg2+, Ca2+ and 

positively charged polyamines, mainly spermine and spermidine. At increasingly more 

positive potential, polyamines physically block the channel pore, binding to specific 

charged amino acids in the lining of the pore, such as aspartate, resulting in a loss of 

inward current. As such, IK1 is voltage regulated despite the structural lack of a voltage-

sensing pore (Skibsbye et al., 2016).  

The resting phase of the cardiac action potential is also described as phase 4 (Figure 1.3) 

and it refers to the phase prior to the initiation of the action potential.  

In order to fire an action potential, a resting cardiac myocyte needs to be depolarized 

above the threshold for activation of voltage-gated currents, usually through the gap 

junctions from an adjacent myocyte. Following an excitation trigger, voltage-gated Na+ 

channels, NaV 1.5 (encoded by the SCN5A gene), are opened, allowing the passage of 

approximately 107 Na+ ions per second (s) inside cell. This movement causes a shift in 

the membrane potential towards ENa (+65mV) and results in the upward stroke of the 

action potential. This rapid influx of Na+ ions usually lasts no longer than a millisecond 

(ms), thereafter Na+ channels inactivate and cannot allow current to pass. The upstroke 

phase of the action potential is also referred to as phase 0 (Figure 1.3).  

The alteration of the membrane potential caused by Na+ currents produces a series of 

openings of other channels. As Na+ channels inactivate as fast as they activated, the K+ 

current regains a dominant role. The depolarization caused by Na+ triggers the opening 

of transient outward K+ channels, ITO; since at the end of the phase 0 of the action 

potential the membrane potential is positive, the opening of ITO allows the flow of a 

repolarizing current. The repolarization of the action potential caused by the opening 

of ITO is short-lived; ITO channels close rapidly resulting in a short repolarization phase, 

referred to as phase 1 of the cardiac action potential (Figure 1.3).  

After inactivation of ITO, the membrane potential stabilizes itself in a plateau phase in 

which inward depolarizing currents are balanced by outward repolarizing currents, 

resulting in little change in the membrane potential. This plateau phase is referred to as 

phase 2 of the cardiac action potential (Figure 1.3). During phase 2, the main 
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depolarizing current occurs via the influx of Ca2+ ions through voltage-gated Ca2+ 

channels.  

In the cardiac muscle, the influx of Ca2+ occurs via two types of Ca2+ channels, the L-type 

and the T-type. The “L” in LTCC stands for long-lasting, hinting at the slow inactivation 

of this channel when compared to Na+ channels, while the “T” in T-type Ca2+ channel 

(TTCC) stands for transient. While LTCCs are found in all cardiac cell types, TTCCs are 

primarily present in pacemaker, atrial and Purkinje cells.  

LTCCs are composed of four polypeptide subunits (α1, β, α2, δ) and form a 

heterotetrameric complex (Y. Wang et al., 2014). The pore forming subunits of the LTCC 

are the Cav1 subfamily and includes four isoforms: Cav1.1 (α1S), Cav1.2 (α1C), Cav1.3 

(α1D), and Cav1.4 (α1F), encoded by CACNA1S, -C, -D, and -F, respectively with Cav1.2 

being the main isoform in cardiac muscle (Dolphin, 2016). LTCCs are characterized by a 

large single channel conductance. While they are closed at resting membrane potential, 

they activate as the membrane depolarises to more positive potentials (−40 mV). The 

maximal activity of ICaL is at 0 to + 10 mV, and tends to reverse at +60 to +70 mV, 

following a bell-shaped current-voltage relationship. Despite ICaL being activated during 

phase 0 of the action potential by the fast opening of Na+ channels, its contribution is 

substantially smaller than Na+.   

Influx of Ca2+ during the action potential plateau triggers Ca2+ release from the 

sarcoplasmic reticulum (SR) into the cytosol via activation of Ca2+-release channels. This 

process causes a rapid increase in intracellular Ca2+ concentration (from ~100 nM to ~1 

μM) to a level required for induction of contraction (Rios, 2018). The ECC process will 

be further discussed in paragraph 1.2.3.   

Ca2+ influx through ICaL is the regulatory point to maintain homeostasis of intracellular 

Ca2+. The time-dependent inactivation of ICaL is very slow and depends on both voltage 

dependent inactivation of LTCCs and Ca2+-dependent inactivation. The voltage 

dependent inactivation, caused by membrane depolarization, prevents an increase in 

ICaL. The Ca2+-dependent inactivation creates a negative feedback that limits and 

regulates Ca2+ entry into the cell preventing Ca2+ overload, detrimental to the health of 

the cell. Ca2+-dependant inactivation is also responsible for regulating the action 

potential duration, thus ensuring that contraction and relaxation of the heart is finely 



   10  

controlled (Shaw et al., 2013). Although the Ca2+-dependant inactivation regulates ICaL, 

the inactivation mechanism depends principally on Ca2+ released from the SR. When 

cytoplasmic Ca2+ concentration increases, Ca2+ ions bind to calmodulin, a protein 

sensitive to variations of Ca2+ concentrations that presents four Ca2+- binding sites. 

Upon saturation of the binding sites with Ca2+, calmodulin undergoes a conformational 

change that ultimately results in block of the LTCC pore (Swulius et al., 2008).  

As ICaL decreases due to its inactivation, the repolarizing forces present during phase 2 

lead the action potential into to final rapid repolarization phase, referred to as phase 3 

of the action potential (Figure 1.3). The repolarizing phase constitutes in an increase in 

K+ conductance and the K+ currents are carried out by three different components, 

distinguished by their different kinetics: the slow delayed rectifier potassium current, 

IKs, the rapid delayed rectifier potassium current, IKr, and the ultra-rapid delayed rectifier 

potassium current, IKur, which lead to the late/rapid depolarization phase.  

IKs is a current that activates extremely slowly when membrane depolarizes to potentials 

greater than -30 mV and reaches half-maximum activation close to +20 mV. Structurally, 

IKs is formed by coassembly of four pore-forming α subunits (Kv7.1, from the KCNQ1 

gene also formerly known as KvLQT1) and β subunits (from the KCNE1 gene, also 

formerly known as MinK) and is expressed in all cardiac cell types. The incorporation of 

KCNE1 subunits causes important changes in channel kinetics when compared to 

homomeric KCNQ1 voltage-gated K+ channels. While homomeric KCNQ1 channels 

activate and deactivate rapidly, the KCNQ1/KCNE1 heteromultimer underlying IKS has a 

very slow activation and deactivation kinetics to the point where it barely has any 

inactivation (Thompson et al., 2017). IKs current slowly increases during the plateau 

phase of the action potential therefore it contributes to the repolarizing current in the 

later stages of the action potential. IKs plays a key role in determining the shortening of 

the action potential during physiological increases in heart rate; during rapid heart rates 

the time of inactivation of IKs reduces causing the current to more rapidly accumulate 

and to contribute to a faster repolarization (Jeevaratnam et al., 2018).  

IKr is formed by coassembly of four pore-forming α subunits (Kv11.1, encoded by KCNH2) 

and β subunits (MiRP1, encoded by KCNE2). KCNH2 is also known as the human-ethera-

go-go-related gene (hERG). hERG channels have a unique voltage dependence; they 
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activate rapidly upon membrane depolarization, but the inactivation rate is faster than 

its activation rate (Jeevaratnam et al., 2018). Thanks to this unique feature, hERG is 

nonconsequential during phases 1 and 2 of the cardiac action potential but makes it the 

principal repolarizing current at the end of the plateau phase in most cardiac cells and 

plays an important role in governing the cardiac action potential duration and 

refractoriness. IKr is highly expressed in left atrial and in ventricular endocardium (L.  

Chen et al., 2016; Roden, 2016).  

Finally, IKur activates rapidly and inactivates slowly during the course of the action 

potential. IKur is only present in human atria and not in the ventricles, therefore it can 

be said that this current is responsible for the shorter action potential in the atria 

compared to the ventricular action potential (Jeevaratnam et al., 2018).  

As repolarisation progresses, there is a further increase in IK1 as the depolarisation induced 

block is released, leading to the restoration of the resting membrane potential.  

  

1.2.2.1 ATP-sensitive potassium (KATP) channels   
  

Amongst the Kir channel family, there is a subgroup of channels, ATP-sensitive 

potassium (KATP) channels, that are characterized by being finely regulated by 

intracellular ATP and adenosine diphosphate (ADP) level. Since these channels are 

sensitive to the energy level of the cell, it is hypothesized that they are important in 

coupling electrical activity and membrane potential to the energetic pathways and 

cellular metabolism (Ortiz et al., 2013; H. S. Sun et al., 2013). Structurally, KATP channels 

are different from the other Kir channels. They are hetero-octamers consisting of four 

pore-forming subunits (Kir6.x) with four sulfonylurea receptors (SURx) (N. Li et al., 2017). 

Out of the four isoforms of KATP channels, Kir6.2/SUR2A has been suggested as the 

principal isoform expressed in ventricular cardiomyocytes. However, there is evidence 

that suggest that other isoforms of KATP channels are also present (Morrissey et al., 

2005; Singh et al., 2003).  At physiological concentrations of ATP, KATP channels are 

normally blocked, and only open in cases of depletion of intracellular ATP thus meaning 

that they are sensitive to metabolic stress. Since KATP channels are generally considered 

to only open in response to metabolic stress, their opening would hyperpolarise the 
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membrane potential causing shortening of the action potential and reduction of Ca2+ 

entry, essential to preserve the intracellular ATP. However, as more evidence start to 

point at the existence of different isoforms of KATP in ventricular cardiomyocytes, it is 

possible that other roles for this channel subfamily are likely still to be revealed.  

  

1.2.3 Excitation-contraction coupling  
  

The process of ECC involves the mechanical conversion of the electrical impulses 

generated by propagation of the action potential. This process is finely regulated, and 

it requires the involvement of contractile proteins.   

The region of the cardiomyocyte where ECC occurs is the sarcomere; each sarcomere 

responsible for contraction is composed of a thick myofilament, myosin, and a thinner 

myofilament, actin. Cardiac muscle contraction stems from an interaction between the 

actin and myosin filaments that generates their movement relative to one another. 

Myosin heads bind to actin filaments forming bridges that allow sliding of the filaments. 

Regulation of the ECC occurs thanks to the troponin complex, consisting of 3 proteins, 

troponin I (TnI), troponin C (TnC) and troponin T (TnT) that interacts with tropomyosin, 

a contractile protein coupled to the actin myofilament. Of the 3 proteins, TnI is of key 

importance in that inhibits the interaction between actin and myosin filaments, blocking 

the final contraction.  

T-tubules, structures specific to striated muscle cells, are invaginations of the 

sarcolemma rich in ion channels that penetrate into the intracellular space of the 

cardiomyocytes. The t-tubules from a complex network connected inside the cytoplasm 

and contains regions that compartmentalize transmembrane ion handling proteins and 

signalling molecules, functioning as point of regulation for contractile function and 

electrophysiology (Hong et al., 2017).  

At a cellular level, the contraction of a cardiomyocyte is mainly determined by 

intracellular Ca2+ concentration [Ca2+]i. Ca2+ enters the cell during the plateau phase of 

the action potential through LTCCs. However, the influx of Ca2+ ions is small and 

insufficient to induce contraction. The amount of Ca2+ entering the cell via ICaL, however, 

acts as the trigger for the rapid release of Ca2+ from the SR into the cytosol by opening 
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the ryanodine-receptor 2 (RyR2) in a process known as calcium induced calcium release 

(CICR) (Lederer et al., 1990). Most of the LTCCs in the adult myocyte are localized in the 

transverse tubules (T tubules) facing the SR junction and the RyR2, organized as a 

complex that ensures coordinated Ca2+ release during ECC. During contraction, greater 

than 75% of Ca2+ in the cytoplasm comes from release by the SR (Ferreri-Jacobia et al., 

2005) (Figure 1.4).  

The Ca2+ release channel in the SR is a macromolecular complex composed of the RyR2 

homotetramer, which represents the largest part of the complex which interacts with 

other proteins and operates as a Ca2+-conducting channel. RyR2 channels are roughly 

10 times larger than voltage-gated Ca2+ channels and they open upon binding with Ca2+.  

Due to their size, structural analysis of this complex is particularly difficult (Lanner et al., 

2010). Technological advances in single-particle cryo-electron microscopy (EM) 

techniques have allowed the determination of high-resolution structure of RyRs 

(Santulli et al., 2018). An important structural feature of the RyRs is that they contain 

multiple domains that allow binding for several functional ligands: ions such as Ca2+ and 

Mg2+, proteins including calstabin, calmodulin, the voltage-gated Ca2+ channel and small 

molecules such as adenine nucleotides and caffeine (Santulli et al., 2018; Santulli, Lewis, 

et al., 2017).   

Submicromolar [Ca2+]i is sufficient to let Ca2+ ions bind the high affinity sites on RyR2, 

thus opening the channel and allowing Ca2+ release from the SR into the cytosol. The 

RyR2 channel activity reaches its peak when [Ca2+]I is approximately 10 micromolar 

(μM), whereas higher concentrations lead to a reduction in the open probability of the 

channel, possibly caused by Ca2+ binding to inhibitory binding sites on the RyR channel 

(Santulli, Nakashima, et al., 2017). CICR lasts approximately 10 ms following RyR2 

opening. CICR termination is a finely regulated process. Following Ca2+ release, the SR 

remains depleted of its Ca2+ content. This decline of Ca2+ triggers the inactivation of the 

RyR2, causing the termination of CICR (Gyorke et al., 2008). Luminal Ca2+ is not solely 

responsible for the termination of CICR but it interacts with a complex of proteins, 

namely the SR luminal proteins cardiac calsequestrin (CASQ2), junctin (JCN), and triadin 

1 (TRD), to cause inactivation of RyR2 in a positive feedback mechanism (Gyorke & 

Terentyev, 2008). CASQ2 is a protein with low affinity Ca2+ that is able to bind luminal 
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Ca2+. It acts as a sensor by modulating how the RyR2 reacts to fluctuation of luminal 

Ca2+. As the concentration of luminal Ca2+ decreases, CASQ2 binds JCN and TRD resulting 

in the inhibition of the RyR2. Instead, higher concentration of SR Ca2+ results in the 

majority of luminal Ca2+ bound to CASQ2, which no longer interacts with JCN and TRD. 

JCN and TRD also modulate RyR2 function by themselves by increasing the activity of 

the RyR2 channel (Gyorke & Terentyev, 2008; Terentyev et al., 2008). 

After the increase in [Ca2+]i , Ca2+ released by the SR binds the TnC protein causes a 

conformational change in the troponin-tropomyosin complex that strengthens the 

interaction with TnI and allows myosin to bind to a previously hidden site on the actin 

filament, permitting the formation of cross-bridges and ultimately contraction. The process 

of relaxation is also regulated by Ca2+. During the repolarization phase of the action 

potential, [Ca2+]i decreases causing the dissociation of Ca2+ from the binding site of TnC. Ca2+ 

is removed from the cytosol in two active processes; either by sequestration back into the 

SR by the SR Ca2+-ATPase type-2 (SERCA2) or by exchange into the extracellular space by the 

PMCA. Alternatively, Na+-Ca2+ exchanger (NCX) can move Ca2+ out of the cell exchanging it 

with Na+ ions, with all three mechanisms lowering the cytosolic Ca2+ concentration to 

baseline levels (Landstrom et al., 2017). SERCA sequesters Ca2+ back into the SR in an ATP-

dependent manner and is regulated by phospholamban (PLB), which in its 

unphosphorylated state acts to inhibit Ca2+ transport and sequestration (WeisserThomas et 

al., 2005).  



 

  
Figure 1.4. Schematic of Ca2+ handling during ECC. Action potential generated from adjacent cell (1) causes the opening of voltage-gated Ca2+ channels (2). 

Following the opening of the voltage-gated Ca2+ channels, Ca2+ enters the cell and triggers Ca2+ release from RyR2 (3). Local release of Ca2+ causes a Ca2+ spark and a 
Ca2+ signal in the cell (4-5). Ca2+ ions than bind to troponin to initiate contraction (6). Relaxation occurs when Ca2+ unbinds from troponin (7) and Ca2+ is pumped 

back into the sarcoplasmic reticulum for storage (8) or is exchanged with Na+ (9). At the end of the cycle, the Na+ gradient is maintained by the Na+-K+-ATPase (10). 
Created with BioRender.com.
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1.2.4 Electric conduction system  
  

The trigger for myocardial contraction originates by electrical signals produced at the SA 

node; a small group of cells located in the wall of the right atrium. The ability to 

spontaneously generate cardiac action potentials means that the SA node is referred to 

as the intrinsic cardiac peacemaker.   

Once the impulse leaves the SA node, it rapidly propagates across the right, then the 

left atrium to initiate atrial contraction and reaches the AV node. The propagation of 

the impulse markedly slows down through the AV node, where the current directed 

inside the cells (through Ca2+ channels) is considerably less than the Na+ current in the 

atria and ventricles. The slowdown of the conduction allows the atrial contraction to 

pump the blood into the ventricles prior to ventricular contraction, so optimizing the 

cardiac output.  

Following a short delay period, the wave leaves the AV node to enter the conduction 

system down the ventricles along the Bundle of His, further diverging along the Purkinje 

fibres, where the Na+ currents are more abundant than any other region of the heart 

and propagation of the impulse is faster.   

Finally, the impulse reaches the ventricular endocardium from the His-Purkinje system 

and it spreads through the ventricular myocardium, stimulating a coordinated 

ventricular contraction.  

  

1.3 Bioenergetics of the healthy heart  
  

The human body produces and consumes roughly their body weight in ATP (about 65 

kilograms, kg) on a daily basis (Tornroth-Horsefield et al., 2008) and despite accounting 

for only ~0.5% of the aforementioned body weight, the heart consumes almost 8% of 

all ATP produced.   

The high rate of energetic consumption by the heart explains why the heart is the organ 

that has the largest number of mitochondria in our body (Sabbah, 2016). Mitochondria 

are essential for the cardiomyocytes that require energy derived from the synthesis of 

ATP for their contraction (Ikeda et al., 2015) and for their relaxation. In this constant 
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cycle of contraction-relaxation, almost 90% of the cellular ATP is consumed in the 

myocardium (Barth et al., 1992; Schaper et al., 1985).  

The mitochondria and their associated phosphate-transfer couples are almost entirely 

responsible for keeping the balance of bioenergetics metabolism in the cardiomyocytes 

(D. A. Brown et al., 2016).  Cardiac mitochondria work with elevated efficiency in order 

to maintain steady the oxygen flux for the heart and to adjust and satisfy the body’s 

needs (D. A. Brown et al., 2016).   

The mitochondria perform four central functions in the cell that are relevant to the 

pathophysiology of disease: they provide the majority of the cellular energy in the form 

of ATP, generate and regulate reactive oxygen species (ROS), buffer cytosolic Ca2+ and 

regulate apoptosis through the mitochondrial permeability transition pore (mtPTP).  

 

1.3.1 Structure and function of mitochondria   
  

Mitochondria are ubiquitous intracellular organelles that are bound by two lipid bilayer 

membranes. The outer mitochondrial membrane (OMM) is permeable to ions and 

solutes up to 14 kilodalton (kDa) while the inner mitochondrial membrane (IMM) 

encloses an aqueous compartment, the matrix, that contains both mitochondrial 

deoxyribonucleic acid  (mtDNA) and various soluble enzymes (Figure 1.5), such as those 

of the tricarboxylic acid (TCA) cycle and the -oxidation pathway (Wallace et al., 2000). 

Since the IMM is not permeable to all ions and metabolites, special membrane bound 

transporters that allow for selective entry are responsible for the entry inside the matrix 

endogenous metabolite (e.g. ADP, pyruvate, fatty acids, glutathione) (Begriche et al., 

2011). The lipid composition of IMM is unique in that it contains a large amount of 

cardiolipin and virtually no cholesterol (Wallace & Starkov, 2000). The importance of the 

IMM relays upon its content of proteins that participate in various metabolic activities, 

including ATP synthesis through oxidative phosphorylation (OXPHOS) (Cohen, 2010).  
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Figure 1.5. Structure of the mitochondria. Mitochondria are the cellular power unit. They have a 
characteristic bean-shape and consist of inner and outer membranes, separated by inter membrane  
space. The inner membrane has a very irregular surface, characterized by folds named cristae. It also 

encloses a dense solution called mitochondrial matrix, home of granules, enzymes and ribosomes.  
Along with chloroplasts, mitochondria are the only subcellular organelles that have their own DNA.  

  

Mitochondria are responsible for the production of almost 90% of the cell’s ATP through 

the OXPHOS, which couples the oxidation of reduced nicotinamide adenine dinucleotide 

(NADH) and flavin adenine dinucleotide (FADH2) to the phosphorylation of ADP to form 

ATP, by utilization of the electron transpher chain (ETC) (a series of five enzyme 

complexes) in the IMM, acting as the energetic fuel of the cells (Cohen, 2010). 

Moreover, mitochondria are able to utilize different sources of energy, being able to 

oxidise many metabolites including fatty acids, pyruvate (generated from glycolysis) and 

several amino acids (such as glutamine, valine, leucine) to generate the reducing 

equivalents, NADH and FADH2, via the TCA cycle and β-oxidation, for ATP production 

(Labbe et al., 2008).  

Besides the production of ATP, mitochondria are also responsible for the generation and 

detoxification of ROS, involvement in some forms of apoptosis, regulation of 

cytoplasmatic and mitochondrial matrix Ca2+, synthesis and catabolism of metabolites 
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(e.g. urea, haem and cholesterol) and the transport of the organelles themselves to 

correct locations within the cell (Brand et al., 2011; Chan et al., 2005; Dykens et al., 

2007).  

 

1.3.2 Energetic substrates and pathways  
  

Cellular respiration is a process that occurs in different steps inside the cells (figure 1.6). 

The first step of this process, glycolysis, takes place in the cytosol of the cell. During this 

process, nutrients are broken down in a series of enzyme-catalysed reactions that allow 

glucose to be converted into pyruvate with the production of two molecules of ATP and 

two molecules of NADH, a reducing agent utilized by the cells in subsequent steps of the 

cellular respiration (Huttemann et al., 2007). Pyruvate is moved inside the mitochondria 

where the pyruvate dehydrogenase complex converts the molecule into acetyl-

coenzimeA (CoA), used in the Krebs cycle (Patel et al., 2006).  

The Krebs cycle takes place in the mitochondrial matrix (Figure 1.5) and consists into 8 

enzyme-catalysed reactions in which one molecule of acetyl-coA is oxidised and 

molecules of NADH and FADH2 are produced (together with carbon dioxide, CO2), that 

serve as electron carriers in the final stage of the energetic pathway (H.A., 1937).  



 

  

Figure 1.6. Energy production and cellular respiration. Cellular respiration stars into the cytosol with glycolysis, where glucose is converted into pyruvate. Pyruvate 
is then transported inside the mitochondria and converted into acetyl-coA. Acetyl-coA can, thus, participate to the Krebs cycle, where the electron carriers NADH 

and FADH2 are generated. The electrons from NADH and FADH2 are transferred to the ETC in order to generate ATP. Created with BioRender.com. 
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The final stage of cellular respiration is OXPHOS that occurs in the mitochondrial inner 

membrane (Huttemann et al., 2007). During this process, electrons carried by NADH and 

FADH2 are transferred to molecular oxygen through the respiratory chain (Figure 1.6). 

The transfer of electrons in the respiratory chain is made possible by the activity of 85 

different proteins that associate into four different complexes and, together with 

cytochrome c and ubiquinone, catalyse the transfer (Wojtczak et al., 2008).  

Complex I is a large protein complex shaped as an “L” that extends into the 

mitochondrial matrix (Friedrich et al., 2004). Through complex I, NADH and 2 electrons 

get oxidized, and the electrons are transferred to flavin mononucleotide (FMN) (Mimaki 

et al., 2012). During this, 4 H+ are transferred across the inner membrane into the 

intermembrane space, helping to create the proton motive force required for ATP 

production (Hirst, 2009).   

Complex II is the link between the citric acid cycle and OXPHOS, as succinate is oxidised 

to fumarate and ubiquinone is reduced to ubiquinol. The release of energy is low so 

there is no proton force drive produced from complex II (Dudkina et al., 2008).   

Electrons from complex I and complex II get transferred into complex III where they are 

passed from ubiquinol to cytochrome c. Complex III is a dimer unit containing 

cytochrome c and the cytochrome b1 complex (Solmaz et al., 2008). During electron 

transfer, 4 H+ are transferred across the inner membrane into the intermembrane space 

(Schultz et al., 2001).   

Finally, the electrons from the reduced cytochrome c produced by complex III are 

transferred to complex IV, which is the final oxidase of the ETC  (Dudkina et al., 2008; 

Solmaz & Hunte, 2008).Through complex IV the transfer of electrons from cytochrome 

c to oxygen occurs, with the reduction of the latter to water (Dudkina et al., 2008). The 

actions of complex IV contribute to the electrochemical proton gradient as 4 H+ are 

pumped into the intermembrane space (Dudkina et al., 2008).    

In the end, the oxidation of the reduced electron carriers serves as the driving force for 

the phosphorylation of ADP and the final production of ATP. Essential in these two 

processes is the impermeability of the IMM; thanks to this, a proton motive force is 

generated, which promotes the translocation of protons from the intermembrane space 
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into the matrix through the ATP synthase resulting into the production of ATP (Wojtczak 

& Zablocki, 2008).  

ATP synthase is a large protein complex made up of two different regions, the Fo region, 

situated within the IMM and the F1 region residing in the mitochondrial matrix 

(Jonckheere et al., 2012). During the OXPHOS, the protons present into the 

intermembrane space return into the mitochondrial matrix through the Fo region of ATP 

synthase. While the protons move into a negative charged space, the matrix, an 

electrochemical gradient is created. The energy generated by the electrochemical 

gradient promotes conformational changes into the catalytic site within the F1 region 

of ATP synthases, leading to the release of ATP into the mitochondrial matrix (Boyer, 

1993; Capaldi et al., 2002). 



 

  
Figure 1.7. ATP synthesis. The ETC, situated in the inner membrane of the mitochondria, is a process that takes place thanks to coordination of four complexes and 

the ATP synthase to produce ATP. Electrons are transferred from the electron carriers (NADH and FADH2) within the complexes through oxidative and reductive 
reactions. This generates an electrochemical proton gradient that drives the production of ATP through ATP synthase. Created with BioRender.com.  
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1.4 Mitochondrial dysregulation in cardiovascular diseases  
  

Since the heart is extremely dependent on mitochondria for its energetic demands, 

every alteration of the production chain of energy can cause cardiac malfunction and 

failure of the regular contractility of the heart (Tanai et al., 2015).  

In cardiovascular diseases (CVD) and in failing hearts, alterations of substrates and 

energetic resources can occur because of a reduction in the uptake by the cells of those 

substrates from the bloodstream, because of an alteration in the pathways that oxidize 

and/or reduce the substrates or because of a shift in the main metabolic resource. In 

the heart, the man metabolic source are usually fatty acids, that amount for 60-90% of 

the energy, compared to glucose, that amount for 10-40% of the energy. In CVD 

(especially in heart failure, HF), particularly in the earlier stages, there is an increase of 

metabolic energetic resources. Both fatty acid β-oxidation and glycolysis increase, 

initially, and in later stages of advanced HF they both decrease equally. Another 

energetic characteristic of failing heart is the increased production of glucose through 

hepatic gluconeogenesis and glycogenolysis and increased glucagon production due to 

the hyper-activation of the sympathetic system that causes a reduction of insulin 

release from the pancreatic  β cells (Doenst et al., 2013; Nagoshi et al., 2011).  

Alterations of the energetic production leads to a decrease in the normal distribution of 

ATP and other energetic substrates to cardiomyocytes and is the main cause for the 

limited cardiac function (van Empel et al., 2004; Ventura-Clapier et al., 2004). Reduction 

in the ATP production is mainly caused by a decrease in the oxygen supply to 

cardiomyocytes, generally due to a block or a reduction in the coronary blood flow. The 

reduction in the level of oxygen provided to the cardiomyocytes leads to the increased 

production of ROS, a cause of cardiac damage. ROS are responsible for damaging 

mitochondrial DNA and since this is almost incapable of self-repairing, it accumulates in 

the mitochondria and further damages the energetic chain production (O'Connell et al., 

2014).   

Lastly, alteration of the transfer of high-energy phosphates for final utilization can 

decrease contractile function. In the energy production chain, the main step that 
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regulates the number of energetic molecules produced in the heart is the final ADP-

rephosphorylation and re-transport back into the mitochondria. This step is dependent 

on the function of an enzyme, creatine phosphokinase, that transfers ATP to cytosol of 

the cell and ADP to phosphocreatine. In the failing heart, the levels of creatine 

phosphokinase are low, leading to a slow re-phosphorylation of ADP and a slow 

retransport of it into the mitochondria.  

Finally, mitochondrial dysfunction also affects the action potential. Impairment in the 

energetic production chain in the mitochondria affects the ability of cardiomyocytes to 

regulate calcium homeostasis, resulting in shortening of the action potential, slowed 

conduction velocities and delayed afterdepolarizations (DADs), ultimately resulting in 

arrythmias (Montaigne et al., 2015). In events of mitochondrial dysfunction, the 

increased ROS production and the increased NADH/NAD ratio alter both the RyR2 and 

SERCA function leading to Ca2+ leaking from the SR and accumulation of Ca2+ in the 

cytosol due to incomplete removal during diastole. The combination of the 

accumulation of Ca2+ in the cytosol during diastole and the low mitochondrial 

membrane potential (ΔΨM) due to alterations of the respiratory chain exacerbates the 

activity of the sarcolemmal NCX, a key component of the trigger for DADs.   

 

1.4.1.1 Oxidative stress   
  

Aerobic metabolism normally produces high levels of ROS. ROS are defined as oxygen-

containing free radicals, such as superoxide anion (O2
–), hydroxyl radicals, and 

compounds, such as hydrogen peroxide (H2O2), and are involved in mediating both 

normal and pathological reactions inside the cells (Tanai & Frantz, 2015).  

O2
– is produced inside the cells by either incomplete reduction of oxygen (O2), from the 

activity of different enzymes like nicotinamide-adenine dinucleotide phosphate 

(NADPH) oxidase or xanthine oxidase (XO), uncoupling of nitric oxide (NO) synthase 

(NOS) or be a by-product of the electron transport from OXPHOS in the mitochondria. 

From O2
–, H2O2 can be produced either spontaneously or enzymatically (Turrens, 2003).  
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H2O2 is able to generate highly reactive hydroxyl radicals under pathological conditions 

(Murphy, 2009). In addition, when metabolic cellular stress leads to higher levels of 

oxidative stress, O2
− interacts with NO and forms peroxynitrite.  

Peroxynitrite is an extremely powerful reactive oxygen derivate, capable of triggering 

several cytotoxic processes such as lipid-peroxidation or protein oxidation, leading to 

disruption of the normal cell function (Ferdinandy et al., 2000).  

Alterations of protein by ROS results, in the disruption of EC coupling. Furthermore, it 

can also mediate fibroblast proliferation or collagen synthesis. Some potential sources 

of ROS include proinflammatory cells, mitochondria, XO, and NADPH oxidases. Under 

physiological conditions there is a precisely regulated balance between the production 

of ROS and the molecules, which are capable of “scavenging” ROS in order to limit the 

amount of ROS present into the cell and prevent their toxicity on the myocytes structure 

and function. ROS are able to activate transcription factors, hypertrophy and apoptosis 

signalling pathways (Zorov et al., 2014).  

ROS also play an important role in G-protein-coupled receptor (GPCR) hypertrophic 

stimulation by angiotensin II or β-adrenergic stimulation. Reactive species can 

effectively modulate other physiological signalling pathways as well, for example, the 

induction of the expression of proteins involved in ECC (i.e. ion channels or SERCA) or 

myofilament proteins and protein kinases (Steinberg, 2013).     
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Figure 1.8. Activity of ROS on the heart. Several factors play a role in the detrimental effects of ROS on 
the heart. ROS are able to activate and modulate the inflammatory pathways mediated by mitogen-
activated protein kinase (MAPK) and that, eventually, leads to apoptosis and necrosis of the tissue. 

Another effector affected by the presence of ROS is the sarcoplasmic reticulum, whose alteration leads to 
contractile dysfunction. Additionally, ROS are able to lead to the formation of fibrotic tissue through 

alteration of matrix metalloproteinases (MMPs). Lastly, ROS have a direct effect on the mitochondria, 
resulting in their own damage and consequent apoptosis. Created with BioRender.com. 

  

A state of activated oxidative stress has been demonstrated in human HF; patients with 

both ischaemic and non-ischaemic HF showed a marked increase in malondialdehyde-

like activity; a marker of lipid peroxidation. Other molecules and mechanisms that were 

reported to play a significant role in the development and progression of HF in humans 

are biopyrrins, oxidative metabolites of bilirubin, nitrotyrosins, intracellular marker of 

oxidative stress, and xanthine-oxidase activity.  

Another important mechanism that mediates the damage due to the presence of ROS 

on normal cardiac function is the inflammatory pathway. ROS are able to activate severe 

proinflammatory mediators the activation of redox-sensitive signalling pathways and 

transcription factors is also implicated in the development of cardiomyocyte 

hypertrophy (Takimoto et al., 2007). Finally, the well-known risk factors for CVD, like 
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hypertension, diabetes, or obesity, are also associated with increased oxidative stress 

though increase of repetitive ischemic events and reperfusion periods, or auto-

oxidation of catecholamines.  

 

1.4.1.2 Energetic remodelling   
  

Mitochondria were the first intracellular organelle to be investigated regarding Ca2+ flux 

homeostasis after numerous studies showed that Ca2+ is sequestered by the 

mitochondria into the cells (Deluca et al., 1961; Lehninger et al., 1963; Vasington et al., 

1962).  

Ca2+ stored in the mitochondria is responsible for intrinsic functions of the organelle and 

plays a key role in ATP production (Rizzuto et al., 2012). In particular, Ca2+ can activate 

three key mitochondrial matrix dehydrogenases: pyruvate dehydrogenase is regulated 

by a Ca2+-dependent phosphatase, and α-ketoglutarate- and isocitrate- dehydrogenases 

are both regulated by direct binding of Ca2+ to these enzymes (Rizzuto et al., 2012).   

The activation of these Ca2+-sensitive dehydrogenases increases NADH availability, 

which in turn increases the flow of electrons down the respiratory chain, resulting in the 

end in activation of ATP synthesis from the mitochondria (Rizzuto et al., 2012). When 

oxidizable substrates are provided to mitochondria, electrons are fed into the 

respiratory chain, which couples electron flow to proton pumps across the IMM. An 

electrochemical proton gradient is established that drives ATP synthesis and provides 

the thermodynamic force for Ca2+ accumulation in mitochondria (Rizzuto et al., 2012). 

In the cardiac myocyte, the two major consumers of ATP during the cardiac cycle are 

the Ca2+-dependent myofilament ATPase and ion transport ATPases (SERCA, PMCA and 

Na+-K+-ATPase) (Bers, 2008).  

In failing hearts, the homeostasis of Ca2+ flux is profoundly altered, translating in equally 

altered contractility and potential genesis of fatal cardiac arrhythmias (Marks, 2013).   
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1.5 Heart Failure  
  

HF is a wide-spread cardiac disease in the modern world that puts a significant strain on 

public health system since hospitalization is extremely common in patients and 

mortality rates are high (Tanai & Frantz, 2015). In Europe and NorthAmerica the risk of 

developing HF is of one in five for an average 40-year old person (Mosterd et al., 2007).   

HF is described as the inability of the heart to meet the demand of peripheral tissue with 

the right amount of blood to satisfy the metabolic demands of the organs. This inability 

to provide blood and oxygen to the tissues leads to a clinical syndrome characterized by 

symptoms such as fatigue, dyspnoea, tachycardia, peripheral oedema and elevated 

jugular venous pressure (Tanai & Frantz, 2015). The principal risk factors of HF are 

coronary artery disease (CAD), hypertension, arrythmias, diabetes, 

hypercholesterolemia, hereditary history of CVDs, chronic pulmonary diseases, drug 

abuse, smoking and obesity. HF is usually caused by alteration of the myocardial 

function but alterations in the valves, endocardium and pericardium and conduction 

disorders may also contribute and/or cause cardiac dysfunction (Malik et al., 2020).  

HF can be classified differently according to the criteria: the severity of the symptoms 

(Table 1.1), developmental stage of the myocardial remodelling, underlying 

pathophysiological factors (based on the symptoms, and whether these  are pressure or 

volume-induced), area of the system affected (left or right) and cardiac function (systolic 

or diastolic).  
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 Class  Severity of symptoms and physical activity  
I.  No limitation of physical activity. Ordinary physical activity does not cause 

undue breathlessness, fatigue, or palpitations.  

II.  Slight limitation of physical activity. Comfortable at rest, but ordinary physical 
activity results in undue breathlessness, fatigue, or palpitations.  

III.  Marked limitation of physical activity. Comfortable at rest, but less than 
ordinary physical activity results in undue breathlessness, fatigue, or 

palpitations.  

IV.  Unable to carry on any physical activity without discomfort. Symptoms at rest 
can be present. If any physical activity is undertaken, discomfort is increased.  

  

Table 1.1. New York Heart Association (NYHA) classification of heart failure.  

  

Another important parameter used to classify HF is the left ventricular ejection fraction 

(LVEF). HF with an EF ≤40% are defined as HF with reduced ejection fraction (HFrEF), 

while HF with and EF ≥50% are classified as HF with preserved ejection fraction (HFpEF) 

and they constitute the two major HF typed based on different etiology, 

pathophysiology and pharmacological treatment (Y. T. Chen et al., 2019). HFrEF and 

HFpEF are two distinct syndromes that differ not only in the impairment of the heart 

function, but also in macro and micromorphology of the heart (Tanai & Frantz, 2015). 

HFrEF is mostly caused by ischaemic disease, cardiomyopathies and heart valve diseases 

and is characterized by a major structural change in the morphology of the heart that 

include chamber dilation and a subsequent volume-overload. By contrast, HFpEF is 

mainly caused by chronic hypertension or ischemic heart diseases and is characterized 

by ventricle stiffness and ventricular hypertrophy caused by an alteration in ventricle 

relaxation and a subsequent pressure-overload. Because the EF is more similar to 

physiological levels, HFpEF is more difficult to diagnose and to follow-up (Borlaug, 2014; 

Ouzounian et al., 2008).  

  

  



   31  

1.5.1.1 Biochemical changes in heart failure  
  

Impairment in the regulation of cardiac contraction and relaxation are typically caused 

by detrimental changes in several different cellular processes, especially ion channels 

and pumps responsible for the ECC and all the related metabolic pathways. These 

alterations may be the factor responsible for the altered cardiac function or may be a 

consequence of other alterations that contribute to the further development of HF. 

Taken together, they slowly reduce myocardial function and contractility, leading to the 

problems that characterize HF (Tanai & Frantz, 2015).  

One of the biggest biochemical modifications that occurs during HF is the alteration of 

the ECC (Gomez et al., 2001). In heart failure there’s a decrease in the transport of Ca2+ 

into the cells through LTCCs, caused by a lower amount of LTCCs present on the 

membrane of the cells. This decrease in LTCCs activity leads to cardiac hypertrophy and 

consequently HF (Goonasekera et al., 2012). While the membrane density of ICaL 

channels is reduced, channel phosphorylation is increased, which ultimately leads to an 

increase in single channel open probability that compensates for the lower number of 

channels (Eisner et al., 2017). Despite the fact that the amount of Ca2+ entering the cell 

remains roughly unchanged, Ca2+ transients in the cells by SR are smaller and slower in 

HF, impairing myocyte contractile properties (Eisner et al., 2017). Other alterations 

correlated to ECC in HF are the reduced sensitivity of Ca2+ to troponin C, leading to an 

attenuation of the ECC caused by the increase of Ca2+ surrounding the troponin complex 

and the impairment of the sarcoplasmic ATP-dependent Ca2+ pump, that leads to a delay 

in the rate of Ca2+ re-uptake by the SR and in turn causes a slower relaxation and 

diastolic dysfunction (Movsesian et al., 1994).  

Dysfunction of RyR2 is a primary cause of arrhythmias leading to HF. Delayed DADs 

arrythmias are a great risk factor for the development of HF. At the basis of these, 

there’s an hyperphosphorylation of RyR2 caused by chronic βadrenergic stimulation. 

The hyperactivation of RyR2 causes a diastolic Ca2+ leak from the SR and the generation 

on spontaneous Ca2+ waves (Kushnir et al., 2010).  
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While the principal alterations involved in HF revolve around alterations of Ca2+ 

homeostasis, biochemical changes regarding other currents are also important. In HF, 

peak INa is reduced, likely because of a reduction in SCN5A expression, whereas INaL is 

increased, likely because of increased phosphorylation of Na+ channels (Amin, Tan, et 

al., 2010). The expression of Nav1.5 is reduced in the non-damaged myocytes localized 

in the border zones of myocardial infarction (MI). Furthermore, Nav1.5 expression is also 

reduced in the remodelling process of HF induced by atrial tachyarrhythmias, leading to 

a decrease in INa (Amin, Asghari-Roodsari, et al., 2010).   

Regarding K+ currents, HF is characterized by a downregulation of Ito, leading to a slower 

time course in the force of contraction and, therefore, to a worsened myocardial 

performance (Y. Wang et al., 2010). HF also reduces IKs in atrial, ventricular, and sinus 

node myocytes. The reduction in IKs may be regarded as the primary responsible for the 

prolongation of action potential in HF (Amin, Tan, et al., 2010). Lastly, IK1 is 

downregulated in patients with severe heart failure and cardiomyopathy. The 

downregulation of IK1 leads to membrane depolarization and prolongation of action 

potential, that in turns produces arrythmias (Ravens et al., 2008).  

  

1.5.1.2 Role of the mitochondria in HF  
  

The involvement of mitochondria in HF is complex. There is a decreased ability to 

generate ATP and satisfy the energetic needs of the heart, but also worsens 

cardiomyocyte injury and death, therefore speeds development of the disease (D. A. 

Brown et al., 2016). As mitochondria are the main organelle responsible for the 

production of ROS inside the cell, they play a role in the development of HF (Nojiri et al., 

2006). Mitochondria are capable of generating high energy phosphates as byproducts 

of oxidation-reduction reactions following the activity of enzymatic respiratory 

complexes. As described in paragraph 1.3.3.1, superoxide and other ROS are generated 

when the oxidation-reduction processes are disrupted or incomplete. Physiologically, 

low levels of ROS are produced and maintained by the activity of endogenous 

antioxidant enzymes, such as super-oxide dismutase. In HF, the balance between the 
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production of ROS and the scavenger activity is imbalanced in favour of the production 

of ROS (Nojiri et al., 2006; Tanai & Frantz, 2015).   

  

  
  

Figure 1.9. Correlation between mitochondrial dysfunction and cardiac aging.  Several stimuli, such as β-
receptor signalling or AT-1 receptor signalling, may lead to mitochondrial dysfunctions. Prolonged 

stimuli and dysfunctions may impair cardiac tissues, as non-efficient mitochondria are responsible for 
increased ROS levels, oxidative phosphorylation decline and changes in energy utilization. 

  

Apart from the production of ROS, mitochondria are also involved in apoptotic 

processes by releasing cytochrome c, a signal for induction of the apoptosis mediator 

caspase family (Tanai & Frantz, 2015). Moreover, mitochondrial alterations are 

correlated to aberrant cellular Ca2+ homeostasis, vascular smooth muscle pathology, 

myofibrillar disruption, and altered cell differentiation, all important issues in CVD, 

including HF (D. A. Brown et al., 2016). Ultimately, because cardiomyocytes are 

dependent on the mitochondrial for metabolism and energy supply, pathological 

imbalances in the energy chain production are directly connected with myocyte 
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dysfunction, apoptosis and eventually HF (Nojiri et al., 2006; Oka et al., 2012; Tanai & 

Frantz, 2015).  

  

1.6 Ischaemic damage   
  

Ischaemia is defined as the reduction in the supply of oxygen and nutrients to tissues as 

a result of a lack of blood flow. Any stimuli that causes a significant reduction in the 

normal flow of blood to the myocardial tissue can, therefore, be considered a 

myocardial ischemic damage (Kalogeris et al., 2012). Damage to the myocardium can 

occur either during the ischaemic episode or during the following reperfusion phase, if 

the microvasculature connected to the local ischemic event still retains vasoconstriction 

and/or other type of blockage (Kalogeris et al., 2012).   

Ischaemic episodes cause severe damage to cardiac cells, such as mishandling of 

intracellular energetic resources, alteration of metabolism, activation of inflammatory 

pathways and Ca2+ overload, which in turns disrupt the normal electrical flow of the 

cardiac cell. In particular, since during ischaemia oxygen levels are altered, the cells are 

forced to switch from the normal aerobic metabolism to anaerobic glycolysis to 

continue ATP synthesis. Furthermore, the depletion of ATP levels inside the cell reduces 

the activity of Na+-K+ ATPase, SERCA, further increasing Ca2+ and proton (H+) levels, 

through NCX and Na+-H+ exchange (Gho et al., 1997). Also, as previously mentioned, is 

the role of inflammation in the damage to the cardiomyocytes during ischaemia. In 

particular, tumour necrosis factor TNF-α plays an important role in damage to the 

cardiac cells, by inducing mononuclear macrophage and T lymphocyte infiltration into 

the myocardium and leading to mortality and fibrosis of cardiomyocytes (Tian et al., 

2015).  

At the end of the ischaemic episode, when reperfusion of the damaged tissue occurs, 

part of the cardiomyocytes involved can regain normal contractile function while some 

can become increasingly damaged, enlarging the area involved in the infarct. A plausible 

explanation behind this phenomenon, generally referred to as ischaemia/reperfusion 

injury (Budas et al., 2007; Ovize et al., 2010; A. Rana et al., 2015; Yuan et al., 2014), is 

that the oxidative stress cardiac cells were subjected to, due to the release of ROS 
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following metabolic disruption, causes openings of mtPTP), resulting in swelling of the 

mitochondria themselves, uncoupling of the oxidative- phosphorylation chain and 

release of proteins. Other damages caused by the large production of ROS are damage 

to the membrane permeability via peroxidation, resulting in cellular oedema and 

damage ETC, so disruption of ATP synthesis and contribution to Ca2+ overload (Zorov et 

al., 2014).  

  

1.7 Myocardial infarction   
  

MI is the necrosis of a part of cardiac tissue caused by a rapid loss of coronary blood 

flow in the interested area of the myocardium. The interested area where necrosis 

occurs, the infarct area, results in permanent damage, as the cells present in this part 

of the tissue are dead, while the tissue that surrounds the infarcted area shows 

reversibility in the damage received (Sommer, 2017). While generally the main area 

affected by MI is the left ventricle, the damage can involve and extend to the right 

ventricle or atrium as well.   

Based on the size of the area infarcted and on how badly the area is damaged during, 

the severity of MI can be classified in two main categories. The first, named ST- segment 

elevation myocardial infarction (STEMI), is characterized by elevation in the baseline 

between the S and T segment of the electrocardiogram (ECG) (Thygesen et al., 2018). 

This particular ECG is a signal of the unusual movement of electrical current around an 

area of infarct. The second, named non-ST-segment elevation myocardial infarction 

(NSTEMI), does not show any particular alteration of the ECG signal (Thygesen et al., 

2018). Based on their relative severities, STEMI is usually described as being caused by 

a near complete occlusion, whereas NSTEMI is caused by a severe narrowing or 

incomplete block which is enough to cause ischaemia, but not to cause large areas of 

infarct. 



 

  
Figure 1.10.  Evolution of myocardial infarction. In the first stage of MI, cardiomyocytes are affected by the necrotic tissue and coagulation generated from the 

infarcted are, causing the cells to stretch and elongate. In the following phase, there is infiltration of inflammatory cytokines and neutrophils that lead to the 
formation of granulation tissues, characterized by the presence of collagenous fibres, macrophages and fibroblasts. Lastly, dead cardiomyocytes are disintegrated, 

and the area is turned into a fibrous scar, characterized by a large abundance of collagenous fibres. Created with BioRender.com. 
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1.8 Conduction disorders  

When the normal sequence of initiation and propagation of the cardiac impulse is 

altered, an arrythmia occurs. In the case of conduction disorders, the conduction system 

can be altered in different ways: the impulse can be slowed or altogether blocked, 

causing the normal rhythm of the heart to be disrupted. Causes of conduction disorders 

can be different, but generally these disorders are cause by underlying conditions such 

as ischemic heart disease or heart attack, drugs or genetics (Smits et al., 2005).    

The principal abnormalities in the normal transmission of the impulse are cardiac 

arrythmias There are an enormous number of rhythm disturbances, most of them can 

occur in healthy individuals and many of them are entirely benign in their prognostic 

implications. There are different types of cardiac arrythmias and usually the symptoms 

of are complaints of dizziness, palpitations, fast heart beating, and feeling of weakness 

(D. G. Fu, 2015). Cardiac arrhythmias can be classified by their origin in the heart and by 

their speed or rhythm (Table 1.2).   

 Normal sinus impulse formation  • Normal sinus rhythm  

• Sinus arrhythmia  
Disturbances from sinus   • Sinus bradycardia  

• Sinus tachycardia  

Disturbances of ventricular impulse 
formation  

•  Ventricular premature complexes  

• Ventricular tachycardia  

• Ventricular asystole  

• Ventricular fibrillation  

Disturbances of atrial impulse 
formations  

 • Atrial premature 

complexes  

• Atrial tachycardia  

• Atrial flutter  

• Atrial fibrillation  

Disturbances of impulse conduction   • Sinus arrest  

• Atrial standstill  

• First degree AV block  

• Second degree AV block  

• Third degree AV block  

 

Table 1.2 Classification of arrythmias.  
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The most common sustained arrhythmia is atrial fibrillation (AF). The prevalence in the 

general population varies somewhere between 0.15%-1%, with an overall prevalence 

rate of about 0.5%, which seems to be moderately consistent across international 

boundaries (Zoni-Berisso et al., 2014). AF is defined as any episode of abnormal 

electrical activity lasting 430s according to the ECG criteria (Fuster et al., 2006). Episodes 

of AF are generated when a train of ectopic beats at high frequency, from continuous 

ectopic activity (Jalife, 2011; Nattel, 2002; Ravens, 2015).  

As all other tachyarrhythmias, AF depends on three major mechanisms: automaticity, 

triggered activity, and re-entry (Antzelevitch et al., 2011). Automaticity refers to the 

innate ability of an excitable tissue to spontaneously depolarize and is a key feature of 

the cardiac conduction system. Alterations in the automaticity happen when other areas 

apart from the conduction system began to show automatic activity faster than the 

peacemaker site or when the firing rate of the latter accelerates (Denham et al., 2018). 

Triggered activity refers to the addition of new impulses triggered by the original action 

potential that are known as afterdepolarizations. The majority of the alterations that 

lead to afterdepolarizations are related to abnormal Ca2+ handling. The 

afterdepolarizations are distinct in two types: early afterdepolarisations (EADs) and 

DADs. EADs are generally caused by an increase in ICaL and occur during the phases 2-3 

of the action potential (X. Qi et al., 2009; Weiss et al., 2010). DADs, on the other hand, 

are caused by spontaneous Ca2+ release from the SR in the form of an extra Ca2+ wave 

and occur during phase 4 of the action potential (Venetucci et al., 2008). Lastly, the re-

entry mechanism refers to restimulation of the conduction system due to circling 

around an obstacle by the depolarizing waves. The obstruction to the conduction 

system may be of anatomical origin, such as scar tissue, or of functional nature, such as 

an area of tissue that is rendered unexcitable (refractory) by continuous depolarization 

(Denham et al., 2018).  

AF is also promoted by the structural reorganization of the myocardium occurring 

because of aging and CVDs, that contribute to the initiation and progression of AF 

(Heijman et al., 2014).  
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1.8.1.1 Channelopathies  

Imperfections in ion channel formation caused by genetics, external factors or a 

combination of both can lead to development of diseases defined as channelopathies. 

The major cause of channelopathies is the mutation in genes encoding for ion channels, 

which can cause impairment in the ion channel’s function (J. B. Kim, 2014). Depending 

on the mutation, the consequence can be either a gain of channel function or a loss of 

it. Either way, a single mutation can cause different phenotypes or a combination of 

them. Cardiac channelopathies are likely responsible for approximately half the sudden 

arrhythmic death syndrome cases (Behr et al., 2008).  

The first genetically identified cardiac disorder was congenital long QT syndrome (LQTS). 

LQTS takes its name from the typical shape of the ECG, with a prolonged Q-T interval, 

that patients with this disease have. It is characterized by a delayed ventricular 

repolarization, which leads to an increased risk of ventricular tachyarrhythmias and can, 

eventually, lead to sudden cardiac death. LQTS is not caused univocally by a single 

genetic mutation, but there are at least 13 types of LQTS linked to ion channels genetic 

mutations or mutations in proteins associated with them (Y. Yang et al., 2010).  

The most common type of LQTS, LQT1, is present in almost 40-50% of patients and is 

caused by loss-of-function mutations on the KCNQ1 gene (Kv7.1), encoding for an 

integral part of the IKs macromolecular complex (J. Wu et al., 2016). LQT1 is 

characterized by a decrease in the activity of IKs, which in turn causes a prolonged 

repolarization phase, action potential duration, and QT interval. Ventricular arrythmias 

caused by LQT1 are usually linked to stress, exercise and physical or emotional triggers 

and in general periods of increased sympathetic activity, where IKs has a more 

predominant role in the repolarization phase. Under physiological conditions, IKS is 

promoted by sympathetic activity in order to shorten the longer action potential cause 

by an increase in Ca2+ activity. This physiological process is altered by LQT1, thus creating 

a pro-arrhythmogenic phenotype (J. Wu et al., 2016). Accordingly, βadrenergic blocking 

drugs suppress arrhythmic events in LQT1.  

LQT2 is the second most prevalent type of LQTS. LQT2 is one of the two variants in which 

IKr is dysfunctional: LQT2, caused by KCNH2 mutations, and LQT6, caused by KCNE2 
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mutations. LQT2 is caused by a loss of function in IKr that in turns causes a prolongation 

of action potential, especially near plateau voltages, favouring the development of 

EADs. Because of the relative distribution of K+ channels, LQT2 leads to a more marked 

prolongations of the action potential duration in midmyocardial cells of the heart. The 

heterogeneity of the repolarization across the ventricular walls linked to LQT2 can 

trigger the formation of torsades de pointes type ventricular fibrillation (Adler et al., 

2016).   

LQT3, which accounts for approximately 5% to 10% of congenital LQTS cases, is caused 

by gain-of-function mutations in the SCN5A gene, which encodes the α subunit of the 

Na+ channel (Nav1.5). The majority of SCN5A mutations cause a gain of function by 

disrupting the fast inactivation typical of Na+ channels and creating a small and non-

physiological Na+ current during the action potential plateau. The presence of a 

persistent inward INa during the plateau phase of the action potential causes a 

prolonged repolarization and a longer Q-T interval. Compared with other LQT subtypes, 

patients with LQT3 are less likely to suffer from adverse cardiac events but those cardiac 

events are more lethal; a 20% fatality rate is linked to LQT3 cardiac events compared to 

4-5% rate of LQT1 and LQT2 (Perez-Riera et al., 2018). Other channelopathies that can 

be caused by loss of function in Na+ channels are Brugada syndrome, familial atrial 

fibrillation, sick sinus syndrome, familial heart block, and atrial standstill (Wilde et al., 

2011). Brugada syndrome is a channelopathy characterized by an elevated S-T segment 

and it can be caused by mutations in several different genes but principally a mutation 

in SCN5A.   

A channelopathy related to an impairment in the Ca2+ homeostasis is catecholaminergic 

polymorphic ventricular tachycardia (CPVT). The predominant form of CPVT, CPVT1, is 

cause by a mutation in RyR2, in particular a gain of function mutation of this. The 

increase in function of RyR2 leads to an intracellular Ca2+ leakage from the SR, causing 

an increase in the likelihood of EADs and ventricular tachycardias (van der Werf et al., 

2013). CPVT is characterized by development of ventricular tachycardia during 

adrenergic stimulation. Experiencing emotional or physical stress can induce dizziness, 

syncope, and/or sudden cardiac death in patients with CPVT (Postma et al., 2005).   
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1.9 The Gut Microbiome  

The entire human microbiome is made up of ~1014 bacterial organisms belonging to 

>2,000 species within our bodies, the vast majority being in the gut (Neish, 2009). In this 

number are included commensal microorganisms that colonize the human gut and play 

crucial roles in protection from environmental exposure, digestion, and absorption of 

nutrients (Backhed et al., 2005; M. Li et al., 2008; Nicholson et al., 2005).   

The composition of the gut microbiome is different for each human being and it 

differentiates mostly because of lifestyle factors and/or environmental exposure rather 

than by inherited genetic factors (Yatsunenko et al., 2012).   

Noticeably, the human organism consists of 10-fold greater numbers of bacterial than 

animal cells that are metabolically and immunologically integrated (Gill et al., 2006; Xu 

et al., 2007), by including approximately 1014 prokaryotic organisms, with a biomass of 

>1 kg.  

Anaerobes are several orders of magnitude more abundant that aerobes in the bacterial 

community, and a majority of the population (60%–90%) are representatives of 2 

divisions: the Bacteroidetes and Firmicutes (Neish, 2009).  

The strains of bacteria that lives in our bodies, particularly in our gut, have several 

different functions that benefits our body, such as: providing nutrient metabolism in the 

gut, calibrating metabolic function, educating the immune system, maintaining 

community integrity, and defending against pathogens (Flint et al., 2012; Maranduba et 

al., 2015). Amongst other functions that are very important to our systems, the gut 

microbiota is able to produce vitamins and the breakdown of oligo-/polysaccharides 

(Conly et al., 1994; Hill, 1997; Xu et al., 2003).   

For this reason, our body needs to provide the correct habitat for these particular strains 

of bacteria that play a key role in our well-functioning and, at the same time, being able 

to defend from pathogenic species (Stinson et al., 2017). Crucial, in this scenario, is that 

human immune system is able to distinguish between beneficial and harmful bacteria 

(Stinson et al., 2017).  

The work of the immune human system is simplified by the gut microbiota itself that 

participate in host defence (Salzman et al., 2007) by competing with the pathogenic 
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strains of bacteria for space and nutrients, by fermenting non-digestible nutrients, 

synthesizing vitamins and by producing anti-microbial compounds such as bacteriocins 

and lactic acid (O'Hara et al., 2006).  

Numerous studies have started to take interests in the link between alterations of the 

gut microbiome and different metabolic syndromes such as non–insulin dependent 

diabetes, non-alcoholic hepato-steatosis, and atherosclerosis (Cani et al., 2007; Dumas 

et al., 2006), because it is now fully recognized that the gut microbiome play an 

important role in several different biochemical processes.  
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Figure 1.11. Schematic of production of metabolites and tissues they exert effects on. Molecules that 

enter our bodies, generally through diet, are broken down into our guts thanks to the help of the 
human gut microbiota. The human gut microbiota, thus, produces metabolites that are capable of 

interacting and entering pre-existing metabolic pathways and can be both extremely important to the 

normal physiological functions of our bodies or can have disrupting effects.  Created with 

BioRender.com. 

  

Increasingly, evidence is emerging to suggest that the disruption of this community 

(dysbiosis) may be responsible for a number of diseases, such as asthma, allergies, 

obesity, and autoimmune diseases (Debarry et al., 2007; Moreno-Indias et al., 2014; 

Thorburn et al., 2015).  
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1.9.1 Tools for the study of the gut microbiome: the –omics  
  

As previously described, the human gut hosts trillions of microbial cells coming from 

thousands of different species with different phylogenetic backgrounds bacteria, 

archaea, and different microbial eukaryotes (Qin et al., 2010). Taken together, this 

plethora of cells hosted inside the human body that takes the name of gut microbiota 

has a number of cells almost similar to that of human cells and (Sender et al., 2016) and 

450-fold more genes than the human genome (J. Li et al., 2014; X. Zhang et al., 2019). 

The determination of the nature of the organisms present in the human gut microbiome 

with standard microbiological techniques is impossible because each different organism 

may require special growth conditions that may be yet unknown. Generally, traditional 

studies of the human gut microbiome that are almost entirely dependent on cultivation 

techniques, only manage to cultivate successfully 10-30% of this microbial system 

(Tannock, 2001).   

The discovery and introduction of DNA-based analysis that do not require cultivation of 

the microbial system has greatly improved the possibility to explore and understand the 

human gut microbiome. These DNA-based techniques have evolved during time from 

the use of polymerase chain reaction (PCR) using universal group-specific 16S ribosomial 

ribonucleic acid (rRNA) gene primers followed by electrophoresis to sequencing, to 

better comprehend the variety of the microbiome (Sirangelo, 2018). Currently, the most 

used techniques adopted in the study of the gut microbiome are referred to as the 

“meta-omics” approach, and include: 16S rRNA gene sequencing, metagenomics, 

metatranscriptomics, metaproteomics and metabolomics, that overall examine the 

phylogenetic markers, genes, transcripts, proteins, or metabolites from the samples (X. 

Zhang et al., 2019). The different “meta-omics” approaches take each into consideration 

different aspects of the microbial system and its interaction with the human body, each 

with their own advantages and disadvantages, discussed in the next sections (X. Zhang 

et al., 2019).  
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Figure 1.12.  Schematic of the -omics and substrates utilised for the different techniques. Different 

experimental approaches and computational strategies are applied for the study of microbial 
communities. In metagenomics, genomic DNA sequences can be mapped to a reference database or 

used for assembly of genomes. In metatranscriptomics, mRNA is used to generate complementary DNA 

libraries that can be mapped to reference genomes. In metaproteomics, mass spectrometry and 
fragmentation is used to reveal the amino acid sequence of peptides. In metabolomics, metabolites are 

separated using chromatography techniques and identified and quantified using mass 

spectrometry. Created with BioRender.com. 

  

  

1.9.1.1 Metagenomics   
  

The first of the “meta-omics” to evolve out of the use of gene sequencing, 

metagenomics, focuses on the study of the entire genomes. While genomic is referred 

as the study of the genetic material of a specific organism, metagenomics allows the 

study of genetic material of an entire community of organisms (Aguiar-Pulido et al., 

2016). This was made possible by the technological progress that have made high 

throughput microbial analysis easy and cost-effective, allowing for drastic 

improvements in the genomic field (Sirangelo, 2018).  

Metagenomics gives us the opportunity to investigate the genetic composition of a 

microbial system. After the extraction of DNA from the samples, these studies usually 

utilize next generation sequencing (NGS) and are based on shotgun techniques that 

produce large volumes of short reads from DNA. NGS short reads are subsequently 

compared to reference genomes to identify variants and community population, from 

which is possible to piece together information on the microbial community 

investigated (Aguiar-Pulido et al., 2016). The data thus obtained can be compared to 
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pre-existing databases and abundance or analysed with appropriate software programs 

to cluster the reads into Operational Taxomonic Units (OTUs) (Weinstock, 2012).  

Metagenomics is a powerful tool in the genetic analysis of the human gut microbiome; 

however, it has its downsides. First, metagenomics is only able to provide information 

on the gene sequences present in the microbiome but do not gives information about 

the actual physiological function of the gene or its protein expression level. 

Metagenomics is not capable to distinguish between microbiomes that are active, 

dormant or dead, therefore it does not provide any insight into the actual activity of the 

human gut microbiome (Mitra et al., 2013). Furthermore, in order to obtain high 

coverage required for metagenomic, high quality and quantity of DNA samples are of 

extreme importance (Wang et al., 2015). However, sampling is limited by absence of 

adequate methods that successfully cultivate indigenous microbial communities, biases 

introduced by preferential PCR amplification of 16S rDNA genes and limitations in 

individuating organismal function from these gene sequences (Gill et al., 2006), thus 

creating difficulties in achieving a full gut reading.  Finally, metagenomic analysis is 

dependent on the use of computational algorithms and, most importantly, on a 

complete reference database, so it is essential to improve these methods in order to 

make the most out of the information obtained through metagenomics (Sirangelo, 

2018).   

The necessity to have more information at a functional through analysis of gene 

expression patterns brings us to the topic of our next section, metatranscriptomics 

(Aguiar-Pulido et al., 2016).  

  

1.9.1.2 Metatranscriptomic  
  

Metatranscriptomics focuses on providing information on the active functional profile 

of a microbiome based on the analysis of what genes are expressed in the entire 

microbiome (Aguiar-Pulido et al., 2016). Metatranscriptomics is based on the sampling 

and sequencing of environmental messenger ribonucleic acid (mRNAs) from a microbial 

system to give information on what genes may be present in that microbiome 

(Sirangelo, 2018).  



   47  

Despite seemingly improving on the information obtained by metagenomics, 

metatranscriptomics have their own disadvantages. First, it is practically very difficult to 

obtain high-quality and sufficient amounts of RNA from environmental samples and it is 

also extremely difficult separating the mRNA of interest from the more abundant types 

of RNA such as rRNA. Lastly, the metatranscriptomics classification is restricted by the 

limited number of reference databases, a problem shared with metagenomics 

(Sirangelo, 2018).   

 

1.9.1.3 Metaproteomics  
  

Metaproteomics, the analysis of the protein content of a sample, is a very important 

tool to understand microbial functions of the human gut microbiome (Sirangelo, 2018).  

Metaproteomics is capable of giving important information on the functional aspect of 

the human gut microbiome, its physiological state and its interaction with the human 

body by analysis of the protein profile. Metaproteomics may be considered as an entire 

new research area, since it can be helpful by giving insight on pathologies relevant to 

the human gut microbiome (Sirangelo, 2018).  

While all previous “meta-omics” required genetic material for its studies, 

metaproteomics has a different approach. Thanks to the technological advances of 

liquid chromatography (LC) enabling separation of highly complex peptide mixtures, 

high-resolution mass spectrometry (MS) enabling acquisition of large numbers of 

accurate mass spectra, and computational tools for data processing and analyses, 

metaproteomics now gives the ability to identify and quantify tens of thousands of 

peptides and 10,000 proteins per sample (Kleiner, 2019).  

However, the great variety of species and variability of the human gut microbiome 

represent a big obstacle to the use of quantitative metaproteomics as a primary tool in 

the study of the microbiome. Furthermore, there are technical limitations and there are 

no standardized procedures as of yet (Sirangelo, 2018). Finally, similar to metagenomics 

and metatranscriptomics, pre-existing reference databases are necessary to assign 

functional classifications (Sirangelo, 2018).   
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1.9.1.4 Metabolomics  
  

The term metabolomics refers to the study of the entire content of metabolites of a 

sample (metabolites are considered as small molecules released by a certain organism 

into its immediate surroundings), including their identification and quantification 

(Fiehn, 2002). Metabolomic profiling of a microbiome is considered as an important 

marker of the health of a certain system or, obviously, for its alteration (Bernini et al., 

2009). Since variations in the productions of determined metabolites are important 

signals related to changes in the physiological metabolic pathways, metabolomics is an 

important tool for pathway analysis (Aguiar-Pulido et al., 2016; Krumsiek et al., 2015). 

While previous described techniques and analysis reveal information on gene products 

produced in the cell, metabolic profiling gives an insight into the actual physiology of 

the cell. Metabolomics, thus, defines the metabolic gut microbiome profile, by 

individuating and quantifying classes and metabolites of interest (Sirangelo, 2018). 

Tools used in this “omic approach” are completely different compared to the previously 

described analysis. Metabolomics uses MS and nuclear magnetic resonance 

spectroscopy (NMR) as the main technologies for the study. These methods are 

subsequently integrated with biostatistics and mathematical approaches in order to 

obtain biological information to compare with pre-existing datasets (Sirangelo, 2018).  

Metabolomic profiling can be strongly associated and influenced by different 

environmental factors, such as diet, environmental stress on the system and/or 

exposure to different substances, which means that that metabolomics can provide 

information that are not limited to the characteristic of the microbiome itself, but it can 

also provide insights into its interactions with the host environment (Manor et al., 2014; 

G. D. Wu et al., 2016). On these premises, metabolomics is a useful tool in the 

understanding of the role of the microbiome in the production and/or conversion of 

nutrients and other xenobiotics and how the microbiome can influence the homeostasis 

of the host environment (Aguiar-Pulido et al., 2016). Furthermore, metabolomics 

studies in the human gut microbiome have revealed the existence of different 

biomarkers, which could lead to new studies into the understanding of different 

pathologies and in the development of alternative therapies that have the gut 
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microbiome as a target for modulation (Vernocchi et al., 2016). Currently, metabolomics 

is increasingly used to study the gut microbiome (Heinken et al., 2014). Metabolomic 

studies into the human gut microbiome, however, face some limitations. Metabolites 

obtained from human samples are mixed and it is still difficult to discern information 

coming from the host and those obtained from the gut microbiome. In addition, before 

considering implementing metabolomics into general clinical practice, the 

establishment of a standardized protocols in analytical performance and data analysis 

would be of essential importance (Chau et al., 2008; Klupczynska et al., 2015), as 

differences in sample handling and acquisition can drastically impact outcomes in 

metabolomic studies, and sample stability and reproducibility of results are also strictly 

dependent on standardization of sample collecting, handling and storing (Chau et al., 

2008). Standardization is of extreme importance especially in cases where large and fast 

changes of intracellular levels of metabolites occur during sampling collection, like in 

biopsy samples (Chau et al., 2008). Finally, metabolomics suffer of the same struggle 

that other omics thus mentioned encounter: databases are incomplete and there are 

multiple metabolites yet to be defined (Sirangelo, 2018).   

It comes naturally that, since the aim of these studies is to determine which gene, 

enzymes, pathways are connected to specific metabolites, metabolomics is often 

integrated with other “omic” data to produce a comprehensive description of the 

microbiome (Aguiar-Pulido et al., 2016).   

 

1.9.1.5 Integrative multi-omics approach  
  

Integration of data obtained through different multi-omic approaches is the most 

powerful tool for understanding the physiology of microbiome functions. The different 

omics can be combined differently as to get different information. For example, by 

integrating data from metagenomics and metatranscriptomics, it is possible to obtain 

calculation of transcript/gene ratios, an insight into gene transcriptional activation of 

repression. Another example of integration of different omics is the combination of 

metaproteomics with metagenomics, that can be used for facilitating protein 

identification from MS spectra by taking advantage of a matched metagenomic 
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database or for information about the protein expression (Erickson et al., 2012; Tanca 

et al., 2015; X. Zhang et al., 2016). One of the most used multi-omic integration is the 

combination of metabolomics and metagenomics. Typical information obtained by this 

integration are identification of patterns between the composition of a microbiome and 

the metabolites identified and the characterization of a specific taxa and its contribution 

to metabolite production (Jansson et al., 2009; C. Zhang et al., 2015).   

Another goal of data integration is the validation of pre-existing microbiome metabolic 

models. While this aspect of the multi-omic approach is still one of the most difficult, 

promising steps forward include the generation of >700 genome-scale metabolic 

reconstructions (Magnusdottir et al., 2017), the development of tools for microbiome 

metabolic modelling/prediction (Noecker et al., 2016; Shoaie et al., 2015), and the 

establishment of inter-species metabolic network databases (Sung et al., 2017). 

Applications of these offer the possibility to mark and differentiate between healthy or 

altered states or the possibility to flag and predict clinical outcomes, using integrated 

multi-omics and carefully built algorithms (Douglas et al., 2018).   

However, even the integration of multi-omic data has limitations. In particular, the 

elaboration of multi-omic datasets is very demanding due to its complexity and the 

diversity of the data itself. Successful integration of data is strongly dependant on 

efficient bioinformatic tools and advanced statistical methods, such as multivariate 

statistics and machine-learning approaches (X. Zhang et al., 2019).    

Future promising prospective are given by the application of advanced machine learning 

approaches (Chaudhary et al., 2018). It is expected that by integrating advance machine-

learning it would be feasible the generation of microbiome-scale metabolic 

reconstruction, a tool that could potentially open way to a comprehensive analysis of 

new therapies that target the human gut microbiome. In summary, while multi-omic 

data integration still has several challenges to overcome, it is the most promising 

approach to finalize a complete analysis of composition, function and metabolic activity 

of microbiomes and its effect on the host environment (X. Zhang et al., 2019).  
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1.9.2 Variability in the Gut Microbiome  
  

The human gut microbiome has a certain degree of flexibility when it concerns the 

composition of the microbiome. One of the most exemplary studies that highlights 

microbiome variation is the Human Microbiome Project, which recruited 242 healthy 

patients and characterized the microbiome by 16S sequencing at 18 distinct body sites 

(Human Microbiome Project, 2012a). Differences amongst this cohort were massive, at 

all the measured body sites, despite the cohort including only healthy patients (Human 

Microbiome Project, 2012b; Huse et al., 2012). While a certain degree of associations in 

the compositions of the microbiome was found amongst patients with the same 

ethnicity, other parameters evaluated, such as BMI, gender, temperature and blood 

pressure did not display the same degree of associations, and where therefore not 

considered reliable (Fodor, 2014; Huse et al., 2012).     

The strongest factor that influences the composition of the gut microbiome is its 

physical architecture. Physical architecture of the gut microbiome is genetically 

dependent, thus gut microbiomes show more similarity amongst members of the same 

species as opposed to distantly related ones (Ley et al., 2008). Studies have shown that 

human gut microbiomes are more similar to each other that to the gut microbiomes of 

other species, despite differences in age, diet and geographic location (Ley et al., 2008).  

One of the factors that influence variability in the human gut microbiome is diet and 

lifestyle of the individual (Carmody et al., 2015; David et al., 2014; Goodrich et al., 2016; 

Goodrich et al., 2014). Factors correlated to diet and lifestyle that influence the 

composition of the human gut microbiome are usually linked to their ability of modifying 

the gut architecture; diet, body mass index (BMI) (Beaumont et al., 2016) and immune 

system activity (Goodrich et al., 2016; Goodrich et al., 2014). Another important aspect 

correlated to diet and lifestyle is antibiotic usage, a factor that can have marked effects 

on the composition of the human gut microbiome (Yassour et al., 2016).   

Age is another important variable that has specific effects on the diversity and, most of 

all, in the richness of the human gut microbiome (Saraswati et al., 2014; Yassour et al., 

2016). In particular, the gut microbiome of individuals before the age of 3 is 
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characterized by a less diverse composition that transitions into a more diverse 

configuration after the age of 3 (Hall et al., 2017; Rodriguez et al., 2015).   

The variability of the human gut microbiome represents one of the most substantial 

challenge for the relevance of clinical studies that aim to link alterations of the human 

gut microbiome with diseases states. Consistent conclusions in cross-sectional studies 

can become quite challenging when the variability in the composition of the human gut 

microbiome changes the way healthy and dysbiotic states are differentiated. Thus, it is 

of extreme importance that variability in the human gut microbiome composition is 

considered when powering clinical studies (Fodor, 2014).   

  

1.10 Gut derived metabolites  
  

Metabolites produced by the human gut microbiome have important and diverse 

effects on the host normal physiology and can be detected in different biological tissues, 

including faeces, urine, serum, liver and cerebrospinal fluid (Holmes et al., 2011; Lavelle 

et al., 2020).  

Several metabolite classes have become the scope of intense research, since it is 

increasingly evident that these metabolites are strictly linked to important pathways 

that regulate human physiology. Among these metabolite classes, the most discussed 

are bile acid derivatives (BAs), short chain fatty acids (SCFAs) and tryptophan 

metabolites.   

These metabolite classes can affect the host through various mechanisms, and models 

of inflammation that incorporate diet, genetic risk and the microbiota have been 

developed that highlight the connections between the host, alterations of the human 

gut microbiome and an equally altered production of metabolites (Lavelle & Sokol,  

2020).      
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Figure 1.13. Schematic of dietary nutrients and the relative active metabolites in the human body. 

The gut microbiome can produce different metabolites from dietary components. Amongst them, some 

have been correlated to different pathologies. In particular, from dietary fibres and nondigestible 
carbohydrates fermentation are produced short chain fatty acids (SCFAs) such as acetate propionate 
and butyrate. Dietary tryptophan is metabolized to indole and its derivatives by the tryptophanase 

generated from specific species of the gut microbiome. Primary bile acids can be metabolized to 
secondary bile acids. Dietary components provide substrates for microbiota-derived carotenoids and 

phenols and, finally, choline is metabolized into trimethylamine, which is than oxidized to 

trimethylamine N-oxide (TMAO). Image modified from Ji et al. (2019). 
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1.10.1  Bile acids 
  

BAs are small molecules produced by hepatocytes from cholesterol. Chenodeoxycholic 

acid (CDCA) and cholic acid (CA) are classified as primary BAs, conjugated to glycine or 

taurine, and are essential for lipid/vitamin digestion and absorption. 95% of primary BAs 

get reabsorbed actively from the terminal ileum and are introduced once again in the 

liver via the enterohepatic circulation. Primary BAs can also be transformed into 

secondary BAs and deconjugated by gut microbiota (Agus et al., 2020). After, they can 

be either passively reabsorbed to re-enter the circulating BA pool or excreted in the 

faeces.   

BAs have different functions, both physiological and related to altered functionality. In 

particular, they can promotes glycogen synthesis and insulin sensitivity in the liver, can 

increase insulin secretion by the pancreas, facilitate energetic consumption, especially in 

the liver, brown adipose tissue and muscles, can impair lipid metabolism, especially by 

effecting triacylglycerol, can favours thermogenesis, resulting in a decrease in body 

weight and, finally, can mediate satiety in the brain (Ethanic et al., 2018).  

Alterations of the BAs metabolism linked to the human gut microbiome is usually 

connected to the pathogenesis of metabolic disorders. In particular, metabolic disorders 

cause alterations in the human gut microbiome composition that, in turn, greatly affect 

BAs metabolism. In this altered state, primary BAs are not properly metabolized and 

accumulate at the liver level (Agus et al., 2020). Moreover, BAs have a significant effect 

on intestinal epithelium function, usually greatly impacted by diet (Agus et al., 2020).   

  

1.10.2  Short chain fatty acids  
  

SCFAs are among the most abundant class of metabolites produced by the human gut 

microbiome. SCFAs were found to be key factors in the control of different aspects of 

human immunity and metabolism (Morrison et al., 2016).  SCFAs are the by-products of 

the fermentation of dietary fibres by the human gut microbiome. Soluble dietary fibres 

and nondigestible carbohydrates (such as cellulose), integral components of the human 

diet, that are not broken down by human metabolic pathways because humans lack the 
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enzymes to degrade such polysaccharides, are fermented in the cecum and large 

intestine by anaerobic commensal bacteria.  Most common SCFAs thus generated 

include acetate, propionate, and butyrate (Levy et al., 2016).  

SCFAs are implicated in numerous physiological functions (Morrison & Preston, 2016). 

They can regulate the maintenance of intestinal mucosa integrity (C. H. Kim, 2018), 

improve glucose and lipid metabolism (Chambers et al., 2015), control energy 

consumption (Hu et al., 2018) and regulate the immune system and inflammatory 

responses (Ratajczak et al., 2019). They exert their activity through specific GPCRs 

(Priyadarshini et al., 2018).   

Obesity and diabetes can cause a reduction in the amount of SCFA-producing bacteria, 

resulting in reduction of SFCAs found in faecal samples of these patients (Makki et al., 

2018). Studies conducted in rodents with diabetes and obesity, suggest that 

supplementation with SCFAs improves metabolic parameters by increasing glucose 

tolerance and homeostasis (Agus et al., 2020; Levy et al., 2016)  

In humans, SCFAs administration leads to a reduction in weight gain (Agus et al., 2020; 

Chambers et al., 2015; Freeland et al., 2010). SCFAs administration also has important 

effects on haematopoiesis, resulting in an increase of the immune response to 

infections and a faster resolving of these (Balmer et al., 2014; Khosravi et al., 2014) and 

faster resolution of allergic reactions (Trompette et al., 2014).   

 

1.10.3  Uremic toxins and lipopolysaccharides (LPS) 

 

Substances that accumulate in the bloodstream in case of kidney excretory function 

impairment are generally referred to as “uremic retention solutes”. Amongst these 

compounds, some can result toxic (at high concentrations) and are thus referred to as 

“uremic toxins”.  

Uremic toxins are known to have cumulative detrimental effect on the renal system, 

that can even lead to mortality during acute or chronic uremia, especially in the final 

development stages of chronic kidney disease (CKD)(Popkov et al., 2022) and are 

considered as an underlying factor responsible for the systemic inflammation 

accompanying uremia (Anders et al., 2013). Furthermore, uremic toxins are capable to 
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affect the gut microbiome system, via the introduction of urea into the intestine that 

causes the alteration of the biochemical environment of the gut during uremia and CKD 

(Vaziri et al., 2013). During CKD, alterations of the intestinal lumen of patients, like a 

decrease in pH and an increase of oxygen conditions, render this space inhospitable for 

the normal intestinal microbiota that mainly consists of obligate anaerobes and that are 

sensitive to changes. The result of these alterations is the disruption of the normal 

symbiotic relationship between the microbiota and the host and, eventually, dysbiosis 

of the gut microbiome(Nigam et al., 2019; Popkov et al., 2022). Uremic retention solutes 

and uremic toxins are all known to have detrimental effects on biological function, 

especially in patients with altered renal function, causing symptoms similar to those 

observed in patients with CKD (Falconi et al., 2021). Amongst these, especially uremic 

toxins with low molecular weight, after their absorption in the blood stream, bind to 

proteins and in this bound-state are difficult to excrete effectively from the system of 

CKD patients (Falconi et al., 2021). Protein-bound uremic toxins can promote 

deleterious effects, especially on the cardiovascular system. Likewise, the accumulation 

of uremic toxins such as p-cresyl sulfate, indoxyl sulfate and inorganic phosphate leads 

to numerous negative effects on the cardiovascular system (Falconi et al., 2021). Studies 

have shown that indoxyl sulfate can cause hypertrophy of cardiomyocytes in cultured 

cells, through activations of mitogen activated protein kinase (MAPK) and necrosis 

factor NFκB pathways (Kim et al., 2019). On a similar note, p-cresyl sulfate has been 

linked to different deleterious effects on the cardiovascular system (Gryp et al., 2017), 

such as the release of microparticles determining endothelial damage in the vascular 

endothelium, induction of oxidative stress, internal vascular remodelling and 

production of ROS in cardiac myocytes (Gross et al., 2015). 

Finally, lipopolysaccharides (LPS, also known as endotoxins) constitute the major outer 

membrane component of gram-negative bacteria and is well known to be implicated in 

the activation of the host innate immune system (Pappo et al., 1992). While the role of 

LPS in stimulating inflammation has been acknowledged since the early 20th century, 

detrimental effects of LPS are not limited to septic shock and endotoxemia, but it can 

determine a variety of complications, especially when it is chronically present at low 

levels (Candelli et al., 2021). The presence of chronic low levels of LPS is caused by 
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alterations of the gut epithelial barrier that allow LPS produced by the gut microbiota 

itself to enter the bloodstream. Low-grade inflammation has been linked with many 

different diseases, such as diabetes, obesity, NAFLD, CKD, and cardiovascular disease 

(Mohammad et al., 2020). 

 

1.11 Relationship between the gut microbiome and diseases  
  

1.11.1  Immune system and autoimmunity  
  

An immune response is usually initiated by the recognition of microbial patterns by the 

innate immune system that triggers a cascade of signals resulting into an anti-microbial 

immune response (Levy et al., 2016). Alterations in the innate immune pathways can 

cause variations in the composition of the microbiome, that can result in the 

pathogenesis of some diseases (Levy et al., 2016; Rakoff-Nahoum et al., 2004; Thaiss et 

al., 2014).  A piece of important evidence that highlights the vital importance of the 

microbiome for the correct development of the immune system, is the fact that 

germfree mice have a strikingly less developed immune system, compared to normal (K. 

Smith et al., 2007). These germ-free mice can later be successfully colonized with 

accurately selected bacteria typical for the species, greatly improving the situation 

(Chung et al., 2012).   

 

1.11.2  The gut-brain axis and modulation of behaviour  
  

The gut-brain axis (GBA) is a term that refers to the communication between the central 

and the enteric nervous system, working in both directions, that connects emotional 

and cognitive centres of the brain with intestinal functions and finely regulates them 

(Carabotti et al., 2015).   

Investigations on the connection between brain and the intestine enlightened the 

complexity of their communication system, which is deputed to maintain the 

gastrointestinal homeostasis but also influences affection, motivation, and complex 
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cognitive functions. For those reasons, this intricated system of connection has been 

named “ GBA” (S. H. Rhee et al., 2009). GBA plays an important role in supervising and 

harmonizing intestinal functionalities alongside being interconnected with the cognitive 

and the emotional centres of the brain that regulates pivotal gut mechanisms such as 

immunoactivity, gut permeability, enteric reflexes, and the gut endocrine signalling. 

Neuro-immuno-endocrine mediators play a key role in GBA link. The interplay between 

gut and brain is carried out by the central nervous system (CNS, both brain and spinal 

cord), the autonomous nervous system (ANS), the hypothalamic pituitary adrenal axis, 

and the enteric nervous system (ENS) (Carabotti et al., 2015).   

Clinical and experimental indications imply that gut microbiota plays a central role in 

GBA interactions with ENS and intestinal cells and furthermore affects CNS through 

neuroendocrine and metabolic pathways.  

Clear evidence of GBA were discovered more than 20 years ago by observing the 

surprisingly great improvement of patients affected by hepatic encephalopathy when 

antibiotics were administered (Morgan, 1991). Meanwhile, further data suggested that 

microbiota played an important role in determining depression and anxiety, depressive 

like behaviours (J. A. Foster et al., 2013; Naseribafrouei et al., 2014) and dysbiosis in 

autism. Interestingly, autistic patients exhibit microbiota impairment in correlation with 

the severity of their condition (Mayer et al., 2014).   

Functional gastrointestinal disorders are also associated with dysbiosis and are also 

responsible of mood disorders due to impairment in GBA (Berrill et al., 2013; Simren et 

al., 2013). Investigations showed that disrupted functionality in the brain-gut 

connection is majorly responsible for irritable bowel syndrome (IBS) (Koloski et al., 

2012), while disfunction of the gut-brain communications is linked with alterations of 

the entero-endocrine and inflammation pathways, as long as causing visceral 

hypersensitivity and cellular alterations (Carabotti et al., 2015).  
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1.11.3  Metabolic syndrome, obesity and diabetes  
  

Obesity is spiking around the world and its causes have been linked to a reduced level 

of activity, reducing energy utilised, whilst the level of energy intake has been 

increasing. Furthermore, obesity is the one of the leading causes of multifactorial 

diseases, such as type 2 diabetes mellitus (T2DM).  Early studies in animal and human 

subjects linked obesity to an impaired ratio between Firmicutes and Bacteroidetes, with 

the first one having the advantage of the Bacteroidetes (Ley et al., 2005; Ley et al., 

2006). During a restricted calories diet, weight loss correlated with decreased Firmicutes 

to Bacteroidetes ratio in both low carb and low-fat diets (Ley et al., 2006). Metagenomic 

analysis uncovered murine microbiota related upregulated energy intake derived from 

non-digestible carbohydrates, promoting the concept of a key role of microbiota 

composition in obesity and T2DM (Karlsson et al., 2013; Qin et al., 2012; Turnbaugh et 

al., 2009).  

T2DM has been associated with a decrease in butyrate-producing bacteria abundance 

and increase of Lactobacillus bulgaricus (Karlsson et al., 2013; Qin et al., 2012). Among 

SCFAs, butyrate has an important role as energy substrate for gut epithelium (Donohoe 

et al., 2011; Donohoe et al., 2012).  SCFAs generating bacteria pathways were found in 

abundance, in a faecal samples taken from obese subjects metagenomic studies, which 

showed increased concentrations of SCFAs in obese and overweight human and animal 

samples, that is in line with the observation that SCFAs are products of microbial 

fermentation and represent a surplus of calorie intake (T. W. Meyer et al., 2012; Tang 

et al., 2017). Moreover, gut metagenome-based models have been able to associate 

disrupted glucose tolerance with subject’s phenotype (Karlsson et al., 2013).  SCFAs 

activate GPCRs, which are also called free fatty acid receptors (FFARs), including GPR41 

(FFAR3), GPR43 (FFAR2) and GPR109 (hydroxycarboxylic acid receptor 2 or HCA2)(M. 

Sun et al., 2017), that impact several important processes like inflammation and 

enteroendocrine regulation (Maslowski et al., 2009; Samuel et al., 2008). SCFAs also 

trigger secretion of GLP-1 by intestinal L-cells, which affects pancreatic function and 

insulin release, as well regulating appetite (Tolhurst et al., 2012).  



   60  

BAs are further group of metabolites with a deep effect on human health, as they 

simplify the intake of dietary fat and fat-soluble molecules. Also, BAs are known 

regulators of energy metabolism via the activation of nuclear receptors such as 

farnesoid X receptor (FXR) (Lefebvre et al., 2009; Thomas et al., 2008). Activation of 

intestinal FXR activates fibroblast growth factor 15 (FGF15), a suppressor of hepatic 

cholesterol 7α-hydroxylase and a key enzyme that modulates Bas size and composition 

(Jiang et al., 2015; Tang et al., 2017).  

  

1.11.4  Cardiovascular diseases 
  

Patients with CVD gut microbiome can modulate inflammation by producing 

proinflammatory molecules. In recent years, rat experiments have discovered 

mechanistic connection between the severity of the myocardial infarction and the 

intestinal flora (Lam et al., 2016; Lam et al., 2012). Broad spectrum antibiotic use 

influences the concentrations of leptin, which is associated with the size of the infarct 

in the myocardium (Lam et al., 2016; Lam et al., 2012). Moreover, animal studies have 

shown that administration of Lactobacillus plantarum may reduce infarct size and 

ameliorates MI and left ventricle functionality (Lam et al., 2012). Additional animal 

studies of myocardial infarction demonstrated how administration of Lactobacillus 

Rhamnosus GR-1 improved left ventricular hypertrophy and HF (Gan et al., 2014). These 

findings suggest a beneficial effect of probiotics (see section 1.13.2 for a comprehensive 

description of probiotics and their beneficial effects),in combination with standard 

medications, in ameliorating the impact of HF after an episode of MI (Tang et al., 2017).    

  

1.11.4.1 Hypertension  
  

Hypertension is the most common altered risk factor for CVD. Despite the fact that not 

many studies have linked gut microbiota features with hypertension in humans, some 

early studies in animal models have proven that germ-free rats present high blood 

pressure, suggesting the potential for a role of gut microbiota in modulating blood 

pressure regulation (Honour, 1982).   
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Studies have shown a direct link between gut microbiota and blood pressure control in 

animal models (Adnan et al., 2017; Y. Qi et al., 2015; T. Yang et al., 2015).  

In a study on germ-free mice in which angiotensin II, a potent vasoconstrictor agent, 

was administered, the involvement of the gut microbiota in enhancing angiotensin II-

mediated vascular dysfunction and hypertension was demonstrated (Karbach et al., 

2016). Furthermore, another study showed that patients with treatment-resistant 

hypertension showed a blood pressure-lowering effect when treated with a 

combination of antibiotics, suggesting that dysbiosis of the gut microbiota may play a 

role in the development and progression of hypertension (Y. Qi et al., 2015).  

Other studies have focused on the role of SCFAs, which have been proved to have a role 

in modulating blood pressure (Pluznick et al., 2013). As previously described, SCFAs are 

one of the main products from the intestinal microbial activity and are likely responsible 

of many effects on different aspects of host physiology, as well as an impact disease 

susceptibility (Evans et al., 2013). SCFAs seem to be able to stimulate host GPCR 

pathways that affect renin secretion and blood pressure regulation (Pluznick et al., 

2013). Communication between the gut enteric nervous system and the central nervous 

system has similarly emerged as a potential link to blood pressure (Santisteban et al., 

2017).    

Metabolites and molecules produced by gut microbiota have been proven to be 

involved in both sympathetic activation and in helping to maintain a regular influx of 

lymphocytes to intestinal tissue (Palsson et al., 1988). The combinations of these 

findings suggest that the gut microbiota could be considered as involved in the control 

of blood pressure, and that alteration of this modulation could be involved in 

hypertension. On this premise, a study was able to identify a positive connection 

between Lactobacillus probiotics and the regulation of blood pressure (Gomez-Guzman 

et al., 2015; Kawase et al., 2000). Additionally, a meta-analysis demonstrated that 

treatment with probiotics caused a significant decrease in blood pressure in patients 

(Khalesi et al., 2014; Tang et al., 2017).  
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1.12 Trimethylamine (TMA) and Trimethylamine N-Oxide (TMAO)  
  

Trimethylamine N-Oxide (TMAO) is produced from trimethylamine (TMA), when 

bacteria residing in the human gut flora metabolize choline and other choline containing 

compounds, such as betaine and L-carnitine, ingested thought the diet. Gut microbiota 

was found to be required for the conversion of these nutrients into TMA in studies 

where germ-free mice were found to not be able to produce TMA (al-Waiz et al., 1992; 

Romano et al., 2015) and that treatments with antibiotics were responsible for a 

decrease in TMA levels in standard mice (al-Waiz et al., 1992). Furthermore, germfree 

mice that were colonized with strains of bacteria showed both an increase in TMA 

production and a lower levels of serum choline (Romano et al., 2015).   

The anaerobic conversion of choline to TMA is mediated by different enzymes, and a 

key role in this is played by to cluster of genes named “Cut”, that were identified in the 

Desulfovibrio desulfuricans strain of bacteria (Craciun et al., 2012; Thibodeaux et al., 

2012). In this cluster, of particular importance are CutC and CutD, genes encoding for 

TMA-lyase and its activating protein, respectively. These choline-TMA lyases belong to 

a large family of proteins that are able to attack the carbon-nitrogen bond in choline 

using a radical species generated from a conserved glycine residue, in order to produce 

TMA and acetaldehyde (Craciun et al., 2012). Experiments involved in the deletion of 

CutC gene in Desulfovibrio alaskensis and heterologous expression of the CutC and CutD 

genes in Escherichia coli were used to prove that these genes are fundamental for the 

conversion of choline into TMA (Craciun & Balskus, 2012). Another microbial pathway 

important for the production of TMA, is the hydroxylation of L-carnitine from the strains 

of bacteria belonging to Acinetobacter and Serratia, that reside in the human colon and 

produce malic semialdehyde as a by-product of the conversion (Falony et al., 2015). In 

this pathway, the genes CntA, encoding for a carnitine oxidase and CntB, encoding for a 

carnitine reductase, are responsible for the conversion of L-carnitine into TMA, as 

evidenced by experiments performed with knockout and heterologous expression 

animals (Y. Zhu et al., 2014). Carnitine can also be converted into TMA in another 

pathway, which produces γ-butyrobetaine in the ileum, with subsequent conversion of 

γ-butyrobetaine to TMA in the cecum and colon (Koeth et al., 2014). Genes involved in 
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this conversion are a pair of genes called YeaW/YeaX that encode of oxygenase and 

oxidoreductase capable of having γ-butyrobetaine, L-carnitine, choline, and betaineas 

substrate (Zeisel et al., 2017).  Many other strains of bacteria are able to produce 

homologs of CntA/CntB and YeaW/YeaX gene pairs, such as  

Gammaproteobacteria like Klebsiella pneumoniae, E. coli, Citrobacter, Providencia, and  

Shigella, Betaproteobacteria like Achromobacter, Firmicutes like Sporosarcina, and  

Actinobacteria while Bacteroidetes seem to not be able to produce anything similar 

(Flanagan et al., 2010).  

After TMA is generated, it can be either be subjected to further microbial metabolism, 

it can be removed from the gut by simply be excreted though faeces or can re-absorbed 

into the systemic circulation. A large part of TMA is absorbed into the hepatic portal 

circulation by passive diffusion across the enterocyte membranes, and it gets converted 

into TMAO by flavin monooxygenase (FMOs), in particular FMO1 and FMO3 (Bennett et 

al., 2013). Roughly 95% of TMA is oxidized into TMAO (A. Q. Zhang et al., 1995) and, 

physiologically, plasma TMAO levels are roughly 10- to 20-fold higher than TMA (Seldin 

et al., 2016). FMO3 has a much higher specific activity, especially in the liver and it 

catalyses the NADPH-dependant oxygenation of TMA (Bennett et al., 2013). Alongside 

the oxygenation of TMA, FMO3 is capable utilising other molecules as substrates, 

including drugs such as cimetidine, chlorpromazine, ketoconazole, morphine, 

propranolol, ranitidine, sulindac, tamoxifen and tyramine (Mafune et al., 2016). TMA is 

a volatile gas and has a strong fish-like odour, while TMAO presents itself as a less 

volatile solid. In decomposing fish, TMAO is rapidly re-converted into TMA thanks to the 

bacterial activity, giving it its characteristic smell. Mutation in genes encoding for FMO3 

in humans, result in the inability to properly oxidise TMA and its accumulation, leading 

to excretion of TMA in sweat and breath, in a condition referred to as trimethylaminuria. 

Patients affected by trimethylaminuria experience episodes of fishlike body odour, due 

to the excretion of TMA (Mackay et al., 2011). Expression of FMO3 can be modulated 

by different factors. In particular, oestrogen can induce the expression of FMO3, while 

testosterone suppresses its expression. As a consequence, activity of FMO3 is higher in 

female than in male, but while this effect is particularly marked in studies where mice 

where used, humans don’t have the same large difference (Bennett et al., 2013). As 
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evidenced by Obeid et al. (2016), women reportedly generate less TMAO than men, and 

while it is not possible to conclude what other factors may contribute to the different 

plasma levels of TMAO in the different genders, it is very likely that further studies on 

the distributions and expression of FMOs will be required. Although FMO3 and FMO1 

genes are important in the production of TMAO, a very large study based on analysis of 

genome association did not find any significant association between genetic profile and 

circulating levels of TMAO, and justified  variability in TMAO levels as the after-effect of 

different dietary factors and variability in the gut microbiome (Hartiala et al., 2014). 



 

  

   
Figure 1.14. Chemical structure and biosynthesis of TMAO. Gut microbiota cleave some trimethylamine containing compounds to produce trimethylamine (TMA), 

which can be further oxidized as trimethylamine N-oxide (TMAO) in the host liver by flavin monooxygenase (FMOs). The pathway for the production of TMAO 
includes four enzymes involved in production of TMA, choline-TMA lyase (cutC/D), carnitine monooxygenase (cntA/B), betaine reductase, and TMAO reductase. 

Furthermore, yeaW/X. Besides carnitine, yeaW/X can also use choline, γ-butyrobetaine and betaine as substrates to produce TMAO. Image modified from Z. Wang et 
al. (2018).











 

The majority of studies measures TMAO levels in urine and plasma samples, although 

there are other studies that uses serum as a mean to compare TMAO levels. Mainly, 

TMAO is measured with LC-MS but it can be measured with other, more sophisticated 

version of LC-MS such as stable isotope dilution high performance liquid 

chromatography with electrospray ionization tandem mass spectrometry (DIS-HPLC-

MS/MS), proton nuclear magnetic resonance spectrometry (1H-NMR), headspace gas 

chromatography (GC) and matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry (MALDI-TOF-MS). Another, less common, technique is Fast Atom 

Bombardment- mass spectrometry (FAB-SM) (Janeiro et al., 2018).   

  

Plasma levels of TMAO show a very large inter- and intra-individual variations and these 

variations can be influenced by several factors (Velasquez et al., 2016). In a recent study 

by Gessner et al. (2020), plasma levels of TMAO in healthy patients ranged between 

1.28–19.67 μmol/L for men and for women as 1.08–17.12 μmol/L. A first factor of 

variability is age. Studies have shown that plasma levels of TMAO increase with age, in 

both humans and rats (T. Li et al., 2017; Z. Wang, B. S. Levison, et al., 2014). Another 

important factor is diet. For example, a diet rich in vegetable can reduce FMO3 

expression and, consequently, TMAO levels. In addition, vegetarians have a totally 

different composition of gut microbiota in comparison to omnivorous people and their 

production of TMA from L-carnitine is less (Koeth et al., 2013).   

In contrast, high fat diets and wester-like diets increase plasma levels of TMAO (M. 

Wang et al., 2013). The amount of protein in the diet seems to have a positive 

correlation with TMAO excreted in urine (Rasmussen et al., 2012). Additionally, some 

studies suggest that a diet high in non-digestible carbohydrates can reduce production 

of TMAO by alteration and modulation of gut microbiota (C. Zhang et al., 2015), while 

other studies reports the opposite effect, suggesting that a diet high in non-digestible 

starch increases plasma TMAO levels in the short term (Bergeron et al., 2016). Finally, 

renal clearance may play a critical role in plasma TMAO levels. Other studies revealed 

that TMAO is augmented in renal insufficiency, but concentrations normalize following 

renal transplantation (Stubbs et al., 2016). However, there are also some studies 

suggesting that TMAO can contribute to the development of renal insufficiency (Janeiro 

et al., 2018; Tang et al., 2015).  
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1.12.1  Dietary sources of TMAO  
  

As previously mentioned, TMAO and TMA can be introduced into the human body 

through the diet both as precursors and as final product. High concentrations of TMAO 

and TMA are found in fish and other seafoods. Comparatively, deep-sea fish like cod, 

haddock, halibut, herring and skate, contain higher concentrations of TMAO compared 

to freshwater fish (Bain et al., 2005) and are also higher than concentrations found in 

red meat and eggs, with 100g of cod containing roughly 300mg of TMAO while 100g of 

beef contains less than 1mg of TMAO (Cho et al., 2017). TMA is also contained in fish oil 

and in dietary supplements containing choline and choline-like compounds that have 

degraded during preparation or storage due to activity of bacteria (Zeisel et al., 1983). 

While fish have a high content of TMAO and TMA naturally, the biggest sources of 

carnitine and other precursors of TMAO remain animal products. It is important to note 

that only the stereoisomer L-carnitine is found in dietary sources. Meat, poultry, eggs 

and milk are the highest sources of carnitine, while plants contain little to none 

(Flanagan et al., 2010), with 100g of beef containing 39mg of carnitine, 100g of eggs 

containing less that 1mg of carnitine,   

100g of cod containing 4mg of carnitine and 100g of asparagus containing 0.2mg of 

carnitine (Cho et al., 2017). While carnitine is found in these foods, it can also be 

synthesized endogenously from lysine and methionine (Koeth et al., 2013), mainly in 

tissues like brain, liver and kidney (Flanagan et al., 2010).   

Apart from carnitine, TMA can be generated from dietary choline and other choline 

containing compounds, through bacterial activity. Foods that present high content of 

choline are, once again, animal products like eggs and liver but lower contents of choline 

and other choline-like compounds can be found in the majority of the foods we eat 

(Zeisel et al., 2003). Choline can be found both in its pure form but can also be ingested 

as esters of choline and both forms are absorbed in different ways in the intestine (Zeisel 

et al., 2003).  

Lastly, TMA is also generated by bacterial activity from betaine (Z. Wang et al., 2014). 

Foods that present high content in betaine are mainly vegetables, particularly grains, 

spinach and beets that grow in highly osmotic environments (Zeisel et al., 2003),  



 

because these plants use betaine as an osmolyte in their roots to help with hydrolytic 

retention (Craig, 2004). A database from the US Department of Agriculture evaluated 

foods based on betaine content and found that 100g of spinach contains 577mg of 

betaine, 100g of cod or beef contain 7mg of betaine and 100g of eggs contain less than 

1mg of betaine. 



 

  

   
Figure 1.15. Dietary sources and biosynthesis of TMAO. Trimethylamine (TMA) is produced in the intestinal lumen when gut microbiota cleaves carnitine and other 

compounds from the diet. Dietary seafood contains large amounts of both TMA and TMAO. TMA can also be generated by gut microbiota in the bile or can be 
absorbed from the intestine. TMA is then re-absorbed from the intestine into the liver where flavin-dependent monooxygenase (FMO) isoforms 1 and 3 oxidize it to 

TMAO. TMAO is principally excreted by the kidney into urine while TMA is excreted also in faeces, breath and in sweat. Image modified from Zeisel and Warrier 
(2017).
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1.12.2  Relationship between TMAO and CVD  

  

Plasma and serum circulating levels of TMAO have been found to be associated with 

different CVD and are also linked to prediction of incident risk for adverse cardiovascular 

events, like myocardial infarction, stroke and eventually even death, when used in 

conjunction with other traditional cardiac risk factors and evaluation of renal function 

(Tang et al., 2013; Z. Wang et al., 2011). Alongside TMAO, plasma levels of choline, 

betaine and carnitine have also been used as predictors of adverse cardiac events and 

have been linked with increased CVD risk, but their relevance and predictive value 

seems to be almost totally dependent on the serum levels of TMAO (Koeth et al., 2013; 

Z. Wang, W. H. Tang, et al., 2014).   

The link between TMAO and CVD has been investigated in different cohorts and in 

numerous studies (Schuett et al., 2017; Troseid et al., 2015) and it can be summarized 

in these key points that will be expanded upon in the following sections:  

• TMAO is able to increase aortic lesion formation in Apolipoprotein E knockout 

(ApoE-null) mice, a standard model of spontaneous atherosclerosis, fed a diet 

supplemented with TMAO (Z. Wang et al., 2011).   

• TMAO has been shown to have effects on thrombosis by increasing its risk  via  

enhancement of platelet hyperreactivity (W. Zhu et al., 2016) confirmed by the 

fact that oral choline supplementation increased fasting TMAO levels and 

platelet aggregation (W. Zhu et al., 2017). The effect of TMAO on platelet 

aggregation were found to be mediated by increase in calcium release from the 

endoplasmic reticulum (W. Zhu et al., 2016).   

• Peritoneal macrophages of mice fed with a TMAO-supplemented diet showed 

an increase in the expression level of receptors involved in atherosclerosis, an 

increase of cholesterol levels and enhanced foam cells formation (Z. Wang et al., 

2011)  

TMAO levels are not only linked to CVD but have also been found to be connected with 

renal insufficiency and mortality risk in patients with CKD, T2DM, insulin resistance, non-

alcoholic fatty liver disease (NAFLD) and colorectal cancer (Kummen et al., 2017; Tang 

et al., 2015). These studies suggest that circulating TMAO levels can be used as a target 
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to manage TMAO related diseases intervention. In particular, by targeting the bacterial 

pathways that lead to the production of TMAO can be obtained through different 

routes: inhibition of cleavage by the gut bacteria of TMA containing compounds using 

specific enzymatic inhibitors, controlling the intake of TMAO precursors through 

regulation of diet or by inhibition of the oxidation of TMA into TMAO (Z. Wang & Zhao, 

2018).  

  

Despite these strong data that imply a direct link between TMAO and atherosclerosis, 

there are also plenty of inconsistencies. Clinical and epidemiological data by themselves 

are not enough to prove a causative link between TMAO and CVD. While several studies 

in mouse models and cell culture provide important evidence that there could be a 

causal relationship between TMAO and CVD, randomized intervention trials with TMAO 

are yet to be published, and there is an increasing body of literature suggesting that 

TMAO could be having little to none disruptive effect on the cardiovascular system 

(Zeisel & Warrier, 2017).  

 

1.12.2.1 Role of TMAO as a biomarker in CVD  
  

The link between TMAO levels and incidence of adverse cardiac events has been shown 

in several and numerous cohorts (Senthong, Wang, et al., 2016; Tang & Hazen, 2014; 

Tang et al., 2015; Tang et al., 2013; Z. Wang et al., 2011).   

The first study suggesting a correlation was conducted in 2011, when a cohort of 1,800 

stable cardiac patients undergoing coronary angiography showed the presence of high 

circulating TMAO levels and of other metabolites belonging to the same pathway of 

production of TMAO (choline, betaine and L-carnitine). It was suggested that these high 

levels were positively correlated with a prevalence of CVD and increase risk of adverse 

cardiovascular events (Z. Wang et al., 2011). Out of these compounds, TMAO was the 

one to show the strongest positive correlation, when the sizes of atherosclerotic 

plaques were compared (Z. Wang et al., 2011). Following this study, in another cohort 

of 4,000 patients undergoing elective coronary angiography, it was shown that elevated 

TMAO levels were linked to an increase in the incidence of adverse cardiac events, 
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myocardial infarction, stroke and even death, this time in a follow-up period of 3 years 

(Tang et al., 2013). In particular, patients with the highest levels of TMAO of the cohort 

were much more likely to be re-hospitalized due to severe cardiac events compared to 

patients with lower circulating levels of TMAO (Tang et al., 2013). The ability to predict 

the incidence of adverse cardiac event, in this study, was independent from any other 

traditional cardiac risk factors, lipids, C-reactive protein (an inflammatory marker used 

for prognostic purpose) and renal function. In addition, high circulating levels of TMAO 

were found to be more reliable in predicting the incidence of adverse cardiac events 

than other traditional markers, like low-density lipoprotein (LDL) cholesterol (Tang et 

al., 2013).    

From these initial studies, additional evidence further suggests the existence of a 

correlation between high TMAO levels and CVD risks (Senthong, Wang, et al., 2016; Tang 

et al., 2015; Tang et al., 2013).  A cross-sectional study of 227 patients undergoing 

cardiovascular surgery for coronary artery disease, valvular heart disease or aortic 

disease found that patients with the highest concentrations of plasma levels of TMAO 

were linked to an increased number of coronary infarctions compared to patients with 

lower concentrations of circulating TMAO (Mafune et al., 2016). Plasma concentrations 

of TMAO were also linked with long-term mortality risk in patients suffering from HF, 

advanced left-ventricular diastolic dysfunction and atherosclerotic development in 

patients suffering from atherosclerotic coronary artery disease (Senthong, Li, et al., 

2016; Senthong, Wang, et al., 2016; Tang et al., 2015; Tang et al., 2013; Z. Wang, W. H.  

Tang, et al., 2014).  

Lastly, high circulating TMAO levels were also associated with the presence of 

vulnerable coronary plaque, plaque rupture, and long-term risks of incident 

cardiovascular events in patients with acute coronary syndrome (Q. Fu et al., 2016; X. S. 

Li et al., 2017; Tang et al., 2017).  

Overall, these findings indicate that increased levels and accumulation of TMAO has 

detrimental effects on CVD. It has been suggested that the introduction of TMAO 

measurements in routine clinical evaluation would be beneficial and these evaluations 

would benefit from increased accessibility of mass spectrometry within the clinical 
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laboratory, because of TMAO’s potential as promising clinical biomarker (Heaney, 

2020).  

  
1.12.2.2 TMAO and atherosclerosis  

  

Several human studies have supported the hypothesis that there is a strong correlation 

between high plasma levels of TMAO and the development of atherosclerotic plaque 

formation (J. M. Brown et al., 2015; Tang & Hazen, 2014).   

A first study that focused on the link between TMAO and atherosclerotic plaque 

formation showed that germ-free mice or mice treated with short-term injection of 

antibiotics and fed with a TMAO or TMAO precursors-supplemented diet had an 

enhanced risk of developing atherosclerosis (Z. Wang et al., 2011).  In particular, in this 

study, ApoE−/− C57BL/6J mice fed with a choline-rich diets and intact gut microbiota, 

and that showed high plasma levels of TMAO, were particularly prone to macrophage 

foam cell formation and enhanced aortic atherosclerotic plaques compared to the 

germ-free mice or the mice treated with short-term antibiotic for suppression of gut 

microbiota, in which production of TMAO was inhibited, and showed that the 

atherosclerotic burden was lessened (Z. Wang et al., 2011).  

  

These effects were not unique to choline or phosphatidylcholine but have similarly been 

observed with other dietary nutrients that can generate TMAO downstream, including 

L-carnitine and γ- butyrobetaine (Koeth et al., 2014; Koeth et al., 2013).   

A further study concluded that chronic choline supplementation of atherosclerosis 

prone low-density lipoprotein receptor (LDLR−/−) mice, leading to increased plasma 

levels of TMAO, resulted in an increase in the expression of inflammatory genes in 

vascular cells (Herlaar et al., 1999). In particular, these animals presented an increase in 

the expression of cytokines and adhesion molecules in the aorta and acute 

intraperitoneal administration of TMAO only reaffirmed these findings (Herlaar & 

Brown, 1999). Furthermore, when mice were fed a chemically defined diet 

supplemented with either 0.12% TMAO or 1% choline, platelet aggregation induced by 

adenosine diphosphate stimulation was significantly increased, potentially contributing 

to the worsening condition and development of atherosclerosis (W. Zhu et al., 2016).  
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Finally, while the evidence suggesting a causative relationship between TMAO and 

atherosclerosis is convincing, it is also important to remember the differences in 

atherogenesis between mice and humans. Humans carry about 75% of their plasma 

cholesterol in LDL particles, whereas mice carry most of their cholesterol in high-density 

lipoprotein (HDL) particles, thus possessing different pathways that lead to the 

formation of atherosclerotic plaques (Jawien et al., 2004). From this prospective, it 

would be reasonable to infer that TMAO may be affecting atherogenesis in mouse 

model in a different way to that in humans.  

  

 1.12.2.3  TMAO and heart failure  
  

In addition to the previously described link between TMAO and atherosclerotic plaque 

formation, evidence of a correlation between high levels of TMAO and HF development 

and poor prognosis in these patients have emerged (Tang, Wang, et al., 2014; Tang et 

al., 2013; Z. Wang et al., 2011; Z. Wang, W. H. Tang, et al., 2014).  

In particular, circulating TMAO levels were observed to be higher in patients affected by 

HF compared with healthy subjects of the same age and gender (Tang, Wang, et al., 

2014). Additionally, high plasma levels of TMAO were found to be predictive of adverse 

events and worsening of the condition associated with HF, in a cohort of stable patients 

with HF with other risk factors, such as cardio-renal syndrome and systemic 

inflammation (Tang, Wang, et al., 2014). The link between high plasma levels of TMAO 

and HF progression is yet to be well-defined, and numerous studies have debated 

whether the nature of this relationship is purely correlation or if a causative component 

is present. More recent animal studies point to a connection between TMAO and HF of 

a more causative nature, by demonstrating that TMAO directly contributes to the 

development of adverse ventricular remodelling, which in turn could be a key 

component in the development of HF (Organ et al., 2016). In particular, Organ et al. 

(2016) used a trans-aortic constriction model of HF and mice fed with a high choline diet 

to prove that these animals not only showed higher TMAO levels, but were also affected 

by a much faster adverse ventricular remodelling, presenting a much bigger chamber 

dilation, thinning of the walls and a reduced shortening fraction compared to animals 
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that were fed a normal choline-level diet. Other parameters that were altered by the 

high choline-level diet was the significant increase in fibrosis and infiltration of foam 

cells (Tang et al., 2015).   

It is not clear yet whether modulation of the gut microbiota pathway connected with 

TMAO, by inhibition of TMA production through suppression of the strains of bacteria, 

can help in lessening the detrimental effects of TMAO on HF development or if reduction 

of TMAO plasma levels in patients with HF can help in improving long term outcomes 

(Tang et al., 2017).  

  

1.12.3 TMAO and chronic kidney disease  

  

Cardiovascular and kidney disease are very closely correlated, and patients who suffer 

from what is commonly referred to as “cardio-renal” syndrome are usually associated 

with poor clinical outcomes (Ronco et al., 2008). Patients who suffer from CKD have a 

higher mortality-risk when it comes to complications from CVD (Gansevoort et al., 

2013).  There is evidence that non-traditional risk factors, like inflammation, oxidative 

stress and endothelial dysfunction play an important role into explaining this correlation 

(Schnabel et al., 2007).   

A well-established fact, is that CKD patients have a rather largely altered gut microbiome 

composition, causing them to have a high influx of circulating urea and uremic toxins 

into the gut lumen (Vaziri et al., 2013; Wong et al., 2014). Urea gets normally hydrolysed 

by microbial ureases into the intestinal tract, resulting in a release of large quantities of 

ammonia, then converted into ammonium hydroxide. Both ammonia and ammonium 

hydroxide are capable of disrupting the intestinal epithelial tight junctions (Vaziri et al., 

2013). It is hypothesized that the detrimental effect of ammonia is responsible for 

intestinal epithelial barrier dysfunction in CKD and that this, ultimately, is responsible 

for a systemic inflammation caused by bacterial DNA and uremic toxins released into 

systemic circulation (Szeto et al., 2008). As a confirmation of this altered status, DNA of 

gut microbiota was found in the plasma of CKD patients on chronic haemodialysis (Shi 

et al., 2014).  
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Another important factor is that TMAO has been found to accumulate in the plasma of 

patients with CKD and that high plasma levels of TMAO were associated with a 

progressive loss of kidney function and a higher degree of mortality (Tang et al., 2015; 

Tang et al., 2013). In the Framingham Heart Study, TMAO was one of the few 

metabolites that was able to be used as a biomarker for prediction of developments of 

CKD, when analysed in the plasma of healthy subjects (E. P. Rhee et al., 2013). 

Furthermore, Tang et al. (2015) highlighted how renal fibrosis and renal function were 

worsened by choline rich diet supplementation.   

While TMAO concentrations are, indeed, reportedly higher in patients with CKD, it is not 

sufficient to state that TMAO has any role into causing or worsening CKD. Since renal 

clearance plays such an important role into determining plasma levels of TMAO, normal 

function of kidneys is essential into the link between TMAO and CKD, even if TMAO does 

not directly causes damage to the kidneys (Zeisel & Warrier, 2017).  

  

1.12.4 Evidence of a protective effect of TMAO  

  

Due to its chemical characteristics, such as the very small size and the combination of 

hydrophilic and hydrophobic features, TMAO has the ability to act as a chaotropic agent, 

meaning that it can alter the conformation of proteins and serve as a potential allosteric 

modulator to these (Schneck et al., 2013). In organisms that normally produce TMAO, 

(as opposed to having the molecule introduced in the system through the diet like it 

happens in the human body) such as aquatic animals and deep-sea fish, TMAO performs 

key physiological functions. Amongst these is the ability of TMAO to act as an osmolyte 

and to protect against protein destabilization caused by pressure (Kelly et al., 1999; 

Yancey et al., 2004). TMAO is largely used by these types of fish as an osmoregulatory 

and plasma levels of TMAO increase in fish with depth of sea levels (Yancey et al., 2014).  

Stabilization of proteins by TMAO has been shown to work not only in preventing the 

unfolding and loss of conformational and structural changes, like changes that usually 

occur during regulation of allosteric processes, but also to modulate intracellular 

molecular crowding (A. L. Miller et al., 2017; Yancey et al., 2004; Yancey et al., 1999).   
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Considering this, it isn’t surprising that stabilization of proteins has been proposed as a 

potential mechanism in the protection of cardiomyocytes from hydrostatic pressure 

fluctuations during HF (Gawrys-Kopczynska et al., 2020). As such, several studies have 

tried to investigate this effect and have found controversial evidence that seem to 

contrast with previously mentioned studies. In particular, in studies where TMAO, or its 

metabolic precursors, were given in lower doses than the ones used in previous studies, 

TMAO was found to have a protective effect on cholesterol levels, atherosclerosis and 

hypertension (Collins et al., 2016; Huc et al., 2018; Martin et al., 2009; Zhao et al., 2019). 

Mice with a diet supplemented with 352 mg/kg L-carnitine, the equivalent to 2000 mg 

per day in humans, did not show signs of atherosclerotic plaques formation, despite the 

fact that plasma levels of TMAO were significantly higher compared to baseline (Collins 

et al., 2016). Furthermore, comparable results were also obtained with a modest 

supplementation of TMAO, roughly 6.7 mg TMAO/kg. In this case, despite plasma levels 

of TMAO where increased by four- to five-fold, TMAO was found to actually reduce 

diastolic dysfunction and help resolve pressure-overload in hearts of hypertensive rats 

(Huc et al., 2018). Finally, detrimental effects on atherosclerosis or inflammation could 

not be observed in any of the studies by Aldana-Hernandez (2019) and Lindskog Jonsson 

et al. (2018), even when levels of TMAO supplemented were higher.   

  

1.13 Modulation of the gut microbiome as therapeutic target  

  

Numerous studies have demonstrated the role of the human gut microbiome in the 

development of different diseases, as well as demonstrating the interaction between 

alterations of the human gut microbiome and their impact on diseases. Thus, 

manipulation of the human gut microbiome aims to treat these disorders by using 

different tools, such as diet, probiotics, prebiotics and faecal microbiota transplantation 

(FMT) (McCarville et al., 2016).  

Studies suggest that some already existing drugs, like metformin, may exert their affect, 

at least partially, by modulating the human gut microbiome (H. Wu et al., 2017; X. Zhang 

et al., 2015).  
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As medicine is increasingly pursuing more precise disease treatment and health 

management, by producing drugs that are tailored to different populations and needs, 

it is essential that the human gut microbiome is considered into future therapeutic 

strategies (Kuntz et al., 2017; X. Zhang et al., 2019)  

  

1.13.1 Dietary intervention   

  

Several studies have shown a direct correlation between diet and the composition of 

the human gut microbiota and, in particular, the effects of diet in the production of 

microbial metabolites (David et al., 2014; G. D. Wu et al., 2011).   

Alteration of the human gut microbiome caused by diet can play a role in the 

pathogenesis and development of IBS, obesity, T2DM, insulin resistance and NAFLD 

(Cani et al., 2016; Lee et al., 2015; Thorburn et al., 2014).  Despite this, it not yet defined 

what an hypothetically ideal diet capable of promoting a healthy microbiome would be 

(McCarville et al., 2016). Dietary components such as fructo-oligosaccharides, galacto-

oligosaccharides, soya-oligosaccharides, xylo-oligosaccharides, and pyrodextrins can 

cause an increase in the variability of the human gut microbiome (Bindels, Delzenne, et 

al., 2015; Gibson et al., 1995). Nondigestible foods are fermented by bacteria producing 

important metabolites in gut homeostasis such as SCFAs, ω-3 fatty acids or tryptophan 

derivate metabolites (Furusawa et al., 2013; Thorburn et al., 2014).   

Diets rich in red meat and fat, in particular polyunsaturated fatty acids, can cause 

changes in the microbiota composition and may be involved in the pathogenesis of 

metabolic disorders, inflammatory bowel disease (IBD)  or cancer (Daniel et al., 2014; 

Lee et al., 2015). Bacteria can metabolize meat proteins and produce nitrosamines, 

molecules related to carcinogenesis (Hughes et al., 2001; Paul et al., 2015). In addition, 

diets rich in red meat are the most responsible for the production of TMAO, as discussed 

in section 1.12.  

Diet can also mediate positive effects on the pathogenesis of diseases. Cruciferous 

vegetables like cabbage, broccoli, kale, and cauliflower are rich sources of fibres, lutein, 

flavonoids, phytosterols, folic acid, and vitamin C, that are considered helpful in 

reducing the risk of cancer (Paul et al., 2015). Studies suggest a lower risk of IBD among 
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people with diets rich in fibre, fruits and vegetables. In particular, the Mediterranean 

diet has been considered as beneficial in terms of regulating the human gut microbiome 

and its production of metabolites (De Filippis et al., 2016). Finally, some dietary 

components have been shown to help regulate mucosal immune functions, such as 

vitamins, amino acids, and SCFAs (Brestoff et al., 2013).   

  

1.13.2 Prebiotics and probiotics  

  

The term prebiotics is normally used to refer to selectively fermented nondigestible 

food ingredients or substances able to promote the growth and activity of health 

promoting bacteria that colonize the gut (Bindels, Walter, et al., 2015). Deficiencies in 

bacterial flora may lead to IBD and interfere with host metabolic markers like rising body 

fat mass, inflammatory events and insulin resistance (Hansen et al., 2010; Le Chatelier 

et al., 2013). A fermented food ingredient needs to meet specific criteria to be 

considered as a prebiotic: it needs to be resistant to digestive enzyme hydrolysis and 

the acidity of the gastric secretions; it needs to be assimilated in the upper 

gastrointestinal portion and fermented by the gut bacterial flora; it needs to be able to 

stimulate advantageous bacterial processes (Cammarota et al., 2014).  

In contrast, probiotics are actually live microorganisms which, when administered in 

sufficient quantity, provide a health benefit to the host. Several different strains of 

bacteria are commercially available to be used as probiotics, despite many of them 

lacking clinical evidence to back and support their relevance and importance in helping 

to alleviate and treat specific disease. It is hypothesized that probiotics are able to help 

with immunomodulation, restoration of barrier function, modulation of metabolic 

parameters, and modification of intestinal microbiota (Rijkers et al., 2011; Wolvers et 

al., 2010). Recommendations on probiotic bacteria assert that they should be preferably 

isolated from the human intestine, their safe use validated, stable genetically and able 

to cross through the gastrointestinal tract (McCarville et al., 2016)  
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1.13.3 Faecal microbiota transplantation 

  

FMT, also referred to as ‘‘faecal infusion’’ or ‘‘faecal bacteriotherapy’’, is the 

introduction of liquid filtrate derived from stools of healthy donors into the into the 

gastrointestinal tract of a patient, done in order to treat of specific diseases (Cammarota 

et al., 2014).  

Since numerous recent studies have highlighted how important is the role of gut 

microbiota in the pathophysiology on the human body, treatment with FMT has been 

given increasing attention, switching from being simply considered a mere treatment to 

a true organ transplantation (O'Hara & Shanahan, 2006). This particular approach and 

attention has led FMT to being used in the treatment of several diseases associated with 

the disruption of gut microbiota, such as IBD (Vrieze et al., 2012), metabolic syndrome 

(Anderson et al., 2012), obesity, infections caused by Clostridium difficilis, Chron’s 

disease and ulcerative colitis.   

FMT has been proven to be more effective than probiotics in the restoration of altered 

gut microbiota, since a single faecal infusion is able to overcome one of the biggest 

limitations of the use of probiotics, which is quantity. Oral probiotic doses are usually 

more than 3-fold lower than the 100 trillion native micro-organisms existing in the large 

bowel. In addition, the administration of faecal flora alters the host gut bacteria almost 

permanently (Grehan et al., 2010), while probiotics are only able to colonize the gut 

lumen for a short-time period (Tannock et al., 2000).  

  

1.14 Aims & Hypothesis  

  

The primary aim of this study is to investigate whether TMAO is able to modulate cardiac 

function. By using isolated cardiomyocytes through to the intact myocardium, this study 

will be able to investigate the concentration-dependence of any TMAO-induced changes 

in cardiac function.   

  

The primary model will be the Wistar rat isolated ventricular myocyte. In this, I will use 

the isolated cells, or the intact whole heart in coronary ligation measurements, to test 
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whether TMAO has a causative effect on functional dysregulation in the 

cardiomyocytes.  Using patch clamp electrophysiological recording, fluorescence 

imaging, contractile function measurements and biochemical techniques for 

investigating metabolic function, a phenotypic and metabolic profile of the effects of 

TMAO on cardiomyocytes will be established.   

  

It has been hypothesised that TMAO plays an important role in the progression of 

cardiovascular disease. In this study, the mechanisms of TMAO-induced dysregulation 

will be investigated.   

  

Hypotheses:   

1) TMAO will alter calcium regulation in the cardiac ventricular myocyte  

2) TMAO will disrupt the mitochondrial fatty acid shuttle system and intermediary 

pathways in glycolytic metabolism  

These hypotheses will be investigated in the following sections:  

1) What is the acute effects of TMAO on the function of cardiomyocytes?   

In this section of work, cardiac cells will be stimulated with acute treatments with TMAO 

to assess the short-term effects of the compound on contractile function. The 

modulation of ionic currents and calcium homoeostasis will initially be investigated. 

Given the close link between calcium homeostasis and the ischaemic damage that can 

be suffered during an infarction, cellular and whole heart models of ischaemia and 

reperfusion will be used.    

2) What are the effects of up to 24h of culture with TMAO on cardiomyocyte 

function?  

Freshly isolated cardiomyocytes can be cultured, short-term, in serum-free media 

without changing their morphology or proliferative status. Cardiomyocytes will be 

cultured for up to 24h with TMAO to investigate the effects of longer-term culture on 

functional behaviour of the cardiomyocytes.   
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3) What is the effect of TMAO on the cellular metabolism?  

Using Seahorse respirometry, the effects of TMAO on metabolism, focusing on the 

impairment of mitochondrial metabolism in the heart and the possibility of TMAO being 

an important player that increases the severity of cardiovascular events or that 

enhances the progression of cardiovascular diseases by modulating bioenergetic 

pathways inside the cell will be investigated:  

  

• As heart function is highly dependent on energy derived from ATP that is 

generated during oxidative phosphorylation in mitochondria, the altered cardiac 

energy metabolism and mitochondrial dysfunction play crucial roles in the 

development of cardiovascular diseases.   

• Preliminary data suggests that TMAO is enhancing cardiac dysfunction in a 

concentration-dependent manner. This will be investigated to identify what 

mechanism are involved in this dysregulation. There are three potential points 

of modulation by TMAO that will be initially investigated:  

o Mitochondrial dysfunction: reducing ATP synthesis and reduced Ca2+ 

buffering capacity  

o Increased RyR activity do increasing intracellular Ca2+ release  

o Modulation of sarcolemmal ion currents to increase Ca2+ influx during 

the action potential therefore increasing CICR and intracellular Ca2+  

4) What is the effect of TMAO on pre-altered cellular metabolism?  

To further investigate the potentially deleterious effects of TMAO on cardiomyocyte 

function and normal mitochondrial function, changes in the culture conditions and 

cotreatment of cardiac cells with different concentrations of TMAO and known 

modulators of cardiac function and energetic metabolism of the cells:  

  

• Cardiac cells will be pre/co-exposed to environmental conditions that alter the 

normal mitochondrial function, like the culture in galactose-supplemented 

media, that push the cells to a metabolic shift that caused the cells to produce 
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ATP exclusively through OXPHOS. It is hypothesised that replacing glucose with 

galactose in the culture media of cardiac cells would increase their reliance on 

mitochondrial OXPHOS, thereby making them more sensitive to mitochondrial 

toxicants.  

• Cardiac cells will be pre/co-exposed to short-time exposure to high glucose, that 

was shown to alter mitochondrial function. It is hypothesised that short-time 

exposure to high glucose would cause disruption of mitochondrial function 

implicated in the mechanism of damage to the myocardium, caused by overload 

of [Ca2+]i and low levels of ATP.   
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Chapter 2  

  

  

  

  

Materials & Methods  
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2 Materials and Methods  
  

2.1 Introduction  

  

The method section of this thesis can be divided into two different research topics: 

analysis of cardiomyocytes functionality and analysis of mitochondrial disruption. In the 

first section, experiments were designed with the intention of analysing the effects of 

TMAO on normal cardiac function, focusing on contractility of the cells and their 

electrical activity. In particular, the electrical activity of the cells and the currents 

underlying the cardiac action potential. This was investigated using electrophysiology 

techniques.  

In the second section, experiments were designed with the intention of analysing the 

effects of TMAO on mitochondrial function. Evaluations of possible mitochondrial 

dysfunction was carried out through analysis of ATP production in different conditions, 

assessment of oxygen consumption rate and acidification rate of the cells and broad 

investigation of the sources of energy utilised during cellular respiration.  

  

2.2 Solutions  

  

The perfusion solutions described in this section were used all throughout the first 

experimental section (Table 2.1). Specifically, different variations of Normal Tyrode’s 

(NT) solution were used to carry out isolation of ventricular cardiomyocytes, contractile 

function experiments, electrophysiological evaluation and fluorescent imaging.  
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 Normal  Ca2+ free  Substrate-free  
Substrate-free  

 Chemicals  Tyrode’s  Tyrode’s  Metabolic Inhibition  
Tyrode’s (mM)  

 (mM)  (mM)  Tyrode’s (mM)  
KCl  5  5  5  5  

NaCl  135  135  140  140  

NaH2PO4  0.33  0.33  0.33  0.33  

Na Pyruvate  5  5  --  --  

HEPES  10  10  10  10  

Mannitol  15  15  --  --  

Glucose  5  5  --  --  

Sucrose  --  --  20  20  

CaCl2  2  --  2  2  

MgCl2  1  1  1  1  

EGTA  --  0.4  --  --  

Sodium 

Cyanide  
--  --  --  2  

Iodoacetic 

acid  
--  --  --  1  

  
Table 2.1. List of chemicals and their concentrations used to make Normal Tyrode (NT) solution, Ca2+ 

free Tyrode’s solution (Ca2+ free NT), substrate-free Tyrode’s solution (SFT) and substrate-free 
metabolic inhibition Tyrode’s solution (SFT-MI).  

  

TMAO was prepared directly in NT or SFT-MI solutions according to what was required 

in the experiment. Unless otherwise specified, all reagents for cell isolation and 

experiments were purchased from Sigma-Aldrich (Sigma-Aldrich, Gillingham, UK).  

    

2.3 Isolation of ventricular cardiomyocytes  

  

Rat ventricular cardiomyocytes were isolated from adult male Wistar rats with a weight 

range of 300-400g. Animals were killed by concussion and cervical dislocation following 

the Home Office UK animals (Scientific procedures) Act 1986 (2012 amendment) 
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regulations. The heart was rapidly removed from the animal and placed into Ca2+ free- 

NT, then mounted on a Langendorff-type apparatus that allowed the heart to be 

perfused in a retrograde manner via the aorta. The heart was perfused with Ca2+ free- 

NT solution for ~5min at 37°C until all coronary flow was cleared of blood and solutions 

were able to perfuse all regions of the heart. The heart was then perfused with Ca2+ 

free- NT solution containing an enzyme mix comprising 0.5 mg.ml-1 collagenase type II 

(Worthington, USA), 1.66 mg.ml-1 bovine serim albumin (BSA) from factor V albumin and 

0.6 mg.ml-1 protease (type XIV 15 % Ca2+) for 7-15 min (Brennan et al., 2019; Brennan et 

al., 2015; Sims et al., 2014). All solutions, during the isolation of the cardiomyocytes, 

were kept oxygenated with 95% O2 and 5% CO2. During this process, a plastic cannula 

was inserted in the atrioventricular gap to relieve any pressure building up during the 

perfusion. During the digestion, the heart was checked regularly. In particular, at the 

beginning of the digestion, the heart starts to swell and, as digestion proceeds, it gets 

softer to the touch, suggesting that the digestion process is almost over.  

The heart was considered fully digested at the detection of rod-shaped cardiomyocytes 

in the perfusate and was then removed from the Langendorff apparatus for the 

collection of cells from the tissue.  The heart was cut into smaller sections and the tissue 

was then transferred into a flask containing NT solution and shaken for 5 min in a water 

bath to allow the cardiomyocytes to be released from the tissue. The perfusate was then 

filtered to remove any residual tissue and allowed to settle in 15 mL falcon tubes to 

separate the cardiomyocytes. The pellet was re-suspended and stored in 75mm petri 

dishes containing fresh NT solution at room temperature until use or in 15 mL falcon 

tubes containing fresh NT solution at room temperature for culture.  

This method, on average, generated ~80% of healthy rod-shaped cardiomyocytes for 

each preparation (Figure 2.1).  
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Figure 2.1. Picture of freshly isolated rat cardiomyocytes. Normal rod-shaped cardiomyocytes from 
Wistar rat after shortly after isolation. Image was captured using a JVC CCD camera and recorded to a 

DVD. 
  

2.3.1 Culture of isolated ventricular cardiomyocytes  

  

Freshly isolated cardiomyocytes were cultured in order to investigate the chronic effects 

of TMAO on cardiomyocytes. To culture the cardiomyocytes, following isolation, cells 

were suspended in NT and centrifuged at 300 revolutions per minute (rpm) for 1 min. 

The pellet was then re-suspended again, this time in complete 199 media and 

transferred into 6-well plates. Cells were maintained and cultured in media 199 (Life 

Technologies) supplemented with ITS+3 (2mg/100ml), 2mM carnitine, 5mM creatine, 

5mM taurine, 1.5 pM T3, 100 Units pen/strep and 100mM sodium pyruvate at 37°C 

under a humidified 5% CO2 atmosphere.  

Cells were kept in culture for 24h in presence of TMAO (100 µM) to simulate long 

exposure to the metabolite and then used for the appropriate experiments.  
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2.4 Metabolic inhibition and reperfusion (MI/R) model and contractile  

function measurements  

  

To investigate the effects of TMAO on cardiomyocytes contractile function, acutely and 

following 24h exposure to the metabolite, a metabolic inhibition and reperfusion (MI/R) 

model was used. Firstly, cells were perfused with NT solution at ~34°C and electrically 

stimulated to contract using a 1Hz electric field stimulation for 3 min. Subsequently, the 

perfusion solution was switched into a metabolic inhibition (MI) solution (as described 

in section 2.3 of this thesis) containing sodium cyanide and iodoacetic acid for 7 min, 

followed by 10 min of reperfusion with NT. The protocol was then carried out also in the 

presence of different concentrations of TMAO (0.3, 1, 3, 5, 10, 30, 50, 100, 300 and 1000 

µM).  

Sodium cyanide is responsible for blocking ATP synthesis at the level of oxidative 

phosphorylation and iodoacetic acid inhibits glycolysis (by inhibition of glyceraldehyde-

3-phosphate dehydrogenase, GAPDH). Taken together, the metabolic inhibitors are 

responsible for leading the cells to enter a state of contractile failure caused by lack of 

substrates to use and depletion of intracellular ATP, thus creating a chemical simulation 

of ischaemia at a cellular level (Figure 2.2).  

  

   
 

Figure 2.2. Pictures showing cardiomyocytes at different stages of the experiment. At the start of the 
recording the cells have the distinctive rod-shape typical of the cardiomyocytes. After MI perfusion, 

cells go into rigor due to lack of ATP and finally, at the end of the protocol, part of the cells are able to 
recover contractile functions thanks to the renewed presence of metabolic substrates. 

  

Contractile function was observed via a JVC CCTV camera and recorded to DVD. 

Following reperfusion, part of the cardiomyocytes showed contractile recovery from the 



   90  

stunned state, due to re-availability of metabolic substrates. Cells showing normal 

contractile function were identified as “recovered” and the percentage of contractile 

recovery was compared in the presence of different concentrations of TMAO. The times 

to contractile failure, times to rigor and time to contractile recovery were also recorded 

and compared in the presence of different concentrations of TMAO.  

  

2.5 Patch-clamp electrophysiology  

  

Patch clamp recording is an electrophysiology technique used to have a better 

understanding of ion channel behaviour in different type of cells, including 

cardiomyocytes. The method requires the isolation of a patch of membrane in the tip of 

a glass micropipette and to record the currents (Figure 2.3). Patch-clamp recording 

allows the investigation of the physiological role of ion channels, their conductance and 

kinetic and their behaviour in response to the use of modulators.  

  
  

Figure 2.3. Schematic of patch-clamp electrophysiology recording. The technique uses a glass pipette 
containing an electrolyte solution that seals onto the cell membrane isolating electrically a patch of  

membrane. Through the patch pipette, currents produced by ion channels situated on to the isolated  
patch flows and can be recorder by an electrode connected to a highly sensitive amplifier. Created with 

BioRender.com.  
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This technique was used to understand how ion channels behave in freshly isolated 

ventricular myocytes when different concentrations of TMAO are present.  

  

2.5.1 Bioelectricity  

  

With the term “bioelectricity”, we refer to the electrical currents and the electrical 

potentials generated by cells and tissues. Cells and tissue communicate with each other 

via movement of ions and the currents this generates. Generally, the electrical potential 

of a cell stems from the electrical properties of its membrane, in particular the ability of 

the membrane to allow ion fluxes to permeate. The electrical potential of a cell is due 

to a difference of electrical potential between the inside and the outside of the cell. The 

outside of the cell is always zero by convention.   

In physiological conditions, the resting membrane potential of a cell is largely due to K+ 

ions, present in much bigger concentrations inside the cell compared to the extracellular 

environment (140mM), leaving the cell moving down their electrochemical gradient. If 

the membrane was permeable to just K+, the membrane potential of the cell would be 

exactly the same as the equilibrium potential for K+. The equilibrium potential for an ion 

is the voltage at which the net flow of ions moving across the membrane balances the 

net flow of ions moving in the opposite direction, so that the resulting current for the 

ion across the membrane is zero. The equilibrium potential for any ion can be calculated 

with the Nernst equation:  
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In this equation, Ex is the equilibrium potential for an ion X, R is the universal gas 

constant (8.314 J K-1 mol-1), T is the temperature expressed in Kelvin, z is the number of 

elementary charges of the ion, F is the Faraday constant (96.500 C mol-1) and [X]o and 

[X]i are the concentrations of the ion outside and inside the cell, respectively.  
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However, because the cell is not permeable to just one ion at time, the membrane 

potential of the cell is generally established as a result of the relative contributions of 

several ions. When more than one ion channel is present (and open) in the plasma 

membrane, the membrane potential can be calculated by alternative methods.  

As previously mentioned, in normal physiological conditions in cardiac cells, K+ is the 

primary permeating ion at rest however, because the membrane is permeable to other 

ions as well, the resulting resting membrane potential is close to K+ equilibrium potential 

(-89mV) but not exactly the same.  

  

2.5.2 Electrophysiology set-up  

  

The electrophysiology set-up used for patch-clamp experiments in this study included a 

Nikon TiU inverted microscope with a 20x objective and micromanipulator (Siskiyou), 

used to position the electrode in the rig. Both the patch-clamp rig and the recording 

chamber are shown in figure 2.3 and figure 2.4.    
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Figure 2.4. Picture and schematics of a patch-clamp electrophysiology rig. All of the equipment is 
placed on an air-table that prevents vibrations and into a Faraday cage used to shield microscope and 

chamber from electromagnetical interference that could cause noise in the recordings. 
  

Electrical equipment that allowed patch-clamp recordings included an Axopatch 200B 

amplifier (Axon Instruments, Uckfield, UK) coupled to digital interface (Digidata 1440, 

Axon Instruments) and a computer that allowed acquisition and analysis of data by 

pCLAMP 10.7 software (Axon Instruments, Uckfield, UK).  

The patch-clamp amplifier is used to amplify the signal recorded from the electrode.  

The amplifier connects to the cell via the Axopatch amplifier head stage (Figure 2.4).  

This is mounted on a micromanipulator which is used to position the electrode close to 

the cell. Lowpass filter was set on 2kHz. Sampling rate was set to 10 kHz.   

The digitiser converts the signal from the amplifier into a digital signal that can be read 

and recorded by the computer. The digitiser is a vital component for patch clamp 
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recording as it is the interface between the analogue signals generated by the amplifier 

and the digital signals required for recording to the computer.  

  

  
  

Figure 2.5. Close-up picture and schematics of the recording chamber in the patch-clamp 
electrophysiology rig. The recording chamber of the rig is where cells that will be used during the 

experiment will be used. The recording chamber comprises a perfusion system that allows to keep the 
cells in solutions and the easy replacement of extracellular solutions and a temperature probe used to 

keep extracellular solutions at a set temperature. 
  

2.5.3 Microelectrodes  

  

In patch-clamp experiments, microelectrodes used for all recordings were made from 1-

2 mm borosilicate glass capillaries (Warner Instruments). To produce the 

microelectrodes, a dual-stage vertical electrode puller (Narishige PC-10 Dual Stage Glass 

Micropipette Puller) was used; the puller uses two different heating levels to produce 

thin-tip electrodes.  
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For both cell-attached recordings and whole-cell recordings, we used electrodes with a 

resistance ranging from 3 to 6 MΩ. The electrodes were made and used on the same 

day as the recordings.  

  

2.5.4 Electrophysiology solutions  

  

Solutions used in patch-clamp experiments were prepared as described in table 2.2. 

Different solutions were used in cell-attached experiments and whole-cell configuration 

experiments. These solutions were used to backfill the patch-pipette at the beginning 

of each experiment and were used to pass electrical signal from the electrode to the 

cell.  

Extracellular solutions used in patch-clamp experiments were prepared as previously 

described (table 2.1). Extracellular solutions were perfused into the recording chamber 

through a dedicated perfusion system (Figure 2.4) by a Gilson Evolution peristaltic pump 

(Gilson) with a perfusion rate of 2.4 ml/min. Solutions in the perfusion chamber were 

heated to 34°-35°C by Dagan Heatwave perfusion chamber and the temperature was 

kept constant throughout the experiments. Extracellular solutions were swapped 

manually when needed.  
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Chemicals  Cell-attached configuration Whole-cell configuration 

(mM)                                                (mM)  
KCl  140  110  

KOH  --  30  

HEPES  10  10  

CaCl2  1  0.61  

MgCl2  0.5  1  

ATP  --  1  

ADP  --  0.1  

GTP  --  0.1  

EGTA  --  5  

pH  To 7.4 with KOH  To 7.2 with KOH  

  
Table 2.2. List of chemicals and their concentrations used to make solutions for cell-attached and whole-

cell recordings.  
 

2.5.5 Cell-attached configuration  

  

The cell-attached configuration is used to study single channel currents. In particular, 

with this technique, the activity of the Kir6.1 and Kir6.2 were studied and their 

modulation in response to the exposure to TMAO (100µM).  

For a cell-attached recording, cardiomyocytes were allowed to adhere in the perfusion 

chamber of the patch-clamp rig for 10 min. The glass pipette was filled with an 

intracellular solution (table 2.2) and a silver/silver chloride (Ag/AgCl) electrode was 

inserted. The patch pipette if connected to an air-filled tube and to a syringe, to allow 

control of the pressure inside the pipette as shown in the electrophysiology set-up 

section (Figure 2.3). Using a micromanipulator, the patch pipette is inserted into the 

extracellular solution, typically NT or NT+TMAO and heated through a recording 

chamber plate containing a temperature probe, and maintained at 35°C. With the 

patch-pipette in the bath of the recording chamber, the Ag/AgCl electrode can serve as 

a reference electrode set to 0 mV as the extracellular potential.  
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While, the patch-electrode gets closer to the cardiomyocyte and touches the cell 

membrane, pressure was removed from the inside of the pipette and gentle suction was 

applied to the membrane in order to pull a small patch of membrane inside the pipette. 

As suctions gets applied, the resistance between the electrode and the bath increased 

forming the “giga-seal”, necessary to start a recording in cell-attached configuration 

(Petersen, 2017), with the recording potential changed to +40mV. Assuming that the 

isolated cardiomyocytes had a resting membrane potential of -70mV, holding at +40mV 

means that the patch of membrane would be held around -110mV. In cell-attached 

recordings, the single channel activity was analysed as open probability (Po) of the 

channel. Po represents the fraction of time for which an ion channel is open, and a can 

be deduced from a histogram of a single channel recording as the total open time of the 

channel divided by the total time of the recording. For an ion channel that has a single 

open and a single closed state, the distribution of open probability fits a single 

exponential (Ogden et al., 1983). In these conditions:   
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In this equation, L represents the different open levels and toL represents the opening 

time for this type of ion channel in different opening levels (Fenwick et al., 1982; Sollini 

et al., 2002).  

However, ion channels tend to have various open and closed states, which means that 

a single exponential no longer fits these distributions. Another complication is due to 

the fact that, usually, a single patch contains more than one channels opening in 

multiple levels. The open probability of the channel is better expressed in NPo, 

calculated by the following equation where T represent the time of the recording (Roh 

et al., 2007; D. Q. Zhang et al., 2000):  
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2.5.6 Whole-cell configuration  

  

The whole-cell configuration allows the patch electrode to record directly from the 

inside of the cell and is obtained by rupturing the patch of membrane isolated by the 

patch-pipette.  

The glass pipette is filled with a different solution from the one used in cell-attached 

recordings (this solution will flow in direct contact with the intracellular space, thus is 

important that this solution is isosmotic to the intracellular compartment), as described 

in table 2.2.  

To obtain a whole-cell configuration, after forming a giga-seal in cell-attached mode, 

rapid suction pulses were applied to the patch-pipette to rupture the membrane of the 

cell (Figure 2.5).  

  

 
 

Figure 2.6. Cell-attached and whole-cell configuration. In cell-attached configuration, the patch pipette 
rests on the membrane of the cell and current is only recorder from the area of membrane included in 

the tip of the electrode (A). Cell-attached configuration is required to move on to whole-cell 
configuration. In whole-cell configuration, the membrane included in the tip of the patch pipette is 

ruptured by applying soft suction to the patch pipette when in cell-attached configuration (B). 
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The rupture of the membrane was identified by the appearance of large capacitance 

transients at the leading and trailing edges of the pulse. In whole-cell mode, voltage 

steps lead to large transient currents due to the charging and discharging of the 

membrane capacitance. The current flowing from the patch-pipette to the cell moves 

through a resistance in series. The series resistance represents the sum of all the 

resistances that currents existing between the source of the current and the inside of 

the cell and limits the amount of current that actually clamps the membrane. The series 

resistance can be compensated on the amplifier by adding a voltage pulse to correct for 

the membrane capacitance, thus correcting the error (Figure 2.6).  

  

  
  

Figure 2.7. Series resistance compensation. Because in whole-cell recordings current flows through 
resistance in series, the voltage pulses are delayed (A). The series resistance compensation adds a  
voltage pulse proportional to the difference of the measured membrane potential to the set one is 

injected (B).  
  

Whole-cell configuration was used, in this thesis, to investigate cardiomyocyte action 

potentials and detailed analysis of the ionic currents underlying the action potential.  

  

2.5.6.1 Action potentials recordings  
  

To investigate the effects of TMAO on the physiological electrical activity of 

cardiomyocytes, action potentials (AP) were recorded. AP recordings were measured in 

whole-cell configuration in current-clamp mode. Current is injected through the patch 

pipette and allows measurement of membrane excitability and firing of action 

potentials, via analysis of action potential duration (APD) and membrane voltage (Vm).  

Cardiomyocytes were stimulated via the injection of a small current (~2nA) to depolarise 

the resting membrane potential between 8 to 12 mV and to generate a cardiac action 
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potential. Thanks to the high stability of the technique, long-lasting recordings were 

possible. Generally, an AP recording consisted in 3min of control recording in NT 

solution, 7min of exposure of the cell to TMAO (100µM) and 5min of washout from 

TMAO in NT solution. At the end of each recording, the APD at 90% of repolarization 

and changes in the resting membrane potential (RMP) were calculated in the different 

phases of the recording.  

 

2.5.6.2 Multi-currents protocol  
  

A multi-step protocol was used in whole-cell configuration in voltage-clamp mode to 

measure the currents underlying the cardiac action potential. The separation and 

analysis of the ionic currents is possible because the currents have different kinetics, 

therefore it is possible to measure them at a suitable time during a voltage clamp pulse. 

The protocol constitutes of 4 sequential steps: a first step elicited by voltage commands 

from -100 to -70mV in 5mV steps during 10ms, in which IK1 current can be measured, a 

second step elicited by voltage commands from -70 to -40mV during 500ms, that allows 

isolation of the Na+ spike, a third step from -40 to -50mV during 100ms, in which Ca2+ 

current can be measured and a final fourth step from -50 to -80mV in 10mV steps for 

4000ms, in which IKs currents can be measured (Figure 2.7).  
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Figure 2.8. Example trace of current for a single patch clamp electrophysiology recording in whole cell 
configuration using the multi-step protocol. In the image, portions from which following analysis will be 

shown are highlighted. 
 

2.5.6.3 Ca2+ current voltage-step protocol  
  

Because of their kinetics, Na+ and Ca2+ current can be difficult to separate and measure 

individually in voltage-step protocol like the one described in section 2.5.6.2. In 

particular, opening of Ca2+ channels can sometimes happen while Na+ channels are 

opened and be “masked” by the latter.  

To allow a more detailed look at Ca2+ current, a multi-step protocol was designed with 

the purpose to isolate Ca2+ current from other ionic currents that could potentially 

interfere. The protocol constitutes of 3 sequential steps followed by a final ramp. The 

first step is elicited by voltage commands from -70 to -40mV during 30ms, the second 

step from -40 to 0mV during 70ms, the third step holds the potential to 0mV for 300ms 

and the final ramp from 0 and -70mV holds to potential at -70mV until the end of the 

protocol (Figure 2.9).  
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Figure 2.9. Example trace of current for a single patch clamp electrophysiology recording in whole cell 

configuration using the Ca2+ protocol. In the image, portions from which following analysis will be 
shown are highlighted.  

  

  

2.6 Fluorescence imaging    

  

Fluorescence imaging allows visualization of different events taking place in a cell. The 

technique takes advantage of the ability of fluorophores to absorb light forming a short-

lived excited state and to emit light at a longer, lower energy wavelength.  

A ratiometric dye, Fura-2- acetoxymethyl AM Cell Permeant (Invitrogen), was used to 

measure changes in intracellular Ca2+ and changes in Ca2+ transients when 

cardiomyocytes were exposed to TMAO. Recordings from Fura-2-AM dye were achieved 

by using excitation wavelengths of 340 nanometres (nm) (Ca2+ bound)/ 380 nm (Ca2+ 

free) and emissions collected at wavelengths above 520 nm. The advantage of using a 

ratiometric dye is that, rather than a single wavelength dye, is that by measuring a ratio 
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decreases the effects of photo-bleaching, inconsistent loading of the dye and changes 

in the shape and volume of the cells, which can be quite considerable in contractile 

cardiomyocytes. Fura-2-AM is one of the many dyes that uses AM esters as a way to 

cross the cell membrane. Due to their charged nature, calcium indicators are unable to 

cross the cell membrane. The protection of carboxylic group as AM esters render the 

dye neutral so that is able to load into the cell. Once inside the cytoplasm, esterases 

naturally present inside the cell will cleave the AM groups leaving the charged 

compound able to bond free Ca2+ inside the cell.  

Briefly, cells were incubated in a lightproof tube with the appropriate dye for the 

experiment (5 µM of dye) and allowed 10-20 min to fully load the dye.  Cells were than 

visualised through a Nikon 200 inverted microscope with a 20x objective and the images 

observed thanks to a Roper Cascade 512 B CCD camera (Photometrics, Arizona, USA). 

Fluorescent illuminator used for the experiment was a DeltaRAM X monochromator 

(PTI, New Jersey, USA) at 0.2 Hz for 40 ms and a 79001 – ET – Fura 2 Filter (Chroma 

Technology Corp, Vermont, USA) was set up to detect signals. Images were processed 

with EasyRatioPro software (PTI, New Jersey, USA) and analysed with Winfluor 4.0.2 

software (Dr John Dempster, University of Strathclyde, Glasgow, UK).   
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Figure 2.10. Scheme representing the process of internalization of AM-dyes. The AM dyes are able to 

enter the cytoplasm thanks to their neutral nature, where they get converted by the esterases into 
charged compounds that are able to create links with Ca2+. Created with BioRender.com.  

 

2.7 Langendorff-perfused heart and coronary artery ligation  

  

To investigate the effects of TMAO on the whole heart, a Langendorff perfused heart 

model was used.  In this model, ischaemia was induced by occluding the left anterior 

descending (LAD) coronary artery to cause localized injury (regional ischaemia) to the 

myocardium. Reperfusion was initiated by re-establishing coronary flow to the region 

at risk by removing the ligature. The Langendorff heart preparation was used to assess 

ischaemia–reperfusion injury, with or without the presence of TMAO. Infarct size 

following reperfusion was used as the end point of the experiment.    

In this protocol, hearts were isolated from adult male Wistar rats (300-500g), cannulated 

via the aorta and retrogradely perfused in constant flow (8.5 ml/min) with oxygenated 

NT solution at ~37°C and suspended within a warmed organ bath/chamber (Figure 2.9). 
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The temperature of the solution was kept the same all throughout the experimental 

protocol.   

  

  
  

Figure 2.11.  Simplified scheme of a Langendorff system in constant pressure or constant flow.  

  

Before proceeding further with the protocol, the heart was left to equilibrate for ~1h to 

make sure that all the heart chambers were correctly perfused. Subsequently, the LAD 

was occluded by ligating it with using 5-0 USP braided silk suture to create a tie and two 

pipette tips to secure it in place for 40 min, in order to cause myocardial damage to the 

heart. After the 40 min, the ligation was released, and NT solution was then reperfused 

through the heart for 3h. At the end of reperfusion, the LAD was ligated once again and 

Evans blue dye (0.5% in NT solution), was infused via the cannula into the coronary 
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system. The dye coloured the non-risk zone dark blue, while the risk zone (in which the 

dye does not have access) remained pale pink. The area at risk was then stained using 

2,3,5-triphenyltetrazolium chloride (TTC); the double staining allowed to distinguish 

between the infarcted tissue that remains near white whilst living tissue turned red. The 

heart slices were weighed, arranged from apex to base and compressed between two 

transparent coverslips and scanned on both sides on a flatbed scanner.   

Finally, the sizes of the infarcted area, the area at risk and the non-risk zone were 

calculated using ImageJ and used to extrapolate the weight of those areas compare to 

the total weight of each slice. The final results were expressed as a percentage of area 

at risk and as a percentage of infarct size compared to the area at risk itself.  

  

2.8 Cell Culture   

  

The H9C2 cell line was derived through selective serial passaging of cells from the 

ventricular part of an embryonic E13 BDIX rat heart. H9C2 cells were purchased as an 

established cell line in a 1ml frozen ampule (6.5x105) from the American Type culture 

Collection (ATCC). The AC16 cell line is a human cardiomyocyte cell line derived from 

the fusion of primary cells from adult human ventricular heart tissue. AC16 cells were 

kindly provided by Dr Parveen Sharma, and originally purchased from Sigma-Aldrich. 

Nunc flasks and 96-well plates were purchased from Fisher Scientific (Loughborough, 

UK).  

  

2.8.1 Culturing and passaging of cells  

  

When H9C2 cells reach confluence, they will differentiate in non-proliferating 

myocytes/myotubes. Once cultures have differentiated, they cannot be recloned. 

Therefore, to prevent H9C2 cardiomyoblasts differentiating, H9C2 cells were 

subcultered at 80% confluence and if the cells reached 90-100% confluence, the cells 

were thrown away and a fresh batch cultured. Both AC16 and H9C2 cells were used 

between passages 10-30.   
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Cells were maintained and cultured in two different glucose level media, to better 

consider alterations to the metabolic environment; a low glucose (2.500 mg/L) 

Dulbecco’s Modified Eagle’s Medium (DMEM) media supplemented with 10% fetal 

bovine serum (FBS), 4mM glutamine and penicillin (100IU)/streptomycin (100mg/ml). 

Cells were kept at 37°C under a humidified 5% CO2 atmosphere. Under these conditions, 

the cells achieved 80% to confluence.  

Both AC16 and H9C2 cells used in this project were stored in liquid nitrogen. To culture, 

the cells were removed from liquid nitrogen storage and thawed for 2 minutes in a 37°C 

water bath. Once thawed, they were immediately pipetted into a 15 ml Falcon tube 

containing 9ml of pre-warmed (37°C) complete media and centrifuged at 1000rpm for 

5 minutes. The supernatant was removed, and the cells were resuspended in 1ml of 

fresh media, in order to get rid of any dimethyl-sulfoxide (DMSO) present in the 

cryopreserving solution. The cells were sub-divided into T.75 flasks to the relevant 

density and fed with 10ml of fresh complete media. The cells were incubated in a 37°C 

humidified incubator with 5% CO2 atmosphere and fed with fresh complete media every 

48 hours.  

Once the cells had reached the specified confluence in T.75 flasks, the media was 

removed. The cells were washed with 10ml phosphate-buffered saline (PBS) twice and 

then 3ml of pre-warmed (37°C) Trypsin-ethylenediaminetetraacetic acid (EDTA) 0.25% 

was added to the cell surface of the flask. The flask was placed into the 37°C incubator 

until the cells had displaced from the flask surface, as observed by microscopy. The 

trypsin was neutralised by addition of 7ml of the appropriate media (high or low glucose 

according to the growth medium) and the whole suspension (10ml) was added to the 

15ml Falcon tube and centrifuged at 1000rpm for 5 minutes. The supernatant was 

discarded, and the cell was resuspended in 1ml of fresh media. The cells were either 

sub-cultured to the relevant ratio, or a cell count was performed using a 

haemocytometer. Specified cell numbers could then be seeded into T.75 flasks, or 96- 

well plates, as described in section 2.8.2.  

Cells were frozen at low passage to maintain competent stock. Cells were frozen using 

cryopreservation medium, which consisted of complete culture medium supplemented 

with 10% DMSO. Briefly, once cells had reached desired confluence, they were 
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trypsinised and resuspended in 1ml of cryopreservation media. The cells were 

immediately transferred to a CoolCell and incubated at -80°C. After 24 hours, the cells 

were transferred for permanent storage in liquid nitrogen.  

  

2.8.2 Changes to metabolic conditions of cell culture  

  

In order to have a better understanding of the effects of TMAO in physiological 

conditions and in the altered conditions, growth media of the cells was modified to 

investigate possible differences that the change in metabolic conditions can cause to 

response of the cells to TMAO.  

  

2.8.2.1 High-glucose media  
  

Hyperglycaemia is associated with myocardial damage and worsening of cardiac 

parameters during acute coronary syndrome (Brennan et al., 2019). In particular, 

disruption of mitochondrial function is believed to be implicated in the mechanism of 

damage to the myocardium, caused by overload of [Ca2+]i and low levels of ATP. High 

glucose levels can worsen this injury by boosting mitochondrial membrane 

depolarization in cardiomyocytes (Kumar et al., 2012).   

  

H9C2 and AC16 cell lines were grown in DMEM containing high glucose (4.500 mg/L) 

supplemented with 10% FBS, 4mM glutamine and penicillin (100IU)/streptomycin 

(100mg/ml and kept in 5% CO2 at 37°C. Cells were maintained in  

T.75 flasks and were subcultured at 70% confluence by trypsinization for experiments, 

as described in section 2.8.1.   

  

2.8.2.2 Galactose media  
  

Many tumour-derived cell lines prefer to produce the majority of their ATP via glycolysis 

instead of OXPHOS, despite having perfectly functioning mitochondria and normal, 
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physiological levels of glucose and oxygen (Rodriguez-Enriquez et al., 2001; Warburg, 

1956).  

To force cells to rely on their OXPHOS for the production of ATP and, therefore, being 

able to fully investigate if the compound in exam has any detrimental effects on normal 

mitochondrial function, culture media can be replaced with a galactose-supplemented 

media (Dott et al., 2014; Marroquin et al., 2007).  

  

H9C2 and AC16 cell lines were cultured in DMEM containing 10mM galactose, 1mM 

sodium pyruvate, supplemented with 2mM glutamine (6mM final), 5mM HEPES, 

10%FBS and penicillin-streptomycin and kept in 5% CO2 at 37°C. Cells were maintained 

in T.75 flasks and allowed to adapt to galactose media for 2h before experiments, as 

described by Kamalian et al., in which acute galactose conditioning for 2h prior to the 

treatments with the compound in exam is sufficient to allow the cells to be more prone 

to mitochondrial toxicity, as opposed to longer term treatment with galactose (Kamalian 

et al., 2015).  

  

2.8.3 Cell plate seeding and treatments with TMAO  

  

On day 1, H9C2 cells were seeded in a 96-well plate at their respective densities (table 

2.3) in a final volume of 200 µl media. The plates were incubated in a 37°C humidified 

incubator with 5% C02 for 24 hours to reach 70-80% confluence.  

  

   LDH  ATP Determination  SeaHorse XFe96    

 Assay  Assay  Measurements  BCA Assay  

H9C2 cells  1 x 104 
c/well  

7.5 x 103 c/well  --  1 x 104 
c/well  

AC16 cells  1 x 104 
c/well  

1 x 104 c/well  1.5 x 104 c/well  1 x 104 
c/well  

  

Table 2.3. Table of the seeding densities for both H9C2 and AC16 cells used for the ATP bioluminescent 
assay, LDH determination assay, BCA assay and Seahorse XFe96 measurements.  
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On day 2, the compound to be used (TMAO) was dissolved into the media at its final 

concentrations. The treatments were carried on a clear 96-well plate. A media only 

negative control was included on each plate.  

Media was warmed in a 37°C water bath and 100 µl of cells was added into 96-well 

plates for each treatment concentration. The media was then removed from the cell 

plate and 100 µl of compound/medium mixture was dispended into each well in 

triplicate for each treatment concentration. The plates were then incubated for a 

defined time in a 37°C humidified incubator with 5% CO2.  

  

2.8.4 Cell counting  

  

The traditional cell counting method uses a haemocytometer, which is a thick, glass 

microscope slide with an indented chamber of precise dimensions. This allows a defined 

volume of cell suspension to be deposited in the chamber, where the cells can be 

counted.  

Briefly, a suspension of cells was prepared approximately 1 × 106 cells/ml ensuring that 

the sample was thoroughly mixed. A mixture of the cell suspension and 0.4% trypan blue 

solution was prepared.   

10 ml cell suspension was added to the edge of the haemocytometer chamber between 

the cover slip and the V-shaped groove in the chamber allowing the cell suspension to 

be drawn into the chamber by capillary action.  

The counting chamber of a haemocytometer is delineated by grid lines that identify the 

chamber areas to be used in cell counting. It has a depth of 0.1 mm and the four corner 

regions are typically used for cell counting.   

The number of cells – both viable (unstained) and nonviable (stained) was counted in 

each of the four corner quadrants and the average of these four readings was taken and 

multiplied by 104 to obtain the number of cells per ml in the sample applied to the 

haemocytometer.  
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The number was multiplied by two to take into account the 1:1 dilution of the sample 

in the trypan blue and multiplied by any dilutions in the original sample preparation of 

the cell suspension. The number of viable cells was calculated according to this formula:  

  

  
  

2.9 Lactate Dehydrogenase Assay  

  

Lactate dehydrogenase (LDH) is an oxidoreductase enzyme that catalyses the 

interconversion of pyruvate into lactate. The assay works on the premises that when 

cells are damaged or compromised, they release LDH into the bloodstream after the 

damage. Thanks to its enzymatic stability, LDH has frequently been used to evaluate the 

presence of damage to tissue and cells. Once released into the supernatant, LDH 

reduces NAD+ to NADH by oxidation of lactate to pyruvate. Subsequently, the H+ 

produced during the reduction of NAD+ are transferred to the tetrazolium salt provided 

by the Cytotoxicity Detection kit to form the red formazan. Finally, the intensity of the 

red formazan is proportional to the amount of LDH release by the cells into the 

supernatant (Figure 2.12) (Decker et al., 1988). LDH is also elevated in certain 

pathological conditions.   

H9C2 and AC16 cells were plated in 96-well cell culture plates at 10.000 cells/well and 

cultured as described (Section 2.8.3). Cells were than treated with different 

concentrations of TMAO, as described (Section 2.8.3).   

Following this, the supernatant was collected and the content of LDH released by the 

cells into the media was measured using a Cytotoxicity Detection Kit in accordance with 

the manufacturer’s instructions to evaluate the total LDH released into the supernatant. 

40 μL supernatant and 40 μL of LDH catalyst-dye solution were added to a clear 96 well 

plate and incubated at room temperature in the dark for 30 min. The absorbance was 

read at 490 nm using a VarioskanTM Flash multimode plate reader with SkanItTM 

software.   
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Simultaneously, the remaining cells in the plate were lysed in 100 μL of somatic cell ATP 

releasing agent. 8 μL of cell lysate was added to a clear 96 well plate and diluted 1:5 

with fresh media and 40 μL of LDH catalyst-dye solution was added to the plate. The 

plate was incubated in the dark at room temperature for 30 min and the absorbance 

read at 490 nm using a VarioskanTM Flash multimode plate reader with SkanItTM 

software.   

The LDH retained within the cells was determined by the following formula:   

  

Retained LDH = LDH in lysate / (LDH in lysate + LDH in supernatant)  
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Figure 2.12. Scheme illustrating the workflow of the LDH Assay. Damaged cells with a compromised cell 

membrane release copious amounts of the enzyme LDH into the media. LDH catalyses the 
conversion of lactate to pyruvate leading to the reduction of NAD+ to NADH. In a second reaction, H+ 

serve as fuel for the conversion of tetrazolium salt, producing the red formazan dye that is proportional 
to the amount of LDH to be evaluated. Created with BioRender.com. 

  

Following completion of the LDH assay, media was removed from all wells and cells were 

lysed in somatic ATP releasing agent (20 μL). 10 μL of cell lysates were transferred to a 

clear 96-well plate and a standard bicinchonic acid (BCA) assay was conducted as 

described in section 2.11. Protein content per well was used to normalise LDH released 

and retained by the cells.   

  

2.10 ATP Bioluminescent Assay  

  

To evaluate the content of ATP produced by the cells in presence of different 

concentrations of TMAO, a bioluminescent assay was performed. The ATP assay takes 

advantage of a particular reaction that requires ATP in order to work thus allowing to 

evaluate ATP content by analysis of light emitted at the end of the reaction. Luciferin, a 

photo-producing protein, and its oxidative specific enzyme, luciferase, are provided by 
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the assay kit. As mentioned before, in the presence of ATP and magnesium, luciferase 

oxidates luciferin to oxyluciferase and light is emitted (figure 2.12) (Chollet, 2012).  

ATP content was assessed by the addition 10 μL of cell lysate and ATP standards to a 

white- walled 96-well plate. The ATP complete reaction solution was prepared according 

to the manufacturers guidelines by mixing ATP assay mix with ATP dilution buffer in a 

1:25 ratio. 40 μL of the complete reaction solution was added to both the cell lysates 

and the standards and bioluminescence was measured (VarioskanTM, Thermo 

Scientific).   

  

  
Figure 2.13. Chemical reactions undergone during the ATP bioluminescent assay. The luciferin 

supplemented by the assay gets converted by the enzyme luciferase to oxyluciferin. To work, this  
reaction requires ATP that gets converted into AMP and pyrophosphate and generates light. The light  
emitted during this reaction is directly proportional to the amount of ATP present in the cells. Created 

with BioRender.com.  
  

Following completion of the ATP assay, media was removed from all wells and cells were 

lysed in somatic ATP releasing agent (20 μL). 10 μL of cell lysates were transferred to a 

clear 96-well plate and a standard BCA assay was conducted as described in section  

2.11. Protein content per well was used to normalise ATP content.   
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2.11 Bicinchoninic acid protein quantification assay  

  

In order to quantify the protein content of the cells, a BCA assay was used. The workflow 

of the assay includes two different step reactions, as shown in figure 2.13. In the first 

reaction, copper provided by the BCA assay gets chelated by proteins in an alkaline 

environment, forming a blue-coloured complex. In the second reaction, BCA reagent, a 

highly sensitive colorimetric detection reaction, react with the copper cation derived 

from the first reaction and produces a purple-coloured complex. The amount of the 

purple-coloured complex produced is directly proportional to the amount of proteins 

present in the sample evaluated (P. K. Smith et al., 1985).  

Standards in the range of 0 – 1 mg/mL of BSA were added in duplicates to a 96-well plate 

and samples were diluted in the appropriate amount of diluent. The copper sulphate 

solution provided by the BCA assay was diluted 1:50 in the BCA solution and 200 μL of 

the working reagent was added to each well. The plate was incubated for 30 mins at 37 

°C and the absorbance read at 562 nm using a VarioskanTM Flash multimode plate 

reader with SkanItTM software.   
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Figure 2.14. Illustration of the BCA assay used for protein quantification. Cu2+ is reduced by proteins in 
the cells and the free Cu+ than reacts with 2 molecules of BCA to form a complex visibly purple in colour 
(A). The purple complex produced this way by the cells is proportional to the amount of proteins within 

the sample (B). Created with BioRender.com 
   

2.12 Seahorse XFe96 mitochondrial stress test  

  

To evaluate respiratory function and possible alterations of normal bioenergetic 

pathways, one of the most widely used instruments is the extracellular flux analyser 

(Agilent Technologies). The Seahorse XFe96 analyser is capable of measuring 

simultaneously the oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) as a mean to evaluate mitochondrial respiration and glycolysis respectively. 

Oxygen consumption by the cells (OCR) and proton excretion (ECAR) are responsible for 

rapid changes to the concentrations of oxygen and free protons inside each well that 

are measurable (Ferrick et al., 2008).  

The XFe96 analyser is capable of measuring these changes by using a luminescent 

detector within the instrument (figure 2.15). Briefly, the 96-well cell culture microplates 

used are built with a sensor cartridge that supplies a sensor for each well. Each sensor 

has probes containing 2 separate polymer-embedded fluorophores that are sensitive to  

O2 and H+ respectively.  
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During the experimental protocol, the sensor cartridge gets lowered inside the assay 

plate roughly 200 μm above the cell layer, thus creating a “transient microchamber” 

into which assessments can be made. In particular, inside the probe itself fibre optic 

bundles generate light that excites the fluorophores at the end of the probes. The light 

emitted from the fluorophores is proportional to the changes in O2 and H+ and is 

measured by a detector within the XFe96 instrument (figure 2.15) (Ferrick et al., 2008; 

Perry et al., 2011). After the measurements, the sensor cartridge is removed to allow 

the media to restore the cells to baseline (Koopman et al., 2016). 



 

  
Figure 2.15. Scheme of the Seahorse XFe96 Analyzer and XFe sensor cartridge. Within each sensor probe present in the sensor cartridge of the assay plate provided by 

the Extracellular Flux Kit are 2 polymer-embedded fluorophores sensitive to O2 and H+. Inside the probe itself fibre optic bundles generate light that excites the  
fluorophores at the end of the probe, and a detector measures the emitted light thus collecting information about OXPHOS an glycolysis of the cells the probe is in 

contact with. Created with BioRender.com.    
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2.12.1  Assay workflow  
  

Before the assay: Cells were seeded as described in section 2.8.3 in the Seahorse 

Bioscience 96-well plate. Background correction wells were left unseeded (A1, B4, C3 

and D6) and only 100μl media was placed into these cells. The cells were incubated for 

24h in a 37°C humidified incubator with 5% (v/v) CO2. To hydrate the XFe96 sensor 

cartridge, 1 ml of Seahorse Bioscience Calibrant pH 7.4 media was added to each well 

of the utility 96-well plate. The sensor cartridge was placed back on top of the utility 

plate and stored at 37°C without CO2 overnight.   

Day of the assay: Before the start of the assay, culture media was removed and the cells 

were incubated at 37°C in 0% CO2 in unbuffered Seahorse XFe base media (5mM or 25 

mM glucose, according to the experimental conditions of the experiment, 1mM sodium 

pyruvate and 2mM l-glutamine) with the pH adjusted to 7.4. At the same time, different 

concentrations of TMAO were prepared in unbuffered Seahorse XFe base media with 

the pH adjusted to 7.4.   

The XFe96 software and machine were switched on and the instrument stabilized to 

37°C at least 2 hours before an experiment was run. An experimental template was 

designed for each experiment and the template loaded prior to running the experiment. 

Before the experiment itself, the XFe96 instrument had been programmed to mix the 

assay media in each well for 10 min to allow the oxygen partial pressure to equilibrate.   

Once the XFe96 sensor cartridge had reached right temperature, the assay was started, 

and the plate loaded into the machine in the correct orientation for calibration. At the 

end of the pre-programmed calibration procedure (30 min), the utility plate was 

replaced with the cell plate and the assay was started.   

  

2.12.2  Mitochondrial Stress Test  
  

The Mito Stress kit is derived from classical experiments to assess the physiological and 

pathophysiologic function of mitochondria, and to predict the ability of cells to respond 

to stress. In the assay, cells are treated with four compounds in succession, that each 

alters the bioenergetic profile of the cell. The first compound, Oligomycin, inhibits the 
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ATP synthase, providing an approximation on the coupling efficiency of the 

mitochondria. The second compound, uncoupling agent carbonyl cyanide p- 

[trifluoromethoxy]-phenyl-hydrazone (FCCP), introduces a high artificial proton 

conductance into the membrane, demonstrating the spare respiratory capacity of the 

mitochondria. The two final compounds, antimycin- and rotenone inhibit the electron 

transport chain and gives estimation of the non-mitochondrial respiration.   

Compound preparation: The compounds and a 5ml aliquot of unbuffered media were 

stored at 37°C without CO2 until loading of the sensor cartridge. The Mito Stress test 

compounds were made in the Seahorse media. The final optimised concentrations of 

the stress test compounds were oligomycin (1 μM), FCCP (0.25 μM), rotenone (1 μM) 

and antimycin-A (1μM).   

Loading the XF Sensor cartridge with compounds: The Mito stress compounds and XF 

sensor cartridge were removed from the 37°C (without CO2) incubator. 25 μL of the 

stress test compounds were added to the corresponding port on the sensor cartridge 

(figure 2.16) using a multi-channel pipette. The XF sensor cartridge was placed back in 

the 37°C incubator for 10 minutes prior to running the plate, to allow the plate to 

equilibrate to temperature.   
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Figure 2.16. Image of the plate and sensor cartridge provided in the Extracellular Flux Assay Kit. 25 μl 
of stress test compounds can be loaded in the ports A-D. In these experiments TMAO was loaded into 
port A, oligomycin was loaded into port B, FCCP into port C and antimycin-A and rotenone into port D. 
Once loaded with the stress compounds, the cartridge gets moved from the calibration plate to the 

assay plate with the sensors facing the cells inside the wells. In this way the assay plate and the sensor 
cartridge can be inserted into the Seahorse XFe96 Analyzer. 
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2.12.2.1 Analysis of mitochondrial function  
  

The mitochondrial stress test was used to dissect processes that were contributing to 

overall mitochondrial oxygen consumption. This technique uses selected mitochondrial 

inhibitors which allow for determination of six main parameters that describe key 

aspects of mitochondrial function in a cellular context: basal OCR, ATP- linked OCR, 

proton leak OCR, maximal OCR, reserve capacity, and non-mitochondrial OCR. These 

parameters were determined by measuring OCR after the sequential injection of 

oligomycin (to inhibit the ATP synthase), FCCP (introduces a high artificial conductance 

into the mitochondrial inner membrane, allowing for maximum electron flux through 

the ETC and uncoupling electron flow from OXPHOS), and antimycin-A (to inhibit 

complex III) and rotenone (to inhibit complex I) at the indicated time points.   

Following completion of the XF stress test assay, media was removed from all wells and 

cells were lysed in somatic ATP releasing agent (20 μL). 10 μL of cell lysates were 

transferred to a clear 96-well plate and a standard BCA assay was conducted as 

described in section 2.11. Protein content per well was used to normalise ECAR and OCR 

values.  Normalised data obtained combining XF stress test and BCA assay results, was 

analysed using the Seahorse XF Mito Stress Test Generator from Agilent. Normalised 

OCR values were used to calculate non-mitochondrial respiration (NMR = minimum rate 

measurement after rotenone/antimycin A injection, basal respiration (BR = last 

measurement before oligomycin injection – NMR), proton leak (PL = minimum 

measurement after oligomycin injection – NMR), ATP-linked respiration (ALR = BR – PL), 

maximum respiration (MR = maximum measurement after FCCP injection – NMR) and 

spare respiratory capacity (SRC = MR – BR).  

  

2.13 Statistical analyses  
  

Electrophysiology data was collected using Clampex 10.3 and analysed using Clampfit 

10.3 (Axon Instruments) software. All data are presented as mean and standard error of 

the mean (SEM) or standard deviation (SD) as appropriate. Statistical analyses were 

performed using Graphpad Prism® 9 software (GraphPad Software, Inc., La Jolla, CA, 
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USA). Statistical significance of the data was assessed by paired student’s t-test, 

unpaired t-test, one-way Analysis of Variance (ANOVA) and two-way ANOVA (with 

Dunnett’s multiple comparison test). A P-value of < 0.05 was considered significant.   
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Chapter 3  

  

  

 

Acute effects of TMAO on cardiac cell 
function and modulation of 

cardiac electrical parameters 
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3 Acute effects of TMAO on cardiac cell function and 
modulation of cardiac electrical parameters  

  

3.1 Introduction  
  

There is increasing evidence in the literature that the concentration of TMAO in the 

blood stream has a detrimental effect on myocardial function. This could mean 

development of heart failure, or contractile dysfunction. However, to date there has 

been no definitive investigation of the acute effects of TMAO on cardiac cells. This study 

aims to investigate whether TMAO has a directly cardiotoxic effect on cardiac cells. In 

order to investigate this, a number of different experimental approaches were taken, 

including electrophysiological recordings, calcium fluorescence imaging, contractile 

function measurements and Langendorff whole heart coronary ligation experiments. In 

this chapter, the acute effects of TMAO on freshly isolated cardiomyocytes will be 

studied.   

  

3.2 Results  
  

3.2.1 The effects of TMAO on freshly isolated rat cardiomyocytes 

contractile recovery and survival in a metabolic inhibition and 

reperfusion protocol (MI/R)  
  

The effect of TMAO on contractile function of cardiomyocytes was investigated using a 

cellular model of metabolic inhibition and reperfusion (MI/R). The model, as previously 

described in section 2.4, uses cyanide and iodoacetic acid to block ATP synthesis in 

cardiomyocytes thus simulating ischaemia in the cells, and subsequently a washout 

phase to simulate reperfusion.   
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Figure 3.1. Schematic outlining the protocol for the (MI/R) experiment. Briefly, freshly isolated rat 
cardiomyocytes were perfused with NT solution for the first 3 minutes of the experiment. After which, 
the cells were exposed to a metabolic inhibition solution for the subsequent 7 minutes, during which  

contractions stop and the cell may enter a state of rigor. Finally, the cells were returned to NT solution 
for the final 10 minutes of the protocol, during which cells may regain the ability to contract on  

recovery from the metabolic inhibition. For TMAO experiments, the test concentration of TMAO was 
present throughout the experiment, affecting both the normal perfusion with NT and the metabolic 

inhibition stage.  
  

  

The timeline of the MI/R protocol is shown in Figure 3.1. Freshly isolated cardiomyocytes 

were seeded onto the microscope for at least 10 min to allow the cells to adhere to the 

surface to avoid being washed out by perfusion. The cells are perfused with NT solution 

for the first 3 min of the experiment, in which rod-shaped cardiomyocytes normally 

contract in accordance with the 1 Hz EFS. After 3 mins, the cells are exposed to 7 min of 

metabolic inhibition, during which ATP synthesis is blocked and the cells lose the ability 

to properly contract. Finally, the cells are exposed to 10 min of washout, during which 

a portion of cells can recover contractile activity. Figure 3.2 A shows a pictorial 

representation of a field of view at the start of the recording, at the end of the metabolic 

inhibition and finally at the end of the reperfusion phase. In order to investigate the 

effects of TMAO on cardiomyocytes using the MI/R protocol, control cells (not exposed 

to TMAO) and cells exposed to different concentrations of TMAO during throughout the 

entirety of the experiment were recorded. Figure 3.2 B show a concentration response 

profile for TMAO, showing a loss of contractile recovery with increasing concentrations 

of TMAO. At the end of the experiment, cells were stained with trypan blue, a cellular 

dye used to selectively colour dead cells in blue. Figure 3.2 C shows that different 

concentrations of TMAO do not change the percentage of cells that survive the 
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experiment compared to the control, even at the same concentrations that caused loss 

of contractile recovery.  

  

  
  

Figure 3.2. Effects of different concentrations of TMAO on functional recovery in cardiomyocytes. A: 
Pictures showing cardiomyocytes at different stages of the experiment; at the start of the recording the 
cells have the distinctive rod-shape typical of the cardiomyocytes. After MI perfusion, cells go into rigor  
due to lack of ATP and finally, at the end of the protocol, part of the cells are able to recover contractile 

function following the reintroduction of metabolic substrates. B: Concentration-response curve  
showing the functional recovery of the cells as a fraction of control following combined exposure to MI 
and different concentrations of TMAO. As shown in the figure, TMAO affects functional recovery of the 

cells in a concentration-dependant manner (n. 111 experiments from 23 animals). C: Bar chart  
showing the survival rate of the cells expressed as percentage of surviving cells (repeated-measures 

ANOVA; n. 20 experiments from 5 animals).  
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For each experiment, the times to contractile failure, time to rigor, time to contracture, 

time to hypercontracture and time to contractile recovery were recorded. The time to 

contractile failure indicates the time at which each cell has significantly reduced its ATP 

levels and as a result the KATP channel has opened. This causes shortening of action 

potential in the cells until complete action potential failure, visible in this experiment as 

contractile failure. Figure 3.3. A compares the time to contractile failure of cells exposed 

to different concentrations of TMAO to control cells. The time to rigor indicates the time 

of near complete ATP depletion inside the cell. As the cell can no longer sustain 

contraction and the actin and myosin crossbridges are broken down, it shortens into 

rigor. Figure 3.3. B compares the time to rigor of cells exposed to different 

concentrations of TMAO to control cells. The time to hypercontracture indicates the 

point at which the cells were reperfused with NT solution and was thus used as marker 

of precision of the experimental timings.  
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Figure 3.3. Effects of different concentrations of TMAO on cell functional recovery in cardiomyocytes. 

A: Bar chart comparing the time to contractile failure in control cells and in cells exposed to different 
concentrations of TMAO. B: Bar chart showing the time to rigor in control cells and in cells exposed to 

TMAO (* P < 0.05; repeated-measures ANOVA with Dunnett’s post-test; n. 91 experiments from 18 
animals). 

  

Finally, the time to contractile recovery indicates the time at which the cell regains the 

ability to undergo normal calcium cycling, recovering its ability to contract. Figure 3.4 B 

compares the time to contractile recovery of cells exposed to different concentrations 

of TMAO to control cells. In a parallel to what happened with the percentage of cells 

recovering contractile function (Figure 3.4 A), the time to contractile recovery of cells 

gets delayed with increasing concentration of TMAO (30 to 100µM) and gets to the point 

of non-recovery at the highest concentrations (300 µM and 1 mM).  
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Figure 3.4. Effects of different concentrations of TMAO on cell functional recovery in cardiomyocytes.  
A: Reiteration of concentration-response curve showing the functional recovery of the cells as a fraction of 

control following combined exposure to MI and different concentrations of TMAO shown in Figure  
3.2. High concentrations of TMAO result in cells not recovering their cell function after exposure to 

metabolic inhibitors. B: Bar chart showing the time to contractile recovery in control cells and in cells  
exposed to TMAO. High concentrations of TMAO (30 to 100µM) significantly prolong the time taken by 

the cells to recover from contractile failure if they recover at all (* P < 0.05; **P < 0.01 ; **** P <  
0.0001; repeated-measures ANOVA with Dunnett’s post-test n. 91 experiments from 18 animals).  
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3.2.2 The effects of TMAO on calcium transients in freshly isolated rat 

cardiomyocytes using calcium fluorescence imaging   
  

Since the previous results suggest that TMAO is affecting cells ability to contract, the 

next step is to investigate the effects of TMAO on calcium homeostasis in 

cardiomyocytes. Since literature suggests that concentrations of TMAO that are found 

to be effective in cellular experiments range between 0.1 µM and 10mM (Jaworska et 

al., 2019; Savi et al., 2018; W. Zhu et al., 2016), with 10mM considered as an 

hyperphysiological concentration (Querio et al., 2019) and 100µM being the most used, 

and that previous experiments have found TMAO 100µM to be a suitable concentration 

(Figure 3.2 B), all experiments from here on are performed using TMAO 100µM unless 

stated otherwise.  

As described in section 2.6, Fura-2-AM, a ratiometric Ca2+ binding dye that excited at 

340-380 nm and emits at 520 nm, was used. In this experiment, cardiomyocytes were 

perfused with NT for 3 min, followed by 5 min treatment with TMAO 100µM. 1 Hz field 

stimulation was used to trigger the firing of action potential throughout each 

experiment, in order to investigate calcium transients.   

Figure 3.5 A shows mean traces of Ca2+ transients triggered by 1Hz field stimulation in 

NT and TMAO 100µM of the duration of 1s. In the figure, TMAO 100µM caused an 

increase in the size of the calcium transients. To quantify the increase in the size of the 

calcium transients, two different parameters were used. First, the difference in size from 

peak to baseline of each calcium transients was analysed. In figure 3.5 B, that the 

presence of TMAO considerably affected the dimension of the peak reached during the 

transient. As a second parameter, the area under the curve for each transient was 

measured.  Figure 3.5 C show the transient amplitude, measured as the percentage area 

under the curve in presence of 100µM of TMAO compared to control conditions. TMAO 

caused and increase in the AUC of the Ca2+ transients.  
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Figure 3.5. Effects of 100µM TMAO on calcium transients amplitude. A: Example mean traces showing the Ca2+ transients triggered by 1Hz field stimulation in NT 
and 100µM of TMAO. Side-by-side comparison of TMAO treatment showed a prolonged Ca2+ transient compared with control conditions. B: Bar chart showing the 

variability in the peak of the Ca2+ transients. The presence of TMAO considerably effected the dimension of the peak reached during the transient. C: Bar chart 
showing the transient amplitude, measured as the percentage area under the curve in presence of 100µM of TMAO compared to control conditions. TMAO 

increased the AUC of the Ca2+ transients (***P < 0.001; **** P < 0.0001; paired t-test; n. 20 cardiomyocytes from 3 animals).  
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3.2.3 The effects of TMAO on cardiac action potential duration and 

resting membrane potential in freshly isolated rat 

cardiomyocytes  
  

Alterations in the calcium cycling inside the cardiomyocytes usually can lead to 

alterations in the duration of the action potential. As previous data suggests that TMAO 

causes an increase of intracellular calcium, action potential duration is expected to be 

altered to reflect these changes.   

To investigate this, action potentials from isolated cardiomyocytes were recorded using 

the whole-cell patch-clamp technique as described in section 2.5.6. Action potentials 

were stimulated at a rate of 1 Hz until a steady- state was reached and recorded 

continuously for 3-6 minutes prior to perfusion with TMAO 100µM. APD90 and RMP for 

each condition was measured, calculated and analysed as described in section 2.5.6.1.  

Figure 3.6 A shows an example trace of cardiac action potential in control cells and in 

cells exposed to 100µM TMAO, recorded as previously described.  

Figure 3.6 B shows a time-course plot of APD90. TMAO was added after ~3min after the 

start of the recording ad was washed out after ~10min.  

Figure 3.6 C shows the RMP of control cells and TMAO treated cells. TMAO caused no 

significant changes to the RMP of cells.  

Figure 3.6 D shows the APD30 in control cells and in cells exposed to 100µM TMAO. Acute 

exposure to 100µM TMAO caused a prolonging of action potential but only while the 

cells remained exposed to it and Figure 3.6 E shows the APD50 in control cells and in cells 

exposed to 100µM TMAO confirmed and reinforced this effect on APD modulated by 

TMAO. Interestingly, figure 3.6 D shows the APD90 in control cells and in cells exposed 

to 100µM TMAO and in this case acute exposure to 100µM TMAO caused a shortening 

of action potential, while the cells remained exposed to the metabolite, suggesting that 

TMAO was very likely modulating different ion channels with distinct kinetics.  
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Figure 3.6. Effects of 100µM TMAO on membrane potential and action potential duration in cardiomyocytes. A: Example traces of cardiac action potential in 
control cells and in cells exposed to 100µM TMAO. B: Time-course plot of action potential to 90% repolarised (APD90). TMAO was added after ~3min after the start 

of the recording ad was washed out after ~10min. C: Bar chart showing the resting membrane potential (RMP) of control cells and TMAO treated cells. TMAO  
caused no significant changes to the RMP of cells. D: Bar chart showing the duration of action potential at 30% repolarisation (APD90) in control cells and in cells  

exposed to 100µM TMAO. E: Bar chart showing the duration of action potential at 90% repolarisation (APD90) in control cells and in cells exposed to 100µM TMAO. 
Acute exposure to 100µM TMAO caused a prolonging of action potential duration. F: Bar chart showing the duration of action potential at 90% repolarisation 

(APD90) in control cells and in cells exposed to 100µM TMAO. Acute exposure to 100µM TMAO caused a shortening of action potential. (**P < 0.01; ***P < 0.001; 
paired t-test; n. 18 cardiomyocytes from 9 animals). 
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3.2.4 The effects of TMAO on the ionic currents underlying the 

cardiac action potential in freshly isolated rat cardiomyocytes  
  

The cardiac action potential is the key event that regulates the activity of 

cardiomyocytes. In normal physiological conditions, the cardiac action potential occurs 

by finely regulated movements of the ions across the membrane of the cells.   

Amongst the currents that regulate the cardiac action potential, the IK1 current is of key 

importance for maintaining the resting membrane potential and for the final stages of 

repolarization. In order to fire an action potential, a cardiomyocyte needs to be 

depolarized above the action potential threshold. Following an excitation trigger, NaV1.5 

are opened, allowing the passage of Na+ ions inside cell. This movement results in the 

upward stroke of the action potential. After, the membrane potential stabilizes itself in 

a plateau phase in which inward depolarizing currents are balanced by outward 

repolarizing currents. The main responsible for the depolarizing current is the influx of 

Ca2+ ions. The repolarizing phase constitutes in an increase in K+ conductance and the 

K+ currents are carried out by three different components, distinguished by their 

different kinetics.  

As described in section 2.5.6.2, to investigate the effect of TMAO on the currents 

underlying the cardiac action potential a multi-step protocol was used in whole-cell 

configuration in voltage-clamp mode.   

The separation and analysis of the ionic currents is possible because the currents have 

different kinetics, therefore is possible to measure them at a suitable time during a 

voltage clamp pulse. The protocol constitutes of 4 sequential steps: a first step elicited 

by voltage commands from -100 to -70mV in 5mV steps during 10ms, in which IK1 current 

can be measured, a second step elicited by voltage commands from -70 to 40mV during 

500ms, that allows isolation of the Na+ spike, a third step from -40 to 50mV during 

100ms, in which Ca2+ current can be measured and a final fourth step from -50 to -80mV 

in 10mV steps for 4000ms, in which IKs currents can be measured (Figure 3.7). Figure 3.7 

shows the protocol used and a correspondent example trace in which are highlighted 

the sections analysed to obtain information on how TMAO can modulate the different 

currents of the action potential. 
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Figure 3.7 Example trace of a protocol that allows identification of changes in several different currents in a single patch clamp electrophysiology recording in 

whole cell configuration. To allow analysis of different ionic currents, namely IK1, Ca2+ and IKs current, a multi-step protocol was accurately designed. The protocol  
constitutes of 4 sequential steps: a first step elicited by voltage commands from -100 to -70mV in 5mV steps during 10ms to measure IK1, a second step elicited by 

voltage commands from -70 to -40mV with a duration of 50ms to inactivate INa, a third step elicited by voltage commands from -40 to 50mV with a duration of 
4000ms and a final fourth step back to the resting potential. In the image, portions from which following analysis will be shown are highlighted. 
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3.2.4.1 IK1 current  

Kir channels are able to pass inward currents at potentials more negative than the 

equilibrium potential for K+ (EK) but as the membrane potential gets more positive, they 

progressively lose the ability to pass inward current and the current is minimal in the 

outward direction. The IK1 current is of crucial importance for maintaining the resting 

membrane potential and for the final stages of repolarization.  

IK1 was measured by following the protocol exemplified in figure 3.8 A, in particular it 

was analysed in a first step elicited by voltage commands from -100 to -70mV in 5mV 

steps during 10ms, from the section enlarged in the image.   

Figure 3.8 B shows a current-voltage (I-V) relationship comparing control, TMAO and 

washout IK1 current. Figure 3.8 C compares mean IK1 current in control and TMAO 

treated cells. TMAO caused no significant difference in IK1 current, as shown in both I-V 

plot and bar chart.  
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Figure 3.8. Effects of 100µM TMAO on IK1 current in cardiomyocytes exposed to TMAO during patch clamp electrophysiology whole cell configuration recording.  

A: Example trace of current for a single recording, made by following protocol shown in figure 3.7, showing the relevant area. B: Current-voltage relationship (I-V 
plot) comparing control, TMAO and washout IK1 current. C: Bar chart comparing mean IK1 current in control and TMAO treated cells. TMAO caused no significant 

difference in IK1 current, as shown in both I-V plot and bar chart (Paired t-test; n. 11 cardiomyocytes from 5 animals).  
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3.2.4.2 ICa2+ current  

The membrane potential stabilizes itself in a plateau phase in which inward depolarizing 

currents are balanced by outward repolarizing currents, resulting in little changes in the 

membrane potential. The main responsible for the depolarizing current during the 

plateau phase of the action potential is the influx of Ca2+ ions through voltage gated Ca2+ 

channels.  

Entrance of Ca2+ during the action potential plateau triggers Ca2+ release from the 

sarcoplasmic reticulum into the cytosol via activation of Ca2+-release channels. Ca2+ 

influx through ICaL is the regulatory point to maintain homeostasis of intracellular Ca2+.  

ICa2+ was measured by following the protocol exemplified in figure 3.9 A, in particular it 

was analysed in a third step from -40 to -50mV during 100ms, from the section enlarged 

in the image.   

Figure 3.9 B shows a current-voltage relationship (I-V plot) comparing control, TMAO 

and washout ICa2 current. Figure 3.9 C compares mean ICa2 current in control and TMAO 

treated cells. TMAO caused an increase in Ca2+ current, as shown in both I-V plot and 

bar chart, as well as a shift in the current, visible in the I-V plot.  
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Figure 3.9. Effects of 100µM TMAO on Ca2+ current in cardiomyocytes exposed to TMAO. A: Example trace of current for a single recording, expanded from the 

protocol show in figure 3.7.  B: Current-voltage relationship (I-V plot) comparing control, TMAO and washout Ca2+ current. C: Bar chartcomparing mean Ca2+  
current in control and TMAO treated cells. TMAO caused an increase in Ca2+ current, as shown in both I-V plot and bar chart, as well as a shift in the current, visible in 

the I-V plot (*P < 0.05 paired t-test; n. 11 cardiomyocytes from 5 animals).  



 141 
   

3.2.4.3 IKs current  

The repolarizing phase constitutes in an increase in K+ conductance and the K+ currents 

are carried out by three different components, distinguished by their different kinetics. 

IKs is a current that activates extremely slowly when membrane depolarizes to potentials 

greater than -30 mV and reaches half-maximum activation close to +20 mV. IKS has a 

very slow activation and deactivation kinetics to the point where it barely has any 

inactivation. IKs allows K+ current to slowly increase during the plateau phase of the 

action potential therefore it contributes to the repolarizing current in the later stages of 

the action potential. IKs plays a key role in determining the shortening of the action 

potential during physiological increases in heart rate; during rapid heart rates the time 

of inactivation of IKs reduces causing the channel to accumulate and to contribute to a 

faster repolarization.  

In addition, IKs plays an important role in repolarization reserve. Repolarization reserve 

refers to the ability of the myocardium to compensate for the loss and/or alteration of 

a certain potassium current with modulation of the other potassium currents, in order 

to not affect repolarization duration (Baczko et al., 2016; Lengyel et al., 2001). This 

phenomenon was experimentally demonstrated in different species (Biliczki et al., 

2002). The role of IKs in repolarization reserve is well characterized in humans, while 

the main repolarizing currents in mice and rats are Ito and IKur potassium currents.  

  

IKs was measured by following the protocol exemplified in figure 3.10 A, in particular it 

was analysed in a final fourth step from -50 to -80mV in 10mV steps for 4000ms during 

10ms, from the section enlarged in the image.   

Figure 3.10 B shows a current-voltage relationship (I-V plot) comparing control, TMAO 

and washout IKs current. Figure 3.10 C compares mean IKs current in control and TMAO 

treated cells. TMAO caused no significant difference in IKs current, as shown in both I-V 

plot and bar chart.  
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Figure 3.10. Effects of 100µM TMAO on IKs current in cardiomyocytes exposed to TMAO. A: Example trace of current for a single recording, made by following 

protocol outlined in figure 3.7.  B: Current-voltage relationship (I-V plot) comparing control, TMAO and washout IKs current. C: Bar chart comparing mean IKs current 
in control and TMAO treated cells. TMAO had no significant effect on IKs current (Paired t-test; n. 11 cardiomyocytes from 5 animals).  



 143 
   

3.2.5 The effects of TMAO on the ionic currents underlying the cardiac 

action potential in freshly isolated rat cardiomyocytes: a more 

detailed look at Ca2+ current  
  

As outlined in section 2.5.6.3, because of their kinetics, Na+ and Ca2+ current can be 

difficult to separate and measure individually in voltage-step protocol as described 

previously. To allow a more detailed look at Ca2+ current, a multi-step protocol was 

designed with the purpose to isolate Ca2+ current from other ionic currents that could 

potentially interfere. The protocol constitutes of 3 sequential steps followed by a final 

ramp. The first step is elicited by voltage commands from -70 to -40mV during 30ms, 

the second step from -40 to 0mV during 70ms, the third step holds the potential to 0mV 

for 300ms and the final ramp from 0 and -70mV holds to potential at -70mV until the 

end of the protocol (Figure 3.11).  

Another important reason for which this protocol was designed is to allow analysis of 

Ca2+ current over time. By nature, Ca2+ current runs down over time and can affect 

experiment designed to investigate its amplitude. Time-course experiment are 

important to infer information on the modulation of the current during the entire 

experiment.  
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Figure 3.11. Example trace of current for a single patch clamp electrophysiology recording in whole cell configuration. The protocol constitutes of 3 sequential 
steps followed by a final ramp. The first step is elicited by voltage commands from -70 to -40mV during 30ms, the second step from -40 to 0mV during 70ms, the 

third step holds the potential to 0mV for 300ms and the final ramp from 0 and -70mV holds to potential at -70mV until the end of the protocol. In the image, 
portions from which following analysis will be shown are highlighted.  
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3.2.5.1 ICa2+ current  
  

As shown in Figure 3.12, depolarising to 0mV activates a calcium current. The protocol 

was 2 s in duration and repeated until the end of the recording. TMAO was perfused as 

indicated. Calcium current was measured at the end of the normal Tyrode’s solution 

perfusion and at the end of the TMAO perfusion. The mean current is shown in the bar 

chart (Figure 3.12B) comparing mean Ca2+ current in control and TMAO treated cells. 

TMAO caused a significant increase in Ca2+ current. The time –course of Ca2+ current for 

a single cell, showing how Ca2+ current rises after TMAO is perfused on the cell. As time 

progresses, Ca2+ current runs down and continues to do so after TMAO is no longer 

present in solution. 
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Figure 3.12. Effects of 100µM TMAO on Ca2+ current in cardiomyocytes exposed to TMAO. A: Example trace of current for a single recording elicited by voltage 

commands from -70 to 0mV in 2 steps and following ramp command back from 0 to -70mV.  B: Bar chart comparing mean Ca2+ current in control and TMAO  
treated cells. TMAO caused a significant increase in Ca2+ current. C: Time –course of Ca2+ current for a single cell, showing how Ca2+ current rises after TMAO is  

perfused on the cell. As time goes on, Ca2+ current runs down and continues to do so after TMAO is no longer present in solution (***P < 0.001 paired t-test; n. 7 
cardiomyocytes from 6 animals).  
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3.2.5.2 IKs current  
  

The effects on IKs current was also investigated using this protocol as control.  

 Figure 3.13 A shows an example trace of current from a single recording from -70 to 

0mV showing the general potassium currents of which, at this potential, IKs is likely to 

dominate.   

The bar chart in figure 3.13 compares the mean IKs current in control and TMAO treated 

cells.   

Figure 3.13 C shows a time–course of IKs current for multiple cells. TMAO caused no 

significant difference in IKs current, as shown in bar chart and time-course.  
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Figure 3.13. Effects of 100µM TMAO on IKs current in cardiomyocytes exposed to TMAO. A: Example trace of current from a single recording from -70 to 0mV 
showing potassium currents.  B: Bar chart comparing mean IKs current in control and TMAO treated cells. C: Time–course of IKs current for multiple cells. TMAO 

caused no significant difference in IKs current, as shown in bar chart and time-course (Paired t-test; n. 7 cardiomyocytes from 6 animals).  
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3.2.6 The effects of TMAO on action potential duration and Ca2+ 

after exposure of TMAO in freshly isolated rat cardiomyocytes  
  

Of further interest regarding the acute effects of TMAO is the time course of modulation 

of channels and APD in the presence of 100µM TMAO. While the electrophysiological 

protocols used (figure 3.7 and 3.11) to investigate the effects of TMAO on ionic currents 

was run, cells were perfused with TMAO for a longer period of time. In particular, for all 

electrophysiological experiments (action potential protocol, multi-current protocol and 

Ca2+-detailed protocol), cells were perfused with NT for roughly 3 min to allow 

measurements for the “control” experimental group and were than perfused for 5-7 

min with 100µM TMAO to allow complete perfusion and, in the end, a 10 min washout 

with NT was performed to remove all traces of TMAO.   

When the experimental protocol made it possible, time-course of the activity of TMAO 

throughout the experiments was analysed. Figure 3.6 B showed a time-course of APD90 

before, during and following cell’s exposure to TMAO while figure 3.12 B. showed a 

time-course of Ca2+ current measured with Ca2+ current-detailed protocol before, during 

and following cell’s exposure to TMAO; both figures highlight how quickly the cells 

respond to the exposure to TMAO and, interestingly, show that washout of TMAO on 

the cells remove the effects of TMAO analysed.   

To investigate further, data from the washout phase of the experiments were also 

plotted in figure 3.14. Figure 3.14 A shows APD90 in control cells, in cells exposed to 

100µM TMAO and washout Figure 3.14 B shows APD30 in control cells, in cells exposed 

to 100µM TMAO and washout. Figure 3.14 C shows APD50 in control cells, in cells 

exposed to 100µM TMAO and washout. Figure 3.14 D shows comparison mean Ca2+ 

current in control and TMAO treated cells. Acute exposure to 100µM TMAO caused a 

shortening of APD in APD90 and a prolongment of APD in APD30 and APD50 and an 

increase in Ca2+ current but only while the cells remained exposed to it. Washout of the 

cells resulted in a return to the initial state. 
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Figure 3.14.   Effects of 100µM TMAO on APD and Ca2+ current after washout.  A: Bar chart showing the duration of action potential at 90% repolarisation (APD90) 
in control cells, in cells exposed to 100µM TMAO and washout. B: Bar chart showing the duration of action potential at 30% repolarisation (APD30) in control cells,  

in cells exposed to 100µM TMAO and washout. C: Bar chart showing the duration of action potential at 50% repolarisation (APD50) in control cells, in cells exposed to 
100µM TMAO and washout (n. 18 cardiomyocytes from 9 animals). D: Bar chart comparing mean Ca2+ current in control and TMAO treated cells measured with  

Ca2+-detailed current (* P < 0.05; **P < 0.01; ***P < 0.001; repeated-measures ANOVA with Bonferroni post-test; n. 7 cardiomyocytes from 6 animals). Acute 
exposure to 100µM TMAO caused a shortening of APD and an increase in Ca2+ current but only while the cells remained exposed to it. Washout of the cells resulted 

in a return to the initial state. 



 

3.2.7 The effects of TMAO on Kir6.1 channel open probability 

measured using cell-attached recording in freshly isolated rat 

cardiomyocytes  
  

As previous data have shown that TMAO can interfere with normal physiological 

pathways of the cardiomyocytes by altering their contractility, calcium handling and 

affecting the currents involved in the process of the cardiac action potential, the effects 

of TMAO on Kir6.1 channel were also investigated.  

While the majority of reports support the hypothesis that Kir6.2/SUR2A channels are the 

predominant isoform of KATP channel in the heart (Nichols, 2016), recent findings of our 

research group evidence the presence of Kir6.1 in the myocardium (manuscript currently 

under review). According to these findings, Kir6.1 expressed by the cardiomyocytes can 

play a role, in normal physiological conditions, in the regulation on ADP inside the cells 

and, therefore, in Ca2+ handling. Activation of Kir6.1 can result in shortening of ADP and 

a consequent reduction in Ca2+ influx.  As a result, cardiomyocytes are more capable to 

preserve ATP and activation of Kir6.2/SUR2A is delayed. For these reasons, activation of 

Kir6.1 is proposed as a cardioprotective mechanism and its possible modulation by 

TMAO was investigated.  

To investigate the effects of TMAO on Kir6.1 channel, the cell-attached patch 

configuration was used. The Kir6.1 channel activity is only able to be resolved using cell-

attached patch recording. The current is constitutively active and so is difficult to resolve 

in the whole-cell configuration, however the characteristic single channel conductance 

allows it to be identified.  Cardiomyocytes were perfused with NT to record channel 

activity. Following this, the solution was exchanged for TMAO 100 µM for the rest of the 

recording. The pipette potential was held at +40 mV with 140 mM K+ in pipette solution, 

which, assuming a resting membrane potential of -70 mV, gives an approximate 

membrane potential of around -110 mV across the cell-attached patch. These 

parameters were applied in all cell-attached recordings. In every patch, a channel with 

a single channel current of ~5 pA can be observed in normal physiological resting 

conditions (Figure 3.15 A).   
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Figure 3.15 C shows the open probability of Kir6.1 channel in control conditions and 

following treatment with 100µM TMAO while figure 3.15 D shows NPo of Kir6.1 channel 

in control conditions and following treatment with 100µM TMAO. In both these figures 

it is evident that TMAO caused an increase in both the open probability and NPo of Kir6.1 

channel.  

While the majority of cardiac action potential is carried out by univalent and divalent 

cations, important changes in action potential characteristics and the way other ionic 

currents behave can be caused by activation of chloride currents. Normally, changes in 

the extracellular concentration of chloride does not carry the power to cause 

differences in the resting membrane potential. However, activation of chloride currents 

can influence impulse formation and may play a role in arrhythmogenesis. Chloride 

currents normally show outward-going rectification or are largely activated at 

depolarized voltages, resulting in a plausible contribution of these to shortening of the 

ADP but not to the depolarization phase. The shortening of ADP caused by chloride 

activation may be a factor in the prevention of early afterdepolarization and protection 

by the detrimental effects of a prolonged action potential. Effects of chloride currents 

are, generally, limited by the presence of the predominant background potassium 

current (Hiraoka et al., 1998). Interestingly, during the cell-attached protocol used to 

detect activation of Kir6.1 channel, it was noted that in a portion of the cells exposed to 

TMAO 100 µM there was activation of chloride current. Figure 3.15 B is a pie-chart 

showing the number of cells that exhibited Cl- channels activation and the time after 

TMAO application that took for Cl- channels to open.  



 

  
Figure 3.15. Effects of 100µM TMAO on Kir6.1 channel open probability in cardiomyocytes exposed to TMAO. A: Example trace from a cell-attached patch 

recording, showing an expanded section for a more detailed view of the channel openings. B: Pie chart showing the number of cells that exhibited Cl- channels  
activation and the time after TMAO application that took for Cl- channels to open. C: Bar chart showing the open probability of Kir6.1 channel in control conditions 
and following treatment with 100µM TMAO. TMAO caused an increase in the open probability of the Kir6.1 channel. D: Bar chart showing NPo of Kir6.1 channel in  
control conditions and following treatment with 100µM TMAO. TMAO caused and increase in the NPo of the channel (**P <0.01 paired t-test; n. 10 cardiomyocytes 

from 7 animals).  
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3.2.8 The effects of TMAO on Kir6.2 channels open probability in the 

MI-activated currents measured using cell-attached recording in 

freshly isolated rat cardiomyocyte  
  

As previous data have shown that TMAO can interfere with normal physiological 

pathways of the cardiomyocytes by altering their contractility, calcium handling and 

affecting the currents involved in the process of the cardiac action potential, while also 

stimulating the opening of Kir6.1, a potential cardioprotective pathway, the effects of 

TMAO on Kir6.2 were also investigated.   

In normal physiological conditions, Kir6.2 is thought to be existing predominantly in a 

closed state that, consequently, does not contribute significantly to the membrane 

potential of the cardiomyocyte or the modulation and duration of the action potential. 

However, in case of the cells undergoing metabolic stress like in case of ischaemia or 

hypoxia, these channels switch to their opening state resulting in a reduction of the ADP 

and a decrease in the cell’s ability to contract, in order to preserve the energetic 

resources, mainly ATP (Lederer et al., 1989). Opening of Kir6.2 creates a hyperpolarizing 

K+ current that decreases the time to repolarization of the cell and limits the plateau 

phase of the action potential, thus reducing Ca2+ influx and, altogether, causing a 

reduction of Ca2+ overload in cardiomyocytes (Brunner et al., 2003).   

To investigate the effects of TMAO on Kir6.2 channels, cell-attached patch configuration 

was used as described previously. Cardiomyocytes were perfused with either NT or 

TMAO 100 µM to record channel activity. Following this, the solution was exchanged for 

SFT+MI solution or SFT+MI and TMAO 100 µM for the rest of the recording. The 

metabolic inhibition causes ATP depletion and activation of Kir6.2 channels. The pipette 

potential was held at +40 mV with 140 mM K+ in pipette solution, which, assuming a 

resting membrane potential of -70 mV, gives an approximate membrane potential of 

around -110 mV across the cell-attached patch. These parameters were applied in all 

cell-attached recordings.   

In every patch, a channel with a single channel current of ~10 pA can be observed in 

normal physiological resting conditions (Figure 3.16 A). Figure 3.16 A also shows the 

activation of the Kir6.2 current (~10 pA) after MI due to the depletion of ATP and  
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increase of intracellular ADP and the activity of the Kir6.2 highlighted by the two 

different levels of opening.  

Traces were analysed by looking for bursts of activity which fitted the criteria of being 

>10pA and ≥100ms or ≥500ms, as this duration would exclude any spontaneous burst 

of activity that can occur which have not been induced by MI. Figure 3.16 B shows the 

mean time taken to detect a burst of Kir6.2 activity lasting longer than 100ms in control 

cells and TMAO treated cells during MI perfusion while  figure 3.16 C shows the mean 

time taken to detect a burst of Kir6.2 activity lasting longer than 500ms in control cells 

and TMAO treated cells during MI.  TMAO did not cause any significant difference in the 

activation of Kir6.2, suggesting that enhancement of stress condition caused by TMAO 

evidenced in the previous experiments does not cause increase in Kir6.2 channels 

opening, in these experimental conditions. 



 

  
Figure 3.16. Effects of 100µM TMAO on the time to Kir6.2 channel activity in cardiomyocytes exposed to TMAO. A: Example trace from a cell attached recording 

from a cardiomyocyte perfused with a metabolic inhibition (MI) solution. Following ~150 s of perfusion with MI, an inward KATP current is seen, consistent with  
Kir6.2/SUR2A activation, showing bursting behaviour. B: Bar chart showing the mean time taken to detect a burst of Kir6.2 activity lasting longer than 100ms in 

control cells and TMAO treated cells during MI perfusion. C: Bar chart  showing the mean time taken to detect a burst of Kir6.2 activity lasting longer than 500ms in 
control cells and TMAO treated cells during MI. (Unpaired t-test, n.13 cardiomyocytes, 7 controls and 6 TMAO from 3 animals).  
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3.2.9 The effects of TMAO on the protection imparted by ischaemic 
preconditioning in freshly isolated rat cardiomyocytes  

  

As previous data have shown that TMAO can interfere with normal physiological 

pathways of the cardiomyocytes by altering their contractility, calcium handling and 

affecting the currents involved in the process of the cardiac action potential, while also 

stimulating the opening of Kir6.1, a potential cardioprotective pathway, TMAO was used 

on ischaemic preconditioned (IPC) cardiomyocytes to investigate its effects on a 

cardioprotective mechanism.  

IPC is a cardioprotective mechanism elicited by a succession of brief periods of 

ischaemia or hypoxia exerted on the heart prior to the main ischaemic event that 

increases the ability of the myocardium to endure metabolic stress, thus having a 

protective effect on the myocardium. Briefly, in order to prepare IPC cardiomyocytes, 

hearts were perfused on a Langendorff canula where, to simulate short periods of 

ischaemia, perfusion was halted for three 5-min periods, with 5-min of normal perfusion 

between each break. The stopped perfusion has the effect of simulating the short 

periods of ischaemia, inducing the protective effects into the cells (Brennan et al., 2015). 

Cardiomyocytes that benefit from cardioprotection induced by IPC are characterized by 

specific effects: an increase in the percentage of contractile recovery and an increase in 

the percentage of cell survival following metabolic inhibition, when the MI/R model was 

applied, a delay in the time to contractile failure and a delay in the activation of Kir6.2 

(Brennan et al., 2015; Sims et al., 2014).  

The timeline of the MI/R protocol is shown in Figure 3.1 IPC cardiomyocytes are seeded 

onto the microscope for at least 10 min to allow the cells to adhere to the surface as to 

avoid being washed out by perfusion. The cells sit for the first 3 min of the experiment 

in NT solution, in which rod-shaped cardiomyocytes normally contract according to the 

stimulation provided in the experiment. After, the cells are exposed to 7 min of 

metabolic inhibition, during which ATP synthesis is blocked and the cells lose the ability 

to properly contract. TMAO 100µM was used during the entire protocol, for the TMAO 

treated experiment.   
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Figure 3.17 A shows the percentage of functional recovery of IPC cells compared to 

TMAO treated cells. In a similar fashion to data show previously in figure 3.1, TMAO 

caused a reduction of the percentage of cell contractile recovery compared to the IPC 

cells, proving that TMAO is able to reverse the cardioprotection of the cardiomyocytes 

induces by the IPC treatment. Figure 3.17 B show a time course highlighting the 

reduction in functional recovery of IPC cells and TMAO treated IPC cells with respect to 

the time following IPC stimulus. Cardioprotection induced by IPC treatment is time-

dependent and IPC cardiomyocytes rate of contractile recovery slowly decreases over 

time after isolation of the IPC cells. The time-dependency of contractile recovery rate is 

maintained in the TMAO-treated cells, but in this case TMAO-treated IPC cells 

consistently showed a further ~20% reduction in contractile recovery compared to the 

control IPC cells.   
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Figure 3.17. Effects of 100 µM TMAO on cell functional recovery in ischaemic-preconditioned 
cardiomyocytes.  A: Bar chart showing the percentage of functional recovery of control cells and  

TMAO treated cells. TMAO treated cells showed a significant reduction in their cardioprotected status  
(*P < 0.05 unpaired t-test, n = 6 experiments for each condition from 3 animals). B: Time course 

showing the reduction in functional recovery of IPC cells and TMAO treated IPC cells with respect to the 
time following IPC stimulus. TMAO-treated IPC cells consistently showed a ~20% reduction in 

contractile recovery compared to the control IPC cells.  

  

For each experiment, the times to contractile failure, time to rigor, time to contracture, 

time to hypercontracture and time to contractile recovery were also recorded. As 

mentioned in section 3.2.1 the time to contractile failure indicates the time at which 
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each cell has significantly reduced its ATP levels and KATP channel has opened. Figure 

3.18 A compares the time to contractile failure of cells exposed to TMAO 100µM to 

preconditioned cells. The time to rigor indicates the time of near complete ATP 

depletion inside the cell. Figure 3.18 B compares the time to rigor of cells exposed to 

TMAO  100µM to preconditioned cells.   

Finally, the time to contractile recovery indicates the time at which the cell regains the 

ability to undergo normal calcium cycling, recovering its ability to contract. Figure 3.18 

C compares the time to contractile recovery of cells exposed to TMAO 100µM to 

preconditioned cells.   

TMAO did not cause changes in time to contractile failure, time to rigor and time to 

contractile recovery in the ischaemic preconditioned cells.  
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Figure 3.18. Effects of 100 µM TMAO on cell functional recovery in ischaemic-preconditioned 

cardiomyocytes.  A: Bar chart comparing the time to contractile failure in control cells and in cells  
exposed to 100 µM TMAO. B: Bar chart showing the time to rigor in control cells and in cells exposed to 

100 µM TMAO. C: Barc chart showing the time to contractile recovery in control cells and in cells 
exposed to 100 µM TMAO. TMAO caused no significant difference in the time to contractile failure,  

time to rigor and time to contractile recovery in ischaemic-preconditioned cardiomyocytes (Unpaired t-
test; n. 12 experiments from 3 animals).  
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3.2.10  The effects of TMAO on ischaemia/reperfusion injury using 
Langendorff isolated whole heart model  

  

To investigate the effects of TMAO on the whole heart, the Langendoff isolated whole 

heart model of ischaemia/reperfusion injury described in detail in section 2.7 was used.  

In this model, a region-specific injury of the myocardium was caused by occlusion of the 

LAD coronary artery in order to incite ischaemia. Later, removal of the ligation allows 

perfusate to normally flow again in the coronary cycle, thus re-establishing reperfusion.  

In this experimental model, TMAO 100 µM was perfused all throughout the protocol. At 

the end of the experiment, the dyes Evans blue and TTC were used to double stain slices 

of the whole heart to allow distinction between the areas analysed. Figure 3.19 A shows 

an example slice were the different areas analysed are highlighted. In the first image, 

the total slice displays all the three different areas of analysis: the blue area is the region 

stained by Evans blue and represents the non-ischaemic or healthy area, the red 

coloured area represents the regions in which Evans blue was incapable of penetrating, 

that is stained by TTC and represents the area at risk, and finally, the white unstained 

area represents the area of necrosis of the tissue. In the second image, the non-risk zone 

was cut out to record the area at risk. In the final image, only the area of necrosis was 

left behind.  

To quantify the effects of TMAO on the areas analysed, the sizes of the infarcted area, 

the area at risk and the non-risk zone were calculated using ImageJ and used to 

extrapolate the weight of those areas compare to the total weight of each slice. The 

final results were expressed as a percentage of area at risk and as a percentage of infarct 

size compared to the area at risk itself. Figure 3.19 B shows the infarct size of whole 

heart expressed as percentage of area at risk while figure 3.19 C shows the area at risk 

of whole heart expressed as percentage of total heart. Both figures highlight the fact 

that TMAO caused no significant difference in the infarct size or in the percentage of 

area at risk of whole heart, suggesting that the detrimental effects of TMAO evidenced 

on the cardiomyocytes are not transferred to the whole heart.   

  



 

  
Figure 3.19. Effects of 100µM TMAO on ischemia/reperfusion injury in whole heart using Langendorff isolated heart model. A: Pictures showing the stages of 
analysis of each slice for this experiment. The total slice, before sections were cut out, shows three coloured areas: a blue area, where the Evans blue dye has  

penetrated, a red area identified as the area at risk and a final white area identified as the area of necrosis. Area at risk image shows the area of Evans Blue staining 
cut away from the image to record an area at risk. Finally, using ImageJ, the area of necrosis is measured. B: Bar chart showing the infarct size of whole heart 
expressed as percentage of area at risk. C: Bar chart showing area at risk of whole heart expressed as percentage of total heart. TMAO caused no significant 
difference in the infarct size or in the percentage of area at risk of whole heart (Unpaired t-test, n = 6 control and 6 TMAO treated hearts).  
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3.3 Discussion  
  

In this chapter, data has been presented identifying a direct link between the gut-

derived metabolite TMAO and altered cardiomyocyte function. Using 

electrophysiological and pharmacological tools, the effects of this metabolite have been 

investigated in freshly isolated cardiomyocytes.   

In the literature, reports have primarily focused on the detrimental role of TMAO on 

endothelial cells. In particular, in these cells, TMAO was found to increase cellular aging, 

by upregulating specific markers (p53 and p21) that serve as senescence mediators, 

decrease cellular proliferation and alter cellular migration (Ke et al., 2018). TMAO has 

also been described to increase oxidative stress in these endothelial cells, through 

impairment of nitric oxide production, causing an altogether malfunctioning of the cells 

(T. Li et al., 2017). Another large part of the literature has focused its attention of the 

hypertensive effects of TMAO. In particular, TMAO was found to have a role in 

enhancing the activity of angiotensin II, mediator of hypertensive effects, by stabilizing 

its protein conformation and prolonging its hypertensive effects (Ufnal et al., 2014). 

Other reported effects of TMAO on the cardiovascular system have focused on the 

strong relationship between high TMAO plasma concentrations, caused by consumption 

of nutrients rich in precursors of TMAO, with the development of atherosclerosis (Koeth 

et al., 2013) and the correlation between high TMAO plasma concentrations with an 

increase of diabetes risk, through increase in body weight and insulin resistance 

(Dambrova et al., 2016). Despite being the focus of several studies, a comprehensive 

and cohesive description of the effects of TMAO is yet to be achieved and the function 

of TMAO is still being debated. Studies like the ones discussed above are often 

countered by evidences of a positive and protecting effect of TMAO, an argument that 

finds its root in the controversy surrounding fish-rich diets (Querio et al., 2019). It is well 

known that while fish and seafood do not yield large amounts of TMAO precursors, they 

are extremely rich in TMAO themselves and their effects on lowering the risk of 

complications in CVD is well-known. In addition, contrasting evidences are emerging on 

the link between high plasma concentrations of TMAO and development of 
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atherosclerosis, regarding the fact that TMAO does not seem involved in foam cell 

formation, key event in the development of atherosclerosis, even at concentrations 

higher than physiological ones (Collins et al., 2016). Other evidences that point to a 

positive correlation between TMAO and its involvement in the cardiovascular system 

are provided by a study performed by Huc et al. (2018), in which they highlighted a 

protective role of TMAO in reduction of fibrosis and diastolic dysfunction in 

pressureoverloaded hearts. Finally, another factor that heavily weighs in the discussion 

on whether TMAO can be considered as a protective or damaging factor in CVD, is the 

lack of a well-defined plasma concentration range of the metabolite, based on the 

contrasting data about TMAO plasma concentrations in healthy and pathological 

subjects (Querio et al., 2019).   

This project aims to fits into this debate by providing new insights into the link between 

TMAO and CVD.  

Although the link between TMAO and the cardiovascular system has been investigated, 

there are not many studies that turned their focus on the direct effects that the 

metabolite can have on cardiac cells. In these, TMAO has been presented as an agent 

that increases the severity of cardiovascular events and enhances the progression and 

development of cardiovascular diseases (Makrecka-Kuka et al., 2017). Consistently with 

these findings, in this project TMAO was found to enhance the damage to the contractile 

function of cardiomyocytes caused by a mixture of metabolic inhibitors, the which 

combined activity causes a depletion of ATP reserve in the cell, in a concentration-

dependent manner (Figure 3.2 B). Indeed, TMAO by itself did not cause alterations of 

contractile function, even when used at the highest concentrations that were shown to 

permanently damage the cells when TMAO was used in combination with metabolic 

inhibitors (namely concentrations of TMAO higher than 100µM TMAO cause the cells to 

not be able to recover from the loss of contractility at all as shown in figure 3.2 B and in 

figure 3.4 B), but was only able to increase the damage caused by metabolic inhibition.   

In addition, evidence from Querio et al. (2019) underlined that high concentrations of  
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TMAO caused no toxic effect in the cardiomyocytes. In their study they found that high 

concentrations of TMAO do not induce cardiac tissue loss and that there were no 

alterations in the cardiac structure of cardiomyocytes after exposure to TMAO, as 

emerged by evaluation of the sarcomere length and cytoskeletal organization. Besides 

this study, another study from Jaworska et al. (2019) found that TMA and not TMAO 

was responsible for the decrease in proliferation and viability of cardiomyocytes and 

that co-treatment with TMAO could be protective against the cytotoxic effects of TMA. 

Furthermore, they proposed that the detrimental effect they found TMA responsible 

for could be caused by an interference of this one in the degradation of proteins 

structure, since both albumin and cardiac LDH were degraded by 24h incubation with 

TMA in their study. These findings were similar to this study, as TMAO was found to not 

cause any differences in the cell survival rate compared to control conditions, even at 

the highest concentrations, as shown in figure 3.2 C. Our study took these findings a 

step further and confirmed that TMAO did not cause loss of cardiac issue not only in 

isolated cardiomyocytes but in the whole heart as well. In our study,  

TMAO was used on the Langendoff isolated whole heart model of 

ischaemia/reperfusion injury and was shown to not cause any significant difference in 

the infarct size or in the percentage of area at risk of whole heart, as shown in figure 

3.19 B and in figure 3.19 C.  

Despite this evidence of a non-damaging role of TMAO on cardiomyocytes, there exists 

findings that make it clear that TMAO is able to directly impair cardiomyocyte 

contractile function and intracellular calcium dynamics. A first study that proposed Ca2+ 

handling as a possible mechanism to explain the effects of TMAO was conducted by W. 

Zhu et al. (2016). In this study, it was shown that TMAO was capable of increasing 

platelet hyperresponsiveness and increase thrombosis risk. In addition, they proved that 

this effect of TMAO on platelet hyperresponsiveness was strictly dependent on an 

increase in Ca2+ release from platelet intracellular stores, mediated by several agonists, 

in including ADP, thrombin, collagen, and arachidonic acid. Following on, Savi et al. 

(2018), showed a detrimental effect of TMAO in cardiomyocytes by finding it worsens 

intracellular calcium handling by a decrease in the efficiency of the cell to remove 
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intracellular calcium, with a consequent loss in cardiac function. In particular, they 

proposed that intracellular calcium handling was altered by TMAO via activation of 

protein sirtuin 1, which is known to increase SERCA2 expression. In this scenario, an 

increase of SERCA2 would lead to an increase in calcium store content explaining their 

findings of an increase in Ca2+ amplitude.  Consistent with these findings, in this project 

TMAO was found to increase Ca2+ transients’ amplitude, as shown in figure 3.5. The 

alteration of Ca2+ handling by TMAO was further confirmed in our study by 

electrophysiological studies. In two differently designed protocols, it was shown that 

TMAO caused an increase of Ca2+ current in cardiomyocytes, either by increasing influx 

of Ca2+ into the cells or by stimulating the release of Ca2+ from the intracellular stores, 

as shown in figure 3.9 and 3.12. Furthermore, in figure 3.16 it is clear that APD30 and 

APD50 are longer when TMAO is present on the cells, a clear reflection that the increase 

in intracellular Ca2+ was affecting the cardiac action potential by prolonging the plateau 

phase.  

This study demonstrated that TMAO did not affect the other currents involved in 

modulating the cardiac action potential. As shown in figure 3.8, figure 3.10 and figure 

3.13, TMAO did not cause any significant differences in IK1 or IKs amplitude, suggesting 

that the detrimental effects of TMAO linked to alteration of Ca2+ handling do not cause 

further alterations in the other currents.  

Ca2+ handling is not the only key point involved in the disruption and/or protection of 

cardiac function. In the cardioprotective signalling pathways, there are multiple 

molecules that are involved in the transmission of the protective signals from the trigger 

to the effectors (Murphy et al., 2008). Acute ischaemia-reperfusion injury has been 

described to involve ROS generation, reduction of nitric oxide supply, Ca2+ overload and 

disruption of the mitochondria leading to cell death (Kalogeris et al., 2014). In addition, 

it has been reported that an inflammatory response, mediated by NFκB and other 

transcription factor activation, is involved in enhancing the expression of cell adhesion 

molecules, leukocyte infiltration and, altogether, damage to the tissue. In contrast, 

specific signalling pathways can be activated to attenuate or prevent the damaging 
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effects caused by ischaemia-reperfusion injury (Kalogeris et al., 2012; Kalogeris et al., 

2014).   

Of these, ischaemic preconditioning (IPC) is an internal mechanism that can be triggered 

by a succession of short bursts of ischaemia that ultimately results in an improved 

cardiomyocyte survival rate and an equally improved cardiac function, after an episode 

of ischaemia (Murry et al., 1986; Suzuki et al., 2002). Effectors of the signalling pathways 

involved in mediating the cardioprotective response triggered by IPC include ROS 

generating pathways, nitric oxide and cyclic guanosine monophosphate (cGMP) 

pathway (Das et al., 2005; Solenkova et al., 2006). Cardiomyocytes protected by 

triggering of the IPC pathways were shown to be affected by exposure to TMAO. As 

shown in figure 3.17, TMAO caused a decrease in the percentage of cell recovery. 

Another interesting point was that while non-IPC cells treated with 100 µM TMAO 

showed differences in time to contractile recovery and time to contractile failure (fig 3.3 

A and 3.4 B), the same differences in times could not be found in IPC cells treated with 

100 µM TMAO (fig 3.18 A and C). These findings confirm that cardioprotection mediated 

by IPC results in an increased percentage of overall contractile recovery, and while the 

cardioprotection imparted is not entirely effective against the detrimental effects of 

TMAO, these results could be enough to suggest that TMAO may be involved in the 

same pathways that mediate cardioprotection by IPC .  

An important role in the cardioprotection mediated by IPC is plated by KATP channels, 

however it is still unclear which of the isoforms of KATP channel is able to trigger the 

cardioprotective response.  In normal physiological conditions, the Kir6.2 channel, 

believed to be the main isoform expressed in the ventricular myocardium, remains 

predominantly closed and does not play important roles in either maintaining the 

resting membrane potential or the action potential duration. The situation changes in 

case of metabolic stress, such as an ischemic or hypoxia event, when reserves of ATP 

are depleted and KATP channels will open and cause a shortening of the APD in order to 

preserve ATP inside the cell (Lederer & Nichols, 1989). The idea that cardioprotection 

could be mediated by KATP channels was supported by findings from McPherson et al. 
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(1993), that suggested that cardioprotection could be achieved with the use a KATP 

opener, pinacidil, that caused a shortening of the APD and a decrease in cellular 

contractility that, altogether, served the purpose of preserving intracellular energy. A 

similar response was observed in cardiomyocytes exposed to TMAO, where TMAO 

caused a shortening of the APD90, as shown in figure 3.6, suggesting that TMAO may be 

involved in the same cardioprotective pathway that involves KATP channels opening.   

Although the Kir6.2 channel is believed to be the main isoform expressed in ventricular 

cardiomyocytes (Suzuki et al., 2002), it is unlikely that this channel is involved in 

mediating the cardioprotection imparted by IPC, suggesting that there could be another 

isoform of KATP channel expressed at cardiac level. Brennan et al. (2015) found evidence 

that suggested that in cardiomyocytes protected by IPC the activation of Kir6.2 channel 

was delayed after MI, effectively demonstrating that cardioprotection was not 

mediated by early activation of Kir6.2 channels. Furthermore, this study showed 

evidence that activation of Kir6.2 channel induced by MI actually caused contractile 

failure in the cardiomyocytes and that in cardiomyocytes protected by IPC the activation 

of Kir6.2 channel was delayed (Brennan et al 2015).   

Along with evidence that suggests against activation of Kir6.2 channel as the main 

responsible for cardioprotection, there is evidence that suggesting that this role may be 

in part due to activity of Kir6.1. Lawrence et al. (2002) demonstrated that ischaemia can 

cause an increase in the expression of Kir6.1 and that transfection of a Kir6.1 dominant 

negative subunit into cardiomyocytes caused a decrease of cell viability following the 

ischemic episode. In addition, Isidoro Tavares et al. (2007) proved that Kir6.1 expression 

levels were upregulated following coronary ligation and that they were particularly high 

near the infarct zone. These findings were further demonstrated by our group in data, 

currently unpublished, that demonstrate that Kir6.1 open probability was increased 

following a cardioprotective trigger. Further evidence showed that this activation was 

followed by a shortening of the action potential, reduction of Ca2+ accumulation and 

reduced ATP depletion during MI, overall improving contractile recovery and increasing 

the cell survival rate. Thus, the hypothesis is that there are two different protective 
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pathways in the heart: one mediated by activation Kir6.1 channel, that is involved in the 

earliest stages of metabolic stress and a second one mediated by activation of Kir6.2 

channel, that is involved in prolonged ischaemia and the latest stages of metabolic stress 

that results in a late attempt of preserving ATP.  

In accord with these findings, acute exposure to TMAO caused an increase in the 

activation of Kir6.1 channel, as shown in figure 3.15, but was not involved in the 

modulation of activation of Kir6.2 channel, as shown in figure 3.16. Although the 

mechanism is not clear, Kir6.1 is seemingly activated by perfusion with TMAO.   

These findings of activation of Kir6.1 current, coupled with the potentiation of calcium 

currents, suggest that there is an acute modulation of cardiomyocyte function by TMAO. 

This does not have a significantly deleterious effect on cell survival following ischaemia, 

however, does give increased calcium transient amplitude and so may have an acute 

positive ionotropic effect on the intact myocardium. Further investigations of intact 

myocardial function would be required to fully investigate this.  

In conclusion, acute administration of TMAO to isolated cardiomyocytes can have an 

impact on modulation of ion channel function. These effects manifest as a change in the 

action potential and an effect on calcium homeostasis. Despite these changes in calcium 

homeostasis, the effects of ischaemia are not exaggerated in the whole heart, however 

contractile recovery following ischaemia is compromised in a single cell model of 

ischaemia and reperfusion. To further establish the potentially deleterious effects of 

TMAO on cardiomyocyte function, the effects of more chronic elevations of TMAO will 

be investigated in Chapter 4.    
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4 The effects of 24-hour exposure with TMAO on 
cardiac cell function and modulation of cardiac 
electrical parameters  

  

4.1 Introduction  
  

In the previous chapter, it was demonstrated that acute treatment of freshly isolated 

cardiomyocytes with TMAO cause an increased calcium current, increase Kir6.1 channel 

activity and reduced contractile function following an ischaemia and reperfusion 

protocol. The effects identified in Chapter 3 were with a short 5-10-minute exposure of 

TMAO on the cardiac cells. It is plausible that there are differences between the acute 

effects of TMAO and those that are more chronic following prolonged exposure. To 

investigate the effects of longer-term exposure to TMAO on cardiomyocytes, freshly 

isolated rat cardiomyocytes were cultured for 24h following isolation with or without 

TMAO.   

Experiments that yielded significant perturbations of cardiac cell behaviour, as 

described in chapter 3, were replicated to provide information and comparison between 

acute exposure and a prolonged exposure to TMAO.  

  

4.2 Results  
  

4.2.1 The effects of 24 exposure to TMAO on cardiac action potential 

duration and resting membrane potential in cultured rat 

cardiomyocytes   
  

The first key experiment replicated to investigate the effects of TMAO on cultured 

cardiomyocytes was analysis of action potential duration.  

To investigate this, action potentials from cultured cardiomyocytes were recorded using 

the whole-cell patch-clamp technique as described in section 2.5.6. Action potentials 

were stimulated at a rate of 1 Hz until a steady- state was reached and recorded 
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continuously for 3-6 minutes prior to perfusion with TMAO 100µM. APD90 and RMP for 

each condition was measured, calculated and analysed as described in section 2.5.6.1.  

Figure 4.1 A shows an example trace of cardiac action potential in control cells and in 

cells exposed to 100µM TMAO, recorded as previously described. The action potential 

morphology was significantly different following 24-hours in culture, showing a small 

depolarisation and prolonged action potential duration. Despite these different 

characteristics, there was no effect of TMAO on the action potential. Figure 4.1 B shows 

the RMP of control cells and TMAO treated cells. TMAO caused no significant changes 

to the RMP of cells. Figure 4.1 C shows the APD90 in control cells and in cells exposed to 

100µM TMAO. From these data, it was concluded that longer-term exposure to 100µM 

TMAO did not cause any modulation of action potential duration in contrast to what 

was previously described for acute administration.  
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Figure 4.1. Effects of 24h exposure to 100µM TMAO on membrane potential and action potential duration. A: Example traces of cardiac action potential in control cells 

and in cells exposed to 100µM TMAO for 24h. B: Bar chart showing the resting membrane potential (RMP) of control cells and cells exposed to 100µM TMAO  

for 24h. Long exposure to TMAO caused no significant changes to the RMP of cells. C: Bar chart showing the duration of action potential at 90% repolarisation  

(APD90) in control cells and in cells exposed to 100µM TMAO for 24h. While acute exposure to 100µM TMAO caused a shortening of action potential during the 

exposure, the effect was not present long-term. (Unpaired t-test, n = 8 control and 10 TMAO treated cells from 4 animals).  



 175 
   

4.2.2 The effects of 24 exposure to TMAO on the ionic currents 

underlying the cardiac action potential in cultured rat 

cardiomyocytes: a more detailed look at Ca2+ current  
  

Another important experiment that was chosen to be replicated on cultured 

cardiomyocytes exposed to 100µM TMAO for 24h, was the current protocol shown in 

figure 3.11 that allowed a more detailed analysis of the Ca2+ current. With acute 

exposure of cardiomyocytes to 100µM TMAO, Ca2+ current significantly increased by the 

presence of TMAO. To investigate whether this modulation was present in the cultured 

cardiomyocytes following 24-hour of treatment with TMAO, the multiple current 

protocol was used.   

 

4.2.2.1 ICa2+ current  

  
To investigate the effect of chronic treatment of TMAO on Ca2+ current, the inward 

current was measured from increasing depolarising steps, Figure 4.2 A. An example 

traces of Ca2+ current for a single recording is shown, together with the mean time 

course comparing mean Ca2+ current in control and TMAO treated cells. Finally, a bar 

chart showing mean Ca2+ current at 3 min from the start of the recording is shown 

(Figure 4.2C). These data demonstrate that more long-term (24-hour) exposure to 

TMAO caused no significant increase in Ca2+ current, as shown in bar chart and time 

course, unlike acute exposure to TMAO which caused an increase in Ca2+ current. It 

should be noted that there is a general trend of increased current, however it is not 

significant. This may be due to insufficient repeats given the variability of the data from 

cultured cardiomyocytes. 
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Figure 4.2. Effects of 24h exposure to 100µM TMAO on Ca2+ current in cardiomyocytes exposed to TMAO. A: Example trace of Ca2+ current for a single recording.   

B: Mean time course comparing mean Ca2+ current in control and TMAO treated cells. C:  Bar chart showing mean Ca2+ current at 3 min from the start of the 
recording. Long exposure to TMAO caused no significant difference in Ca2+ current, as shown in bar chart and time-course, unlike acute exposure to TMAO which 

caused an increase in Ca2+ current (Unpaired t-test, n. 26 cardiomyocytes, 14 controls and 12 TMAO treated from 5 animals). 
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4.2.2.2 IKs current  
  

To directly compare with the data investigating the acute effects of TMAO on currents, 

the effects of prolonged exposure of TMAO on the IKs current was investigated. These 

data, shown in figure 4.3, shows the time course of IKs current comparing mean IKs 

current in control and TMAO treated cells together with a bar chart showing mean IKs 

current at 3 min from the start of the recording. Consistent with the data investigating 

the acute effects of exposure to TMAO, long exposure to TMAO caused no significant 

difference in IKs current (Unpaired t-test, n. 26 cardiomyocytes, 14 controls and 12 

TMAO treated from 5 animals).   

In the cultured cardiomyocytes, the chronic effects of TMAO did not affect the calcium 

or the IKs currents. This may be due to the variability of the data acquired from the 

cultured myocytes.  
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Figure 4.3. Effects of 24h exposure to 100µM TMAO on IKs current in cardiomyocytes exposed to TMAO. A: Example trace of current for a single.  B: Time course 

of IKs current comparing mean IKs current in control and TMAO treated cells. C: Bar chart showing mean IKs current at 3 min from the start of the recording. 
Consistently to what happens with acute exposure to TMAO, long exposure to TMAO caused no significant difference in IKs current, as shown in both bar chart and 

time-course (Unpaired t-test, n. 26 cardiomyocytes, 14 controls and 12 TMAO treated from 5 animals).  
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4.2.3 The effects of 24 exposure to TMAO on Kir6.1 channel open 

probability measured using cell-attached recording in cultured rat 

cardiomyocytes  
  

With acute exposure to TMAO, it was shown that the activity of the Kir6.1 channel, as 

measured by the NPo, was increased. To investigate whether the effects of longer-term 

exposure to TMAO on Kir6.1 channel NPo was similar, the cell-attached patch 

configuration was used. Cardiomyocytes were perfused with NT to record channel 

activity. Following this, the solution was exchanged for TMAO 100 µM for the rest of the 

recording. In these experiments the NPo was measured in NT conditions (control was no 

incubation with TMAO). The pipette potential was held at +40 mV with 140 mM  

K+ in pipette solution, which, assuming a resting membrane potential of -70 mV, gives 

an approximate membrane potential of around -110 mV across the cell-attached patch. 

These parameters were applied in all cell-attached recordings. In every patch, a channel 

with a single channel current of ~5 pA can be observed in normal physiological resting 

conditions (Figure 4.4 A).   

Figure 4.4 B shows the open probability of Kir6.1 channel in control cultured cells and in 

cells exposed to 100µM TMAO for 24h while figure 4.4 C shows NPo of Kir6.1 channel in 

control cultured cells and in cells exposed to 100µM TMAO for 24h. In both these figures 

it is evident that TMAO did not cause any significant increase in both the open 

probability and NPo of Kir6.1 channel.  

In addition, during the cell-attached protocol used to detect activation of Kir6.1 channel, 

it was noted that the cells exposed for 24h to TMAO 100 µM did not show any activation 

of chloride current, in contrast to what was found in the acute exposure of 

cardiomyocytes to TMAO. 
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Figure 4.4. Effects of 24h exposure to 100µM TMAO on Kir6.1 channel open probability. A: Example trace of a cell-attached patch recording with expanded segment 

on Kir6.1 channel opening. B: Bar chart showing the number of openings of Kir6.1 channels in control cells and in cells treated with 100µM TMAO for 24h.  
C: Bar chart showing the number of openings of Kir6.1 channels in control cells and in cells treated with 100µM TMAO for 24h. TMAO caused no significant 

difference in the the NPo of the channel. TMAO caused no significant difference in the open probabilities of the channel, unlike acute exposure to TMAO which  
caused an increase in the open probabilities of Kir6.1 channel (Unpaired t-test, n. 19 controls and 10 TMAO treated from 4 animals) 
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4.2.3 The effects of 24-hour exposure to TMAO on Kir6.2 channels 

open probability in the MI-activates currents measured using 

cell-attached recording in cultured rat cardiomyocytes.  
  

With the acute-TMAO treatment, the activity of the Kir6.1 current was increased. In 

these experiments, it was hypothesised that the increased Kir6.1 activity would mean 

that the cell was partially cardioprotected and so would delay the opening of the 

Kir6.2/SUR2A complex that essentially acts as a metabolic sensor. From the data with 

the acute treatment of TMAO showing no change in Kir6.2 opening times, it was 

hypothesised that the increased calcium current counter-acted the calcium-sparing 

Kir6.1 activity. It was hypothesised that, given the lack off effect on Kir6.1 NPo, the 

effects of long-term exposure to TMAO on Kir6.2 activity would be minimal. To 

investigate this, the cell-attached patch configuration was to be used as described 

previously. Disappointingly, this data is only preliminary as the work was started just 

prior to laboratory closure due to the COVID pandemic and so was not completed.  

Figure 4.5 A also shows the activation of the Kir6.2 current (~10 pA) after MI due to the 

depletion of ATP and increase of intracellular ADP and the activity of the Kir6.2 

highlighted by the two different levels of opening.  

Traces were analysed by looking for bursts of activity which fitted the criteria of being 

>10pA and ≥100ms or ≥500ms, as this duration would exclude any spontaneous burst 

of activity that can occur which have not been induced by MI. Figure 4.5 B shows the 

mean time taken to detect a burst of Kir6.2 activity lasting longer than 100ms in control 

cultured cells and TMAO treated cells during MI perfusion while  figure 4.5 C shows the 

mean time taken to detect a burst of Kir6.2 activity lasting longer than 500ms in control 

cultured cells and TMAO treated cells during MI. These preliminary data show that long 

term exposure to TMAO did not cause any significant difference in the activation of 

Kir6.2, re-confirming that Kir6.2 activity is not modulated by the metabolite. 
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Figure 4.5. Effects of 24h exposure to 100µM TMAO on Kir6.2 channels activity in cardiomyocytes exposed to TMAO during patch clamp electrophysiology cell-

attached configuration recording. A: Example trace of single cell recording with (B) focus on first burst of activity of Kir6.2 channels. C: Bar chart showing the  
average time taken to detect a burst of Kir6.2 activity lasting longer than 100ms in control cells and TMAO treated cells after MI (or combination of MI and 100µM  

TMAO) perfusion. D: Bar chart showing the average time taken to detect a burst of Kir6.2 activity lasting longer than 500ms in control cells and TMAO treated cells 
after MI (or combination of MI and 100µM TMAO) (Unpaired t-test, n. 15 controls and 2 TMAO from 5 animals). 
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4.3 Discussion  

In this chapter, data have been presented to further investigate the direct effects of 

TMAO on cardiac cells, this time focusing on a longer exposure of the cells to the 

metabolite. Using electrophysiological and pharmacological tools, the effects of this 

metabolite have been investigated in freshly isolated cardiomyocytes, cultured for 24h 

with or without the presence of TMAO.   

In the literature, studies have discussed the ranges of concentrations of TMAO present 

in both plasma and serum of healthy patients and of patients with CVD or at risk of 

developing CVD. This has been investigated in order to both establish a reliable range 

of concentrations of the metabolite to use as a biomarker for CVD risk and to identify a 

suitable protocol to investigate TMAO’s activity.  

  

Pharmacokinetics studies on TMAO, and on its renal clearance in healthy human 

patients, reveal that TMAO has a small volume of distribution inside the human body 

(resulting in being roughly half of the volume of distribution of urea), and that TMAO 

has a higher renal clearance compared to urea and creatinine (219 ± 78 mL/min for 

TMAO; 55 ± 14 for urea and 119 ± 21 mL/min for creatinine) (Akesson et al., 1989; Hai 

et al., 2015). This particularly high renal clearance of TMAO suggest that the metabolite 

is excreted both through glomerular filtration and through tubular secretion (50% of it 

at least) (Velasquez et al., 2016).   

A study from Cho et al. (2017), based on previous findings, and their own evidence, 

concluded that TMAO has a plasma half-life of roughly 4h, and a human study by AlWaiz 

et al. (1987), performed with radio-labelled TMAO, concluded that TMAO was 

completely excreted within 24h from its synthesis, 94.5% in the urine, 4% in the faeces 

and less than 1% in breath. Based on these evaluations, it was concluded that an 

exposure to TMAO of 24h, corresponding to the time of complete excretion of TMAO 

from the human body, was the optimal way to investigate whether the effects of TMAO 

evidenced with acute exposure of the cardiomyocytes to the metabolite are sustained 

in a longer exposure, replicating a normal physiological condition.  
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Apart from the time of exposure, another important factor to consider in replicating 

normal physiological conditions are the range of concentrations of TMAO, based on diet 

and variability of plasma and serum levels found in the literature. Several studies have 

focused on describing TMAO levels. A study from C. A. Miller et al. (2014) described how 

a single intake of 6 egg yolks (roughly corresponding to 714 mg of choline) resulted in 

TMAO levels reaching between 2–20 µM after 8h from consumption and these levels 

returning to basal after 24h. Despite this, in a study with 30 healthy males, fasting 

plasma TMAO concentrations did not change after 4 weeks of regular ingestion of 400 

mg/d choline (Lemos et al., 2018) confirmed by another study where 38 subjects 

consumed up to 3 eggs per day for 4 weeks, resulting in an increase in plasma levels of 

choline but not TMAO plasma levels (DiMarco et al., 2017). Other studies have focused 

on the levels of TMAO caused by sea food consumption. In particular, it was reported 

that sea food consumption caused an increase in postprandial urinary excretion of 

TMAO after 24 h equivalent to a diet with supplementation of 2100 mg choline, 2970 

mg L-carnitine, or 1670 mg TMAO in healthy volunteers (A. Q. Zhang et al., 1999). 

Furthermore, in a study on 40 healthy young men, consumption of meals containing fish 

that produced TMAO, led to a significant increase in postprandial plasma TMAO levels, 

that reached its peak at roughly 150 µM, after 2 h post meals. However, egg or beef 

consumption, providing choline and L-carnitine, respectively, did not result in significant 

increase in TMAO plasma levels (Cho et al., 2017). Another study, on 113 heathy 

omnivore volunteers, showed that a diet high in red meat (which provided roughly 258 

mg L-carnitine and 573 mg choline daily), consumed for 4 weeks, was enough to cause 

and increase in plasma levels of TMAO from a median level of 3.5 µM TMAO to 7 µM (Z. 

Wang et al., 2019). In this study, it was revealed that TMAO was mainly produced from 

L-carnitine, thanks to isotope tracing experiments, and that a diet rich in meat (both 

white and red meat) caused a minor decrease in fractional renal TMA excretion, which 

could be an explanation for the increase of plasma levels of TMAO (Z. Wang et al., 2019). 

Furthermore, it was reported that the Atkins diet, a diet particularly rich in red meat, 

caused an increase in plasma TMAO levels from 1.8 µM to 3.3 µM (Park et al., 2019). 

Finally, it was reported that a single consumption of 170 g of beefsteak did not result in 

a significant increase in postprandial mean plasma TMAO levels, which peaked only 1 h 

after consumption (Cho et al., 2017; Papandreou et al., 2020). In conclusion, it is likely 
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that there would be transient, but not sustained levels of TMAO under normal 

physiological conditions.   

  

Several studies have focused on comparing levels of TMAO in healthy patients and 

patients affected by a different CVD. In a study, the reported serum levels of TMAO in 

stroke ranged from 0.5 to 18.3 μM, with a median value of 5.8 μM, which was reportedly 

higher than the serum levels detected in controls patients, that ranged between 2.6 to 

6.1 μM, with a median value of 3.9 μM. On the other hand, the median level of serum 

TMAO content in those patients was significantly lower than in moderate-to-high stroke 

patients, reported to be between 4.1 μM vs. 9.1 μM (Rexidamu et al., 2019). Missailidis 

et al. (2016) compared plasma concentration of TMAO in 80 controls and 179 CKD 

patients and showed that elevated TMAO levels are strongly associated with degree of 

renal function. Another study that focused on CKD patients, Kaysen et al. (2015), in 

which they analysed serum levels of TMAO in 235 haemodialysis patients and showed 

that serum TMAO concentrations (28–67 µM) were higher in these patients compared 

to patients with normal or near normal kidney function (1.41 ± 0.49 µM). Furthermore, 

Bain et al. (2006) reported that plasma levels of TMAO in pre-dialysis patients (99.9 ± 

31.9 μM) were significantly higher than the levels evaluated in healthy subjects (37.8 ± 

20.4 μM). In addition, plasma levels of TMAO were decreased by roughly 60% with a 

single haemodialysis session and kidney transplantation caused a significant reduction 

in TMAO plasma levels (Stubbs et al., 2016; Velasquez et al., 2016).  

Finally, in a more recent study by Gessner et al. (2020), in healthy patients the levels of 

TMAO were reported to be  1.28 to 19.67 μmol/L for men and for women as 1.08–17.12 

μmol/L. Interestingly, these values were similar to levels of TMAO found in another 

group of healthy individuals in a study  by Wang et al. (2014), but it also overlaps with 

values reported in patients with a confirmed cardiovascular event (Tang et al., 2013), or 

in patients with CKD (Stubbs et al., 2016).Thus, both plasma and serum levels of TMAO 

have been used in numerous different cohorts to fully define a range of active TMAO 

concentrations, but no unequivocal answer has emerged yet.  
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Cell culture experiments in the literature that aim to investigate the link between TMAO 

and CVD, both in acute treatments and in chronic treatment with the metabolite, have 

been performed using very different ranges of concentrations and different cell lines. 

Amongst these, the first studies aimed at delineating the effects of TMAO on the 

development of atherosclerotic plaques and its effects on endothelial cells. In cultured 

carotid artery endothelial cells, 30 µM TMAO was found to modulate different 

inflammatory pathways, such as an increase in caspase 1 activity, enhanced IL-1β 

production, which led to inflammasome formation that was hypothesized to be at the 

basis of the generation of atherosclerotic plaque formation (Boini et al., 2017). On a 

similar premise, Chou et al. (2019) showed that TMAO affected endothelial progenitor 

cells by promoting cellular inflammation and oxidative stress, while having detrimental 

effects on cellular function. These effects of TMAO were evident only when cells were 

cultured with 200 and 500 µM TMAO, while the same effects were not sustained by 2 

µM or 100 µM TMAO. In addition, macrophages treated with increasing doses of TMAO 

up to 100 µM, showed no effect on atheroma formation, when its effect was evaluated 

on foam cell formation (Collins et al., 2016).  

  

Interestingly, W. Zhu et al. (2016) in their study on the effects of TMAO on platelet 

hyperreactivity and thrombotic risk, found that plasma levels of TMAO in a cohort of 

sequential subjects undergoing elective diagnostic coronary angiography showed a 

“large dynamic range” of 0.06 to 312 µM, which has informed the choices of studies, 

and the experiments in this study, of performing experiments with a concentration of 

100 µM of TMAO, which they determined to be “physiologically relevant”.   

  

Studies on a direct effect of TMAO on cardiomyocytes are just beginning to be 

published. The first work that treated cardiomyocytes with different concentrations of 

TMAO was published by Savi et al. (2018), in which 20 or 100 µM TMAO was used. 

Timings of treatment with TMAO were not mentioned, but it is likely that TMAO was 

used acutely, to prove that TMAO is able to affect cardiomyocyte contractility and 

intracellular Ca2+ handling and that co-treatment with Uro B-glucoronide, a molecule 

with anti-inflammatory properties, helped in the recovery of the cardiomyocyte 

functional properties, adding evidences of a possible modulation of inflammatory 
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pathways by TMAO. Another study performed in isolated rat cardiomyocytes, Querio et 

al. (2019), used 10 or 100 µM TMAO applied for 1 to 24h. In this study, TMAO was found 

to not have any significant effect on cell viability, sarcomere length, ROS production or 

mitochondrial membrane potential. Furthermore, the co-treatment with TMAO and 

molecules known to have a detrimental effect on cardiac cells function, like H2O2 and 

doxorubicin, did not cause any worsening of the negative effects caused by the 

cardiotoxic molecules.  

  
Finally, in their study, Jaworska et al. (2019) demonstrated that neither 24h nor 72h 

treatment with TMAO were cytotoxic when used on the H9C2 cell line, a rat ventricular 

cardiac cell line, despite using concentrations of TMAO ranging from 0.1 to 100 mM 

These concentrations were notably much higher than the ones found in the plasma of 

both healthy patients (3.6 ± 0.4 µM) and in patients with severe aortic stenosis (5.5 ± 

0.5 µM), in their own study and much higher than the concentration range observed in 

humans affected by CVD, as previously described. Furthermore, they proved that TMA, 

precursor of TMAO, at the same concentrations was not only affecting cell viability but 

was also causing cell shrinkage and detachment of the cells from the bottom of the 

plate, while TMAO was not capable of changing cell morphology and that cells 

maintained their normal morphology even after 10 days of treatment with TMAO. The 

only reputable effect they were able to associate with TMAO was that a lowered density 

of cell culture, suggesting that cell proliferation was affected, but not their survival.  

  

Consistent with the literature, in this chapter we showed that the effects of 100 µM 

TMAO discussed in chapter 3, where acute exposure to the metabolite disrupted the 

normal contractile activity of cardiac cells, increased Ca2+ current inside the cells and 

modulated openings of Kir6.1 channels, were no longer present when the experiments 

were performed following up to 24h exposure of the cardiac cells to the metabolite. 

Furthermore, in chapter 3, when the experimental protocol made it possible, time 

course of the acute exposure of TMAO throughout the experiments were analysed. 

These experiments showed that cells respond very quickly to the exposure to TMAO 

and, likewise, show that washout of TMAO on the cells remove the effects of TMAO as 

quickly. Combined with the data shown in chapter 4 on the absence of a significant 
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effect of TMAO during the 24h exposure, it is possible to infer hints on the mechanism 

behind the link between TMAO and its effects on cardiac cells.  

  

When a signalling molecule binds to its extracellular receptor, usually the first reaction 

happens directly on ion channels and it affects their modulation and on molecular 

phosphorylation patterns of intra-cellular signalling molecules, and it is a very quick 

process. In contrast, modulation of signalling molecules and ion channel by alteration 

of gene expression by exogenous factors requires a longer time. Not only gene 

expression changes require a longer time to happen but the effects of a modulation of 

gene expression remain for a longer period of time. Taken these considerations into 

account, it is reasonable to infer that TMAO does not affect ion channel modulation by 

altering their gene expression, otherwise it would require a much larger window of time 

to execute its effects than shown in the time-course experiments on action potentials 

and on the ionic currents performed in chapter 3, and its effects would probably show 

in a long-exposure treatment like the ones performed in chapter 4.  

Given the current data in this study, the mechanism(s) of the modulation of the currents 

are not clear. With additional time, further investigation of the molecular mechanism of 

the modulation of ionic currents would be carried out. Given the data recorded, and the 

speed at which the changes in calcium current were initiated on perfusion with TMAO, 

it is likely that there is either a direct modulation of the channel, or that there is an 

alteration of the lipid environment around the channels that promote their activity. On 

perfusion with TMAO, the calcium current, and action potential changes, occur within 

seconds of the beginning of perfusion. This immediacy suggests a direct effect that is 

independent of signalling processes. However, with limited further evidence this is 

currently supposition.    

  

In conclusion, long-term (24h) administration of TMAO to cultured cardiomyocytes does 

not have an impact on modulation of ion channel function. The effects manifested in 

the acute administration of TMAO in isolated cardiomyocytes as a change in the action 

potential and an effect on calcium homeostasis, are no longer significant in a chronic 

model. To further investigate the potentially deleterious effects of TMAO on 

cardiomyocyte function and to analyse a possible mechanism of action that resolves he 
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link between TMAO and CVD, modulation of cardiac energy metabolism by TMAO and 

its effects on normal mitochondrial function will be investigated in Chapter 5. 
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Chapter 5  

  

  

  

  

Cardiac energy metabolism and effects 
of TMAO on normal mitochondrial 

function 
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5    Cardiac energy metabolism and effects of TMAO on 
normal mitochondrial function  
  

5.1   Introduction  

  

In the previous chapters, it was demonstrated that acute treatment of freshly isolated 

cardiomyocytes with TMAO caused an increased calcium current, increased Kir6.1 

channel activity and reduced contractile function following an ischaemia and 

reperfusion protocol. It was also demonstrated that isolated cardiomyocytes cultured 

for 24h with or without TMAO did not yield the same results as seen in the acute 

treatment with TMAO. Despite this lack of effect in chronic treatment with TMAO, there 

was a marked reduction of contractile recovery following ischaemia in freshly isolated 

cells treated with TMAO. This concentration-dependent effect of TMAO suggests that 

either TMAO was interfering with the contractile properties of the cardiomyocytes, or 

perhaps more likely, that TMAO is having an effect on mitochondrial function.   

  

The findings in Makrecka-Kuka et al. (2017), suggest that mitochondrial function is 

modulated by TMAO, however other studies have not shown such alterations in 

mitochondrial function. It was hypothesised that the disruption of contractile recovery, 

but not a corresponding increase in cell death following ischaemia, could be explained 

by a reduction, but not complete abolition, of ATP synthesis during reperfusion in a 

TMAO concentration-dependent manner.  Indeed, a reduction in ATP could cause a 

cessation of contraction whilst still retaining enough ATP to drive the Ca2+ homeostasis 

pathways.  

  

Based on the results of this study so far, in this chapter, experiments are going to focus 

on further investigating the potentially deleterious effects of TMAO on cardiomyocyte 

function by analysing a possible mechanism of action that links TMAO and CVD. It is 

hypothesised that there is a modulation of mitochondrial function to yield a reduced 

ATP in the presence of TMAO. In this chapter the effects of TMAO on normal 

mitochondrial function, and therefore cellular energy metabolism, will be investigated.  
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5.2  Results  

  

5.2.1 ATP determination in H9C2 cardiac cells exposed to increasing 

concentrations of TMAO  

To investigate the effects of TMAO in pathways relating to mitochondrial dysfunction, a 

simple, high-throughput assay was employed to address this hypothesis in vitro. The 

quantitation of ATP is generally used as an index of both cell proliferation and viability. 

However, when data derived from these types of experiments are used in combination 

with other markers of cell viability, ATP content can be used to assess the effects of 

treatment on cellular bioenergetics and mitochondrial function. Since biosynthesis of 

ATP is a finely regulated process, any molecule or compound that is able to alter 

mitochondrial bioenergetics will most likely be able to lower ATP concentrations before 

a loss of cell viability or induction of cytotoxicity is detected (Mingatto et al., 2002)   

In this study, the effects of TMAO on ATP content were compared to assess 

mitochondrial function following treatment. Experiments were carried out using an 

established rat cell line, H9C2 and cells were treated with different concentrations of 

TMAO ranging from 1-300 µM for the same duration (24 hours), and ATP content was 

indirectly determined. In this protocol, ATP production is directly correlated to the 

amount of light produced though the assay, as outlined in section 2.10. A negative 

control, represented by treatment of the cells with water that caused irreversible cell 

death, was included.  

H9C2 cells were cultured in two different experimental environments: either in low 

glucose media or in high glucose media. Since hyperglycaemia is associated with 

myocardial damage and worsening of cardiac parameters during acute coronary 

syndrome through alteration of mitochondrial, caused by overload of [Ca2+]i and low 

levels of ATP (Brennan et al., 2019), it was important to evaluate the effects of TMAO in 

both a more physiological environment (replicated by culturing the cells in low glucose 
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media) and in an altered environment were an excess of substrates was present 

(replicated by culturing the cells high glucose media).  

  

Figure 5.1 A compares ATP production in H9C2 cells cultured in low glucose media and 

treated with different concentrations of TMAO ranging from 1-300 µM for 24h while 

figure 5.1 B compares ATP production in H9C2 cells cultured in high glucose with the 

same TMAO conditions. TMAO did not cause any significant differences in ATP 

production in either media environments (high glucose and low glucose media). Despite 

this, it is important to note that 300 µM of TMAO showed a reduction in ATP production, 

compared to the rest of the concentrations of TMAO, in both experimental conditions.   
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Figure 5.1. Effects of increasing concentrations of TMAO on ATP production in H9C2 cell line. A:  
Bar chart comparing ATP production in H9C2 cells cultured in low glucose media and treated with 

different concentrations of TMAO ranging from 1-300 µM for 24h.  B: Bar chart comparing ATP  
production in H9C2 cells cultured in high glucose media and treated different concentrations of TMAO 

ranging from 1-300 µM for 24h. TMAO did not significantly affect ATP production in either media  
environments (high glucose and low glucose media). Despite changes in ATP production were not  

significant, it is of note that 300 µM of TMAO showed a reduction in ATP production, compared  
to the rest of the concentrations of TMAO, in both the experimental conditions. Data were presented as 

percentage of control (one-way ANOVA; n. 4 experiments for each treatment).  

  

Lastly, a comparison between three selected concentrations of TMAO in both culture 

conditions was performed. These three concentrations were chosen as representative 

based both on results from previous chapters and considerations on the 

pharmacokinetics of TMAO and will be used in future experiments to compare the 
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effects of TMAO in different metabolic conditions. A concentration of TMAO of 3 µM 

was chosen to simulate physiological concentrations of TMAO found in the plasma of 

healthy patients, while 100 and 300 µM were chosen as physiologically relevant to 

simulate levels of TMAO found in patients with altered conditions and after a diet rich 

with TMAO and TMAO-precursors, as consistent with the literature.  

  

Figure 5.2 compares side-to-side the effects of three different key concentrations (3, 

100 and 300 µM) of TMAO on ATP production in H9C2 cells cultured in high glucose or 

in low glucose media. In all the concentrations of TMAO, ATP production was lower in 

the cells cultured in high glucose media compared to the corresponding concentration 

of TMAO in cells cultured in low glucose media, albeit in a non-significant manner.  

  
  

   
Figure 5.2. Side-to-side comparison of ATP production in H9C2 cells cultured in different media.  

Bar chart comparing the effects of three different key concentrations (3, 100 and 300 µM) of TMAO on 
ATP production in H9C2 cells cultured in high glucose or in low glucose media. In all the concentrations of 

TMAO, ATP production was lower in the cells cultured in high glucose media compared to the 
corresponding concentration of TMAO in cells cultured in low glucose media, albeit in a non-significant 

manner. Data were presented as percentage of control (two-way ANOVA; n. 4 experiments for each 
treatment). 
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5.2.2 Mitochondrial function of AC16 cardiac cells exposed to 

increasing concentrations of TMAO study using the Seahorse XF 

analyser  

  

The mitochondrial stress test, fully described in section 2.12.1, was used to investigate 

the effects of TMAO on the mitochondrial function of AC16 cells cultured in high glucose 

and low glucose media.   

  

Figure 5.3. A typical profile of the mitochondrial stress test to assess mitochondrial function. In the 
first step, different concentrations of TMAO were injected on the plate and basal OCR was evaluated.  
Following the measurement of basal respiration, oligomycin was injected into each well, followed by 3 

cycles of mix and wait and 3 min measurement to determine O2 consumption resulting from proton  
leak. The difference between the basal OCR and the oligomycin-insensitive OCR, allow us to evaluate 

the amount of OCT that is ATP-linked. Then, FCCP was injected into each well, to determine the  
maximal respiration that is possible. The difference between FCCP rate and basal OCR allows us to  

estimate of the spare reserve capacity of the cells. Finally, a mixture of antimycin A and rotenone was 
injected into each well, allowing us to determine OCR from non-mitochondrial sites. Image modified 

from the Agilent Technologies website.  

 

In the first step of the protocol, different concentrations of TMAO, ranging from 0.3 to 

300 µM, were injected into the wells and the basal levels of OCR were measured. After 

basal OCR was established, AC16 cells treated with TMAO were exposed to the 
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metabolic inhibitors oligomycin, FCCP and a mixture rotenone and antimycin A at the 

timepoints indicated in figure 5.3. Figure 5.3 shows the typical profile of the 

mitochondrial stress test to assess mitochondrial function.  

The measurements taken after each injection were used to calculate area under the 

curve (AUC) values for the mitochondrial function parameters, extrapolated as 

explained in figure 5.3; basal OCR, ATP-linked OCR, proton leak, maximal OCR, reserve 

capacity and non- mitochondrial OCR.  

Figure 5.4 and figure 5.5 show real time measurements of OCR (figure 5.4 and figure 5.5 

A) and ECAR (figure 5.4 and figure 5.5 B) for AC16 cells cultured in either high glucose  

(figure 5.5) or low glucose (figure 5.4) and treated with TMAO.     
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Figure 5.4. Effects of TMAO on cellular bioenergetics of AC16 cells cultured in low glucose media using 
the XF24 analyzer. AC16 cells were cultured for in low glucose media. Real time measurements of OCR 

(A) and ECAR (B) were measured and oligomycin, FCCP and antimycin A/rotenone were injected 
sequentially as shown (n. 3 experiments for each treatment). 
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Figure 5.5. Effects of TMAO on cellular bioenergetics of AC16 cells cultured in high glucose media using 

the XF24 analyzer. AC16 cells were cultured for in high glucose media. Real time measurements  
of OCR (A) and ECAR (B) were measured and oligomycin, FCCP and antimycin A/rotenone were injected 

sequentially as shown (n. 3 experiments for each treatment).  

  

Figure 5.6 shows the effects of increasing concentrations of TMAO on basal respiration 

in AC16 cell line; in panels A and B the effects of TMAO in high and low glucose media 

respectively, show that there were no significant changes in basal respiration. Despite 

non-significant changes in basal respiration, it is important to note that high 

concentrations of TMAO, in particular 100 and 300 µM of TMAO showed a reduction in 
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basal respiration compared to the rest of the concentrations of TMAO, in both the 

experimental conditions.  

  

Figure 5.6. Effects of increasing concentrations of TMAO on basal respiration in AC16 cell line. A:  
Bar chart comparing basal respiration in AC16 cells cultured in high glucose media and treated with 

different concentrations of TMAO ranging from 0.3 to 300 µM.  B: Bar chart comparing basal  
respiration in AC16 cells cultured in low glucose media and treated different concentrations of TMAO 

ranging from 0.3 to 300 µM. TMAO did not significantly affect basal respiration in either media  
environments (high glucose and low glucose media). Despite changes in basal respiration were not 
significant, it is of note that high concentrations of TMAO, in particular 100 and 300 µM of TMAO,  

showed a reduction in basal respiration, compared to the rest of the concentrations of TMAO, in both 
the experimental conditions (one-way ANOVA; n. 3 experiments for each treatment).  

  

Figure 5.7 shows the effects of increasing concentrations of TMAO on maximal 

respiration in AC16 cell line; in panels A and B the effects of TMAO in high and low 

glucose media respectively, show that there were no significant changes in maximal 
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respiration. Similar to that shown in figure 5.6, 300 µM of TMAO showed a reduction in 

maximal respiration compared to the rest of the concentrations of TMAO, in both the 

experimental conditions.  

  

  
  

Figure 5.7. Effects of increasing concentrations of TMAO on maximal respiration in AC16 cell line. A: 
Bar chart comparing maximal respiration in AC16 cells cultured in high glucose media and treated with 

different concentrations of TMAO ranging from 0.3 to 300 µM.  B: Bar chart comparing maximal 
respiration in AC16 cells cultured in low glucose media and treated different concentrations of TMAO 

ranging from 0.3 to 300 µM. TMAO did not significantly affect maximal respiration in either media 
environments (high glucose and low glucose media). Despite changes in maximal respiration were not 
significant, it is of note that high concentrations of TMAO, in particular 300 µM of TMAO, showed a 
reduction in maximal respiration, compared to the rest of the concentrations of TMAO, in both the 

experimental conditions (one-way ANOVA; n. 3 experiments for each treatment). 
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Figure 5.8 shows the effects of increasing concentrations of TMAO on ATP-linked 
respiration in AC16 cell line; in panels A and B the effects of TMAO in high and low  
glucose media respectively, show that there were no significant changes in ATP-linked 

respiration. In this case, two concentrations of TMAO, 100 and 300 µM, showed a 

reduction in ATP-linked respiration compared to the rest of the concentrations of 

TMAO, in both the experimental conditions.  

  

   
Figure 5.8. Effects of increasing concentrations of TMAO on ATP-linked respiration in AC16 cell line. A:  
Bar chart comparing ATP-linked respiration in AC16 cells cultured in high glucose media and treated with 

different concentrations of TMAO ranging from 0.3 to 300 µM.  B: Bar chart comparing ATP- 
linked respiration in AC16 cells cultured in low glucose media and treated different concentrations of  

TMAO ranging from 0.3 to 300 µM. TMAO did not significantly affect ATP-linked respiration in either 
media environments (high glucose and low glucose media). Despite changes in ATP-linked respiration 
were not significant, it is of note that high concentrations of TMAO, in particular 100 and 300 µM of 
TMAO, showed a reduction in ATP-linked respiration, compared to the rest of the concentrations of 

TMAO, in low glucose environment (one-way ANOVA; n. 3 experiments for each treatment).  
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Figure 5.9 shows the effects of increasing concentrations of TMAO on spare respiratory 

capacity in AC16 cell line; in panels A and B the effects of TMAO in high and low glucose 

media respectively, show that there were no significant changes in spare respiratory 

capacity. In this case as well, 300 µM of TMAO showed a reduction in spare respiratory 

capacity compared to the rest of the concentrations of TMAO, in both the experimental 

conditions.     
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Figure 5.9. Effects of increasing concentrations of TMAO on spare respiratory capacity in AC16 cell 
line. A: Bar chart comparing spare respiratory capacity in AC16 cells cultured in high glucose media and 

treated with different concentrations of TMAO ranging from 0.3 to 300 µM.  B: Bar chart  
comparing spare respiratory capacity in AC16 cells cultured in low glucose media and treated different 

concentrations of TMAO ranging from 0.3 to 300 µM. TMAO did not significantly affect spare  
respiratory capacity in either media environments (high glucose and low glucose media). Despite  
changes in spare respiratory capacity were not significant, it is of note that high concentrations of  

TMAO, in particular 300 µM of TMAO, showed a reduction in spare respiratory capacity, compared to 
the rest of the concentrations of TMAO, in both the experimental conditions (one-way ANOVA; n. 3 

experiments for each treatment).  

  

Figure 5.10 shows the effects of increasing concentrations of TMAO on proton leak in 

AC16 cell line; in panels A and B the effects of TMAO in high and low glucose media 

respectively, show that there were no significant changes in proton leak. Consistently 

with the rest of the results so far, high concentrations of TMAO, in particular 300 µM of 

TMAO, showed a reduction in proton leak, compared to the rest of the concentrations 

of TMAO, in both the experimental conditions.   
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Figure 5.10. Effects of increasing concentrations of TMAO on proton leak in AC16 cell line. A: 

Bar chart comparing proton leak in AC16 cells cultured in high glucose media and treated with 
different concentrations of TMAO ranging from 0.3 to 300 µM.  B: Bar chart comparing proton leak in 
AC16 cells cultured in low glucose media and treated different concentrations of TMAO ranging from 

0.3 to 300 µM. TMAO did not significantly affect proton leak in either media environments (high glucose 
and low glucose media). Despite changes in proton leak were not significant, it is of note that high 

concentrations of TMAO, in particular 300 µM of TMAO, showed a reduction in proton leak, compared to 
the rest of the concentrations of TMAO, in both the experimental conditions (one-way ANOVA; n. 3 

experiments for each treatment). 

  

Lastly, in figure 5.11 shows a side-to-side comparison of the different parameters 

evaluated so far in this section in AC16 cells cultured in high glucose or in low glucose 

media, using three different key concentrations (3, 100 and 300 µM) of TMAO chosen 

based on previous results and evaluations. In particular, in figure 5.11 A shows the 

effects of TMAO on basal respiration, figure 5.11 B shows the effects of TMAO on proton 
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leak, figure 5.11 C shows the effects of TMAO on maximal respiration, and figure 5.11 D 

shows the effects of TMAO on ATP-linked. In all the concentrations of TMAO, the 

majority of parameters evaluated were lower in the cells cultured in high glucose media 

compared to the corresponding concentration of TMAO in cells cultured in low glucose 

media, albeit in a non-significant manner, except for proton leak in which the trend was 

reversed.   



 

  
  

Figure 5.11. Side-to-side comparison of different parameters in AC16 cells cultured in different media. A: Bar chart comparing the effects of three different key 

concentrations (3, 100 and 300 µM) of TMAO on basal respiration in AC16 cells cultured in high glucose or in low glucose media. B: Bar chart comparing the effects 

of three different key concentrations (3, 100 and 300 µM) of TMAO on proton leak in AC16 cells cultured in high glucose or in low glucose media. C: Bar chart 

comparing the effects of three different key concentrations (3, 100 and 300 µM) of TMAO on maximal respiration in AC16 cells cultured in high glucose or in low  

glucose media. D: Bar chart comparing the effects of three different key concentrations (3, 100 and 300 µM) of TMAO on ATP-linked respiration production in AC16  

cells cultured in high glucose or in low glucose media. In all the concentrations of TMAO, the majority of parameters evaluated were lower in the cells cultured in 

high glucose media compared to the corresponding concentration of TMAO in cells cultured in low glucose media, albeit in a non-significant manner, except for 

proton leak in which the trend was reversed. Data were presented as percentage of control (two-way ANOVA; n. 3 experiments for each treatment).  
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5.3  Discussion  
  

In this chapter, data have been presented to further investigate the direct effects of 

TMAO on cardiac cells, focusing on the impairment of mitochondrial metabolism in the 

heart and the possibility of TMAO being an important player that increases the severity 

of cardiovascular events or that enhances the progression of cardiovascular diseases by 

modulating bioenergetic pathways inside the cell. 

The first study that proposed that TMAO may have detrimental effects on mitochondrial 

activity was published by Makrecka-Kuka et al. (2017). In this study, it was highlighted 

that an increase in levels of TMAO was able to reduce both pyruvate and fatty acid 

oxidation, but was not able to cause any significant changes in modulation of the ETC. 

In particular, long-term administration of TMAO at a dose of 120 mg/kg for 8 weeks was 

found to increase TMAO concentration in plasma and cardiac tissues to about 15 µM 

(plasma levels) and 11 nmol/g (cardiac tissue) and was found to decrease mitochondrial 

substrate-dependent respiration by roughly 30% without affecting OXPHOS respiration. 

Furthermore, TMAO was found to be responsible for acting directly on fatty acid 

oxidation, by inhibition of β-oxidation and partial suppression of intake of energetic 

substrates by inhibition of pyruvate dehydrogenase enzymatic activity. Other important 

findings related to cardiac mitochondrial function that were brought to light in this 

study, were that no significant changes in mitochondrial ROS production were observed 

after acute exposure of cardiac fibres to TMAO under physiological conditions. In 

addition, it was found that TMAO does not inhibit citrate synthase, thus not affecting 

the Krebs cycle and because TMAO does not inhibit CPT I,  the authors inferred that 

TMAO exerts its activity by limiting fatty acid oxidation. The study concluded that 

increased levels of TMAO lead to impairment of pyruvate and fatty acid oxidation in 

cardiac mitochondria and was, thus, responsible for the accumulation of TMAO in 

cardiac tissues leading to disturbances in energy metabolism that can increase the 

severity of cardiovascular events.  
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On a similar premise, but with different conclusions, a more recent study from Querio 

et al. (2019) demonstrated that a long-term increase in plasma TMAO levels, up to 100 

μM and a in cardiac tissue up to 140 nmol/g tissue, does not affect cardiac function. In 

this study, cardiomyocytes exposed to high concentrations of TMAO were found to 

show no cardiac tissue cell loss and no alterations of cardiac structure, as demonstrated 

from the evaluation of sarcomere length and cytoskeletal organization. Results from this 

study that were consistent with the previous findings from Makrecka-Kuka et al. (2017) 

were that they found no variation in ROS production, both in acute exposure and after 

24 h of treatment and both in a cytoplasmic and a mitochondrial environment. 

Additionally, they demonstrated that TMAO had no effects on depolarization of 

mitochondrial membrane potential, reinforcing the narrative that TMAO had no direct 

detrimental effects on mitochondrial structure and function.  

  

The results from this chapter confirm and reinforce these findings, further expanding 

and giving more detailed information as to what bioenergetic pathways are involved in 

explaining the effects of TMAO on cardiomyocytes. Furthermore, in this study different 

concentrations of TMAO ranging from 0.3 to 300 μM were used, giving a more 

comprehensive outline of the concentration-dependence of TMAO effects commonly 

found, according to the extensive literature, physiologically in the human body. These 

data partially address one of the concerns that Querio et al. (2019) cited as one of the 

“weaknesses” of their study. In particular, this study demonstrated that concentrations 

of TMAO ranging from 1-300 µM for 24h did not cause significant alterations of ATP 

production in two different lines of cardiomyocytes, H9C2, a rat cardiac cell line, and 

AC16, a human cardiac cell line. Furthermore, we demonstrated that TMAO did not 

cause significant changes in ATP production in two different experimental 

environments: one considered more similar to a physiological environment, replicated 

by culturing the cells low glucose media, and one considered more similar to an altered 

environment where an excess of substrates was present, replicated by culturing the 

cells high glucose media. Since  changes in ATP production from exposure of the cells to 

TMAO were not significant, mitochondrial disruption intended as profound alterations 

of structure and function of the mitochondria can be excluded as a target for 
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mechanistic analysis of TMAO’s activity. Only a concentration of 300 µM of TMAO, 

considered as an hyperphysiological concentration, showed a non-statistically 

significant reduction in ATP production in both the experimental conditions, compared 

to the lower concentrations of TMAO used and considered as more similar to 

physiological levels of TMAO,  suggesting that only very high concentrations of TMAO 

could, potentially, be involved in mitochondrial dysfunction.  

  

The use of ATP evaluation as an indicator of mitochondrial function, albeit useful in 

detecting alterations in cell viability, does not provide insight into the bioenergetic 

pathways involved into the possible dysfunction occurring. For this reason, extracellular 

flux analysis was used to provide more insight into the mechanisms of possible 

mitochondrial toxicity caused by TMAO, as changes in OCR are an established sensible 

tool to evaluate mitochondria function (Brand & Nicholls, 2011).   

The treatment of AC16 cells with different concentrations of TMAO ranging from 0.3 to 

300 μM did not result in significant changes in any of the OCR parameters measured, 

supporting the previous findings that the TMAO does not induce mitochondrial 

dysfunction in cardiac cells. In particular, out of all the data presented in this chapter, 

spare respiratory capacity is considered as the most sensitive parameter to 

mitochondrial dysfunction, and is usually reduced in experimental conditions that cause 

mitochondrial liability (Kamalian et al., 2018), and it was demonstrated that there was 

no significant decrease in spare respiratory capacity in cells treated with TMAO.   

In these experiments it is of note that despite the changes in OCR parameters measured 

not being significant, it was found that the highest concentrations of TMAO used in the 

experiments (100 and 300 µM) showed a reduction in all of the OCR parameters, 

compared to lower concentrations of TMAO, in both the experimental conditions, 

reinforcing the hypothesis that only very high concentrations of TMAO could, 

potentially, be involved in mitochondrial dysfunction. This finding may shed light on 

whether TMAO is a protectant or toxic to cardiac cells.  

  

Another important piece of information emerging from the study was found by 

comparing the effects of three different key concentrations (3, 100 and 300 µM) of 
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TMAO all of the OCR parameters in AC16 cells cultured in high glucose or in low glucose 

media. In all the concentrations of TMAO, the parameters evaluated were lower in the 

cells cultured in high glucose media compared to cells cultured in low glucose media. 

Although this data was not significant, these finding suggests that alteration in the 

cardiac cell’s environment can also be of fundamental importance when investigating 

the effects of TMAO. Additional replicates of these experiments were planned prior to 

the laboratory lockdown due to coronavirus, however this was not able to be 

completed.  

  

Lastly, a very recent study that expands on the findings from the results published by 

Makrecka-Kuka et al. (2017), concluded that long-term TMAO administration shifted 

mitochondrial energy substrate utilization from fatty acid oxidation to glucose 

metabolism (Videja et al., 2020).  The basis of this study and of the conclusion published 

in this work are based on the heart shifting from fatty acid oxidation as a primary source 

of energetic substrates to glucose metabolism, as a way to react to pathophysiological 

stimuli (D. A. Brown et al., 2017). In normal conditions, this shift in metabolic resources 

in considered as preparation by the heart for possible future stress events, such as 

hypoxia caused by an adverse cardiac event. These preparations are aimed at preserving 

energy metabolism and subsequently improving cardiac function recovery after injury 

(Karwi et al., 2018). The study describes cardiac cells entering this stage of preparation 

after long-term administration of TMAO, when fatty acid oxidation was decreased in 

favour of pyruvate metabolism but without overall changes in cardiac functionality, 

suggesting that it is the increase in TMAO concentration to induce the previously 

described metabolic shift, through direct inhibition of β-oxidation, toward more 

efficient substrate metabolism.   

The concluding observation of the study was that TMAO administration was responsible 

for cardioprotection of cells during HF, by preserving fatty acid oxidation and by being 

able to induce the cells to enter the metabolic switch, both of key importance in 

maintaining healthy cardiac bioenergetic in the event of ischaemic damage (Karwi et al., 

2018; Kolwicz et al., 2012). The overall findings suggest that long-term increase in TMAO 

levels in both plasma and cardiac tissue do not exert detrimental effects on cardiac 
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function and could be interpreted as preservation of cardiac energy metabolism, 

possibly explaining protective effects of TMAO.   

  

In conclusion, administration of different concentrations of TMAO to cultured 

cardiomyocytes (established cell line) does not have a significant impact on modulation 

of mitochondrial function. High concentrations of TMAO (300 μM and in some cases 100 

μM) show a non-statistical difference in mitochondrial parameters that could, 

potentially, point to a possible detrimental effect of TMAO on normal mitochondrial 

function. Furthermore, alterations in the environmental conditions, specifically culture 

of the cardiac cells in media supplemented with hyper-physiological concentrations of 

glucose, exacerbated the effects of the higher concentration of TMAO on mitochondrial 

function. To further investigate the potentially deleterious effects of TMAO on 

cardiomyocyte function and normal mitochondrial function, changes in the culture 

conditions and co-treatment of cardiac cells with different concentrations of TMAO and 

known modulators of cardiac function and energetic metabolism of the cells will 

represent the scope of investigation in Chapter 6.     
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Chapter 6  

  

  

  

  

Cardiac energy metabolism and 
effects of TMAO on mitochondrial 

function altered by changes in 
metabolic conditions 
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6    Cardiac energy metabolism and effects of TMAO on 
mitochondrial function altered by changes in metabolic 
conditions  
  

6.1   Introduction   
  

In the previous chapters, it was demonstrated that while administration of different 

concentrations of TMAO to cultured cardiac cells does not have a significant impact on 

modulation of mitochondrial function, high concentrations of TMAO (300 μM and in 

some cases 100 μM) show a difference in mitochondrial parameters that point to a 

possible detrimental effect of TMAO on normal mitochondrial function.  

  

Based on the results of this study so far, in this chapter, experiments are going to focus 

on further investigating the potentially deleterious effects of TMAO on cardiomyocyte 

function and normal mitochondrial function, changes in the culture conditions and 

cotreatment of cardiac cells with different concentrations of TMAO and known 

modulators of cardiac function and energetic metabolism of the cells. In particular 

cardiac cells are pre/co-exposed to environmental conditions that alter the normal 

mitochondrial function, like the culture in galactose-supplemented media, that push the 

cells to a metabolic shift that caused the cells to produce ATP exclusively through 

OXPHOS or short-time exposure to high glucose, that was shown to alter mitochondrial 

function.  
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6.2  Results  
  

6.2.1 Acute metabolic switch of energetic source from glucose to 

galactose on AC16 cardiac cells in presence of TMAO  
  

Many tumour-derived cell lines prefer to produce the majority of their ATP via glycolysis 

instead of OXPHOS, despite having perfectly functioning mitochondria and normal, 

physiological levels of glucose and oxygen (Rodriguez-Enriquez et al., 2001; Warburg, 

1956).  

To force cells to rely on their OXPHOS for the production of ATP and, therefore, being 

able to fully investigate whether the compound under investigation has any detrimental 

effects on normal mitochondrial function, culture media can be replaced with a 

galactose-supplemented media (Dott et al., 2014; Marroquin et al., 2007). In this way, 

the assessment of ATP content and LDH retention in cells cultured in galactose media 

acts as an early marker of mitochondrial function.  

AC16 cells were allowed to adapt to galactose media for 2h before experiments, as 

described by Kamalian et al., in which acute galactose conditioning for 2h prior to the 

treatments with the compound under investigation was sufficient to allow the cells to 

be more prone to mitochondrial toxicity (Kamalian et al., 2015).  

In order to detect a possible TMAO-induced mitochondrial toxicity in the absence of 

significant cell death, cellular ATP content and LDH content were measured in AC16 cells 

acutely conditioned to glucose or galactose media, as described in section 2.9 and 

section 2.10. Figure 6.1 shows that while TMAO did not significantly affect LDH retention 

in either media environments (glucose and galactose media), high concentrations of 

TMAO (especially 300 µM of TMAO) caused an evident reduction in ATP production, 

compared to the rest of the concentrations of TMAO, in galactose supplemented media.  
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Figure 6.1. Effects of increasing concentrations of TMAO on ATP and production and in AC16 cell line. 

A: Line chart comparing ATP production in AC16 cells cultured in either glucose- or galactose 
supplemented media for 4h and treated with different concentrations of TMAO ranging from 0.3-300 

µM.  B: Line chart comparing LDH retention in AC16 cells cultured in either glucose- or galactose-
supplemented media for 4h and treated with different concentrations of TMAO ranging from 0.3-300 

µM. TMAO did not significantly affect LDH retention in either media environments (glucose and 
galactose media). Despite the fact that there were no changes in LDH retention, it is of note that 300 

µM of TMAO showed a distinct reduction in ATP production, compared to the rest of the 
concentrations of TMAO, in galactose-supplemented media. Data were presented as percentage of 

control (n. 3 experiments for each treatment). 
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6.2.2 Acute metabolic switch of energetic source from low 

glucose to short-term high glucose on AC16 and H9C2 

cardiac cells in presence of TMAO  
 

Acute hyperglycaemia is associated with myocardial damage and worsening of cardiac 

parameters during acute coronary syndrome through alteration of mitochondrial 

function, caused by overload of [Ca2+]i and low levels of ATP (Brennan et al., 2019; Squire 

et al., 2010). To further investigate the potentially deleterious effects of TMAO on 

cardiomyocyte function and normal mitochondrial function it was interesting to 

evaluate the effects of TMAO on co-treatment with 100 µM of TMAO and short-term 

treatments of high glucose on ATP production in H9C2 and AC16 cells.  

In this section of the study, the effects of TMAO on ATP content were compared to 

assess mitochondrial function following treatment. Experiments were carried out using 

H9C2 and AC16 cells cultured in low glucose media and then treated with 100 µM TMAO 

(concentration chosen to maintain consistency with the results shown in previous 

chapters) and short-term treatments (5, 15 and 30 min) of high glucose. After 

treatment, ATP content was indirectly determined. In this protocol, ATP production is 

directly correlated to the amount of light emitted in the assay, as outlined in section 

2.10.   

Figure 6.2 A compares ATP production in AC16 cells cultured in low glucose media and 

following short-term treatments (5, 15 and 30 min) of high glucose while figure 6.2 B 

compares ATP production in the same conditions with 100 µM of TMAO. Similarly, figure 

6.2 C compares ATP production in H9C2 cells cultured in low glucose media with short-

term treatments (5, 15 and 30 min) of high glucose while figure 6.2 D as in C, however 

with 100 µM of TMAO. In all the conditions, short-term treatments with high glucose 

altered ATP production in a time-dependent manner; all time points longer than 5 min 

showed a distinct decrease in ATP production, especially when short-treatment with 

high glucose reached 30 min.  



 

  

Figure 6.2 Effects of co-treatment with 100 µM of TMAO and short-term treatments of high glucose on ATP production in H9C2 and AC16 cells. A: Bar chart 
comparing the effects of short-term treatments (5, 15 and 30 min) of high glucose on ATP production in AC16 cells. B: Bar chart comparing the effects of co- 

treatment of 100 µM of TMAO as in A. C: Bar chart comparing the effects of short-term treatments (5, 15 and 30 min) of high glucose on ATP production in H9C2 
cells. D: Bar chart comparing the effects of co-treatment of 100 µM of TMAO as in C, (* P < 0.05; one-way ANOVA with Dunnett’s post- test; n. 3 experiments for 

each treatment).   
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In order to evaluate the effects of TMAO on co-treatment with 100 µM of TMAO and 

short-term treatments of high glucose on ATP production, figure 6.3 compares side-by 

side the cells exposed to only short-term treatments of high glucose with the cells 

exposed to both high glucose and co-treatment with 100 µM of TMAO. In section A, the 

effects co-treatment with 100 µM of TMAO and short-term treatments of high glucose 

on ATP production on AC16 cells are shown, while in section B, the effects on H9C2 cells 

are shown. In both cell lines and in all the time points evaluated, co-treatment with 100 

µM of TMAO and short-term treatments of high glucose caused a further decrease in  

ATP production compared to cells not treated with TMAO.     



 

  
Figure 6.3. Side-to-side comparison of co-treatment with 100 µM of TMAO and short-term treatments 

of high glucose on ATP production in H9C2 and AC16 cells. A: Bar chart comparing the effects of  
TMAO and short-term treatments (5, 15 and 30 min) of high glucose on ATP production in AC16 cells. B:  
Bar chart comparing the effects of TMAO and short-term treatments (5, 15 and 30 min) of high glucose 
on ATP production in H9C2 cells. In both cell lines and in all the time points evaluated, treatment with 

100 µM of TMAO caused a further decrease in ATP production compared to cells non-treated with 
TMAO (two-way ANOVA; n. 3 experiments for each treatment).  

  

Together with evaluation of ATP production, LDH release was also evaluated. As 

described in section 2.9, damaged cells release LDH into the media, thus LDH retention 

in the cells is an indirect way to evaluate damage caused to the cells.  

Figure 6.4 A compares LDH retention in AC16 cells cultured in low glucose media and 

treated short-term treatments (5, 15 and 30 min) of high glucose while figure 6.4 B 

compares ATP production in AC16 cells in the same conditions with 100 µM of TMAO. 

Figure 6.4 C compares LDH retention in H9C2 cells cultured in low glucose media and 

treated short-term treatments (5, 15 and 30 min) of high glucose while figure 6.4 D 
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compares LDH retention in H9C2 cells in the same conditions with 100 µM of TMAO. As 

in the data shown in figure 6.2, figure 6.4 A suggests that short-term treatments with 

high glucose altered LDH retention in a time-dependent manner; all time points longer 

than 5 min showed a distinct decrease in LDH retention. These data show significance 

when short treatment with high glucose reached 30 min, while similar results were not 

confirmed in co-treatment with 100 µM of TMAO.



 

  

Figure 6.4. Effects of co-treatment with 100 µM of TMAO and short-term treatments of high glucose on LDH retention in H9C2 and AC16 cells. A: Bar chart 
comparing the effects of short-term treatments (5, 15 and 30 min) of high glucose on LDH retention in AC16 cells. B: Bar chart comparing the effects of co- 

treatment of 100 µM of TMAO, with glucose treatments in A, on LDH retention in AC16 cells. C: Bar chart comparing the effects of short-term treatments (5, 15 and  
30 min) of high glucose on LDH retention in H9C2 cells. D: Bar chart comparing the effects of co-treatment of 100 µM of TMAO, with glucose treatments in C, on LDH 

retention in AC16 cells. In all the conditions, short-term treatments with high glucose altered LDH retention in a time-dependent manner, while co-treatment with 
TMAO did not affect ATP production (* P < 0.05; one-way ANOVA with Dunnett’s post-test; n. 3 experiments for each treatment).   
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Lastly, figure 6.5 compares side-to-side the cells exposed to only short-term treatments 

of high glucose with the cells exposed to co-treatment with 100 µM of TMAO and short-

term treatments of high glucose. In section A, the effects co-treatment with 100 µM of 

TMAO and short-term treatments of high glucose on LDH retention on AC16 cells are 

shown, while in section B, the effects co-treatment with 100 µM of TMAO and short-

term treatments of high glucose on LDH retention on H9C2 cells are shown. Like what is 

shown in figure 6.3, in both cell lines and in all the time points evaluated, co-treatment 

with 100 µM of TMAO and short-term treatments of high glucose caused a further 

decrease in LDH retention compared to cells not treated with TMAO.  
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Figure 6.5. Side-to-side comparison of co-treatment with 100 µM of TMAO and short-term treatments 
of high glucose on LDH retention in H9C2 and AC16 cells. A: Bar chart comparing the effects of TMAO 

and short-term treatments (5, 15 and 30 min) of high glucose on LDH retention in AC16 cells. B:  
Bar chart comparing the effects of TMAO and short-term treatments (5, 15 and 30 min) of high glucose 

on LDH retention in H9C2 cells. In both cell lines and in all the time points evaluated, treatment with 
100 µM of TMAO caused a further decrease in LDH retention compared to cells not treated with TMAO 

(Two-way ANOVA; n. 3 experiments for each treatment).  
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6.2.3 Mitochondrial function of AC16 and H9C2 cardiac cells 

exposed to a combination of short-time exposure to high 

levels of glucose and TMAO study using the Seahorse XF 

analyser  

  

To evaluate the effects of TMAO on cells exposed to a combination of short-time 

exposure to high levels of glucose and TMAO on mitochondrial cardiac function of AC16 

and H9C2 using the Seahorse XF analyser, an altered version of the mitochondrial stress 

test described in section 2.12.1 was used.   

In this protocol, cells cultured in low glucose media were exposed to short-term 

treatments (5, 15 and 30 min) of high glucose alone, or a co-treatment with 100 µM of 

TMAO, on the Seahorse XF analyser, to evaluate in real-time changes in the OCR and 

ECAR of the cells. In particular, short-term treatments of high glucose or a co-treatment 

with 100 µM of TMAO and short-term treatments of high glucose were injected on the 

plate and basal OCR was evaluated. Following the measurement of basal respiration, 

oligomycin was injected into each well, followed by 3 cycles of mix and wait and 3 min 

measurement to determine O2 consumption. Oligomycin inhibits ATP synthase 

(complex V) and is injected in the final stage of this modified protocol following basal 

measurements. It decreases electron flow through the ETC, resulting a reduction in 

mitochondrial respiration or OCR. This decrease in OCR allows the quantification of the 

portion of OCR which is linked to ATP-production (ATP-linked respiration) to cellular ATP 

production and was compared to the basal OCR in all the experimental conditions.  

  

Figure 6.6 shows the effects co-treatment with 100 µM of TMAO and short-term 

treatments of high glucose on OCR of AC16 cells cultured in low glucose. All of the short-

term treatments with high glucose cause a slight decrease in basal levels of OCR, that 

was not sustained after oligomycin injection. Cells exposed to only short treatments of 

high glucose and cells exposed to both 100 µM of TMAO and short-term treatments of 

high glucose have similar OCR profiles, suggesting that TMAO is not altering OCR in these 

conditions.  
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Figure 6.6. Effects of co-treatment with 100 µM of TMAO and short-term treatments of high glucose 

on OCR of AC16 cells cultured in low glucose media using the XF24 analyzer. A: AC16 cells were  
cultured for 24h in low glucose media. Real time measurements of OCR were performed while short-
term injections of high glucose at 30, 15 and 5 min were done. B: AC16 cells were cultured for 24h in  

low glucose media in the presence of 100 µM TMAO. Real time measurements of OCR were performed 
while short-term injections of high glucose at 30, 15 and 5 min were done. At the end of the protocol, 

an injection with oligomycin was performed as shown (n. 3 experiments for each treatment).  

  

Figure 6.7 shows the effects co-treatment with 100 µM of TMAO and short-term 

treatments of high glucose on OCR of H9C2 cells cultured in low glucose. Results 

obtained from this cell line are consistent with the findings shown in figure 6.6, in that 

TMAO does not seem to be altering OCR in these conditions and that short-term 

treatments with high glucose cause an increase in basal levels of OCR that was not 

sustained after oligomycin injection.    
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Figure 6.7. Effects of co-treatment with 100 µM of TMAO and short-term treatments of high glucose 

on OCR of H9C2 cells cultured in low glucose media using the XF24 analyzer. A: H9C2 cells were  
cultured for 24h in low glucose media. Real time measurements of OCR were performed while short-
term injections of high glucose at 30, 15 and 5 min were done. B: H9C2 cells were cultured for 24h in  

low glucose media in the presence of 100 µM TMAO. Real time measurements of OCR were performed 
while short-term injections of high glucose at 30, 15 and 5 min were done. At the end of the protocol, 

an injection with oligomycin was performed as shown (n. 3 experiments for each treatment).  

  

Figure 6.8 shows the effects co-treatment with 100 µM of TMAO and short-term 

treatments of high glucose on ECAR of AC16 cells cultured in low glucose. Consistently 

with the OCR profile, cells exposed to only short treatments of high glucose and cells 

exposed to both 100 µM of TMAO and short-term treatments of high glucose have 

similar ECAR profiles, suggesting that TMAO is not altering ECAR in these conditions.  
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Figure 6.8. Effects of co-treatment with 100 µM of TMAO and short-term treatments of high glucose 
on ECAR of AC16 cells cultured in low glucose media using the XF24 analyzer. A: AC16 cells were  

cultured for 24h in low glucose media. Real time measurements of ECAR were performed while short-
term injections of high glucose at 30, 15 and 5 min were done. B: AC16 cells were cultured for 24h in  

low glucose media in the presence of 100 µM TMAO. Real time measurements of ECAR were performed 
while short-term injections of high glucose at 30, 15 and 5 min were done. At the end of the protocol, 

an injection with oligomycin was performed as shown (n. 3 experiments for each treatment).  

  

Figure 6.9 shows the effects co-treatment with 100 µM of TMAO and short-term 

treatments of high glucose on ECAR of H9C2 cells cultured in low glucose. These results 

confirm the findings of figure 6.8, in that TMAO does not seem to be altering ECAR in 

these conditions.  
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Figure 6.9. Effects of co-treatment with 100 µM of TMAO and short-term treatments of high glucose 
on ECAR of H9C2 cells cultured in low glucose media using the XF24 analyzer. A: H9C2 cells were  

cultured for 24h in low glucose media. Real time measurements of ECAR were performed while short-
term injections of high glucose at 30, 15 and 5 min were done. B: H9C2 cells were cultured for 24h in  

low glucose media in the presence of 100 µM TMAO. Real time measurements of ECAR were performed 
while short-term injections of high glucose at 30, 15 and 5min were done. At the end of the protocol, an 

injection with oligomycin was performed as shown (n. 3 experiments for each treatment).  

  

Figure 6.10 shows the effects of short-term treatments of high glucose OCR/ECAR of 

AC16 cells cultured in low glucose media. This figure highlights and reinforces the 

findings of figure 6.6 and 6.7, confirming that indeed all of the short-term treatments 

with high glucose cause an increase in basal levels of OCR, that was not sustained after 

oligomycin injection, alluding to the fact that maybe high glucose treatment caused a 

decrease in the rate of ATP-linked respiration. To explain the OCR/ECAR profile in terms 

of differences between the time of the exposure to high glucose, it could be that over 
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time the presence of high glucose causes a biphasic response in OCR, initially decreasing 

basal respiration, reaching its peak after 15 mins, before returning to level similar to  

levels measured in low glucose after 30 mins. Intriguingly, the same pattern is seen in 

basal ECAR, with a biphasic response to high glucose and with low glucose treatment 

having the highest levels.  

  

  

  
Figure 6.10. Effects of short-term treatments of high glucose on OCR/ECAR of AC16 cells cultured in 

low glucose media using the XF24 analyzer. Short-term treatments with high glucose caused an 
increase in basal levels of OCR, that was not sustained after oligomycin injection. All short-term 

treatment with high glucose caused a similar shift in the OCR/ECAR ration, however there is a transient 
decrease in the starting ratio. Short-term treatment with highglucose for 5 min and 15 min caused a 

decrease in OCR that returned to levels similar to low glucose with the 30 min treatment, suggesting a 
possible adaptive response of the cells to the high glucose environment, after 30min of treatment. 
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6.3  Discussion  
  

In this chapter, data has been presented to expand on the investigation on the direct 

effects of TMAO on cardiac cells, focusing on the impairment of mitochondrial 

metabolism in the heart. Using assays to assess mitochondrial function, the possibility 

of TMAO being an important player that increases the severity of cardiovascular events 

or that enhances the progression of cardiovascular diseases by modulating bioenergetic 

pathways inside the cell, discussed in chapter 5. The focus of this chapter is to 

investigate the effects of TMAO on cardiac cells that are subjected to changes in the 

culture conditions and co-treatment of cardiac cells in different concentrations of TMAO 

and known modulators of cardiac function and energetic metabolism of the cells, to 

replicate a condition of pre-existing stress in the cardiac cells. Based on our previous 

findings, it is hypothesized that, in these conditions, TMAO would exacerbate an already 

altered bioenergetic metabolism, leading to an increase in adverse outcome for cardiac 

cells function.  

The first metabolic stress model that was used is a model that has been developed to 

improve detection of mitochondrial toxicants and that utilizes cells grown in two types 

of media, one supplemented with high glucose and the other with galactose 

(glucose/galactose model) (Dykens et al., 2008; Marroquin et al., 2007; P. Rana et al., 

2011). Normally, cells grown in glucose media are considered more resistant to the 

activity of mitochondrial toxins because they can easily shift metabolic resources from 

regular ATP synthesis through OXPHOS to utilizing glycolysis for ATP generation, thus 

compensating for an eventual mitochondrial impairment. Despite the fact that glycolysis 

is not a very efficient way of energy production, capturing as ATP only 5-6% of potential 

energy in the glucose substrate when fully oxidized via OXPHOS, the inefficiency of the 

process can be balanced by an increase in the availability of substrates, resulting in an 

accelerating pathway that functionally compete with OXPHOS (Marroquin et al., 2007; 

Robinson et al., 1992). On the other hand, cells grown in galactose media as the only 

available substrate for energy productions are forced to rely on OXPHOS for ATP 

generation (Gohil et al., 2010; Robinson et al., 1992). Galactose gets converted very 
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slowly into glucose-1-phosphate, which means that cells grown in galactose-

supplemented media get 98% of their ATP from glutamine (Reitzer et al., 1979; Wagner 

et al., 1991). As a consequence, cells grown in galactose-supplemented media show an 

increased OCR and decreased levels of glycolysis, compared to cells cultured in high 

glucose (Aguer et al., 2011; Marroquin et al., 2007).   

Since cells grown in galactose-supplemented media generate ATP almost exclusively 

through OXPHOS, their dependency on a normally functioning mitochondrial activity is 

more acute and they are more prone to be affected by stimuli and toxins that can cause 

mitochondrial disfunction than cells maintained in high glucose (Dykens et al., 2008; 

Marroquin et al., 2007).  Conversely, when cells cultured in high glucose are affected by 

stimuli and toxins while cells grown in galactose-supplemented media are not, it is 

usually considered as a sign that the compound is affecting the glycolytic pathway (Gohil 

et al., 2010). The glucose/galactose model has been successfully used on cardiac (H9C2) 

cell lines to identify mitochondrial toxicants (Dykens et al., 2008; Marroquin et al., 2007; 

P. Rana et al., 2011). In this chapter, it is shown that TMAO affected cells grown in 

galactose-supplemented media in a concentration-dependant manner. In particular, 

high concentrations of TMAO caused a reduction of ATP production that was evident 

when the cells were grown in galactose-supplemented media. Consistent with results 

show in previous chapters, 300 µM of TMAO was the concentration where the 

detrimental effects of TMAO on ATP production were extremely evident, suggesting 

that the change in metabolic substrates was useful in exposing the effects of TMAO on 

mitochondrial activity.   

The second metabolic stress model that was used is a model of acute hyperglycaemia. 

Acute hyperglycaemia refers to elevations in blood glucose and is an extremely common 

factor in the onset of acute coronary syndrome and CVD in general. (Fujino et al., 2014; 

Squire et al., 2010). It is also associated with poor outcome of these patients, even when 

the elevations in blood glucose are not drastic (above 8.2mmol/L)(Al Jumaily et al., 2015; 

Gardner et al., 2015; Squire et al., 2010). Disruption of mitochondrial function plays an 

important role in in the damage of the myocardium that occurs during acute coronary 

syndrome. In particular, overload of [Ca2+]i, dissipation of the mitochondrial membrane 
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potential and low levels of ATP are considered to be responsible for cardiac cell death 

and necrosis of the tissue, through formation  of mitochondrial permeability transition 

pore (Briston et al., 2019; Nesci, 2018). This particular event is, in turn, responsible for 

generating a constant flux of ROS into the cytoplasm that stimulates even more release 

of ROS from the matrix of the mitochondria. The accumulation of ROS thus created 

inside the cell is responsible for the cellular damage and the initiation of the apoptotic 

stimuli from the cells located in the affected area (Penna et al., 2009). Studies have 

demonstrated that this process is exacerbated by the cell’s exposure to acute 

hyperglycaemia, either by promoting mitochondrial membrane depolarisation in H9C2 

cells (Kumar et al., 2012), or by increasing ROS generation, increasing caspase activity 

and so infarct area in the hyperglycaemic myocardium (Su et al., 2013).   

In different studies published by Hreiche et al. (2009), Sims et al. (2014) and Brennan et 

al. (2019), it was demonstrated that acute hyperglycaemia was responsible for 

prolonging cellular APD, increasing [Ca2+]i, and eliciting spontaneous contraction of 

cardiomyocytes. Furthermore, the time course of decay in numbers of contractile 

cardiomyocytes was found to be correlated to the increase in spontaneous contractions 

in high extracellular glucose and, lastly, IPC- imparted cardioprotection was attenuated 

by increases in extracellular glucose concentrations. Based on these findings, in this 

chapter a co-treatment of cardiac cells with 100 µM of TMAO and short-time acute 

treatment with high glucose was performed to investigate whether TMAO was capable 

of further exacerbating the already compromised situation caused by hyperglycaemia. 

From the results shown in this chapter, two important findings emerged. The first one 

was that the detrimental effects of hyperglycaemia on cardiac cells are greatly 

dependent on the duration of the exposure to the elevations in glucose. Acute high 

glucose was capable of causing a decrease in ATP production and in LDH retention when 

the exposure to high glucose was longer than 5 min. The second important findings that 

emerged regarded the co-treatment of cardiac cells with 100 µM of TMAO. The results 

demonstrated that co-treatment of cardiac cells with 100 µM of TMAO and short-time 

acute treatment with high glucose caused a further decrease in ATP production and in 

LDH retention when the exposure to high glucose was longer than 5 min, suggesting that 

TMAO was able to exacerbate the mitochondrial dysfunction caused by hyperglycaemia.  
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In conclusion, co-treatment of cardiac cells with different concentrations of TMAO and 

known modulators of cardiac function and energetic metabolism of the cells, to 

replicate a condition of pre-existing stress in the cardiac cells has an impact on 

modulation of mitochondrial function. High concentrations of TMAO show a difference 

in mitochondrial parameters that point to a possible detrimental effect of TMAO on 

normal mitochondrial function. When cardiac cells are pre/co-exposed to 

environmental conditions that alter the normal mitochondrial function, like the culture 

in galactose-supplemented media, that pushed the cells to a metabolic shift that caused 

the cells to produce ATP exclusively through OXPHOS or short-time exposure to high 

glucose, that was shown to alter mitochondrial function, high concentrations of TMAO 

(100 and 300 µM) worsened the mitochondrial parameter evaluated, suggesting that 

the detrimental effects of TMAO on mitochondrial function are more evident when 

mitochondria are already altered.     
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7   General Discussion  
  

Cardiovascular diseases are the leading cause of mortality and disability in the modern 

era, and it becomes particularly prevalent with increasing age (Lopez et al., 2006). 

Amongst these, CAD, MI, stroke, HF and atrial fibrillation are all known to be closely 

associated with both T2DM and CKD, as well as with atherosclerosis (Miura et al., 2019). 

In recent years, the has been an increasing literature focusing on the importance of the 

role performed by the gut microbiota in affecting a wide range of systemic conditions, 

including CVD, T2DM and metabolic syndrome and how these conditions, in turn, are 

able to modulate the gut microbiota (Lau et al., 2017). Particular importance has been 

put on one gut microbiota-dependent metabolite, TMAO, for its association with CVD 

and atherosclerosis, highlighting the importance of gut microbiome-metabolism in 

cardiometabolic health (Senthong, Li, et al., 2016; Z. Wang et al., 2011). Elevated plasma 

TMAO levels have been linked with major adverse CVD events (Papandreou et al., 2020; 

Tang & Hazen, 2014) and the link between TMAO and CVD has been investigated in 

different cohorts and in numerous studies (Schuett et al., 2017; Troseid et al., 2015). 

While there are evidence suggesting that TMAO may be both a marker and a mediator 

in lifestyle diseases, several studies have also shown a protective role for TMAO and 

suggested that the correlation between elevated blood TMAO level and the risk of CVD 

is not as immediate as previously described (Nowinski et al., 2018).   

It is evident, then, that a better understanding of the biological role of TMAO in health 

and disease is required and is of key importance in order to determine whether investing 

in TMAO as a potential therapeutic target and/or using TMAO as a routine biomarker is 

feasible and cost-effective.  

In this study, the primary aim was to investigate whether TMAO can modulate cardiac 

function by having a direct effect on cardiac cells. By using isolated cardiomyocytes 

through to the intact myocardium, this study was able to investigate the concentration 

dependence of any TMAO-induced changes in cardiac function.   
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7.1   TMAO: diagnostic biomarker, potentially harmful or a 

protective agent?  

  

TMAO first started to attract the attention of the scientific community when it was 

proposed that it could serve as a diagnostic and prognostic marker of many pathological 

conditions. High plasma levels of TMAO were quickly associated with risk of 

development of T2DM and cardiovascular complications (Dambrova et al., 2016; Lever 

et al., 2014; Obeid et al., 2016). Furthermore, high plasma levels of TMAO were also 

found to be correlated with negative outcomes in metabolic patterns (Obeid et al., 

2016). High plasma levels of TMAO were also found to be positively associated with 

further progression of atherosclerosis and mortality, in patients affected by CAD (Lever 

et al., 2014; Senthong, Wang, et al., 2016) and were also found in patients with poor 

prognosis after events associated with acute coronary syndromes (X. S. Li et al., 2017). 

However, there are several clinical studies questioning the positive correlation between 

TMAO blood level and CVD. For example, TMAO levels showed no correlation with 

coronary artery calcification in young adults (K. A. Meyer et al., 2016). In addition, 

increases in TMAO plasma levels were not complemented by a rise of highly sensitive C-

reactive protein and LDL levels (Kuhn et al., 2017; C. A. Miller et al., 2014).  

Considering this evidence, the use of TMAO as a biomarker is not as straightforward and 

reliable as it was initially suggested (Nowinski & Ufnal, 2018).   

Limitations to the usefulness of TMAO as a biomarker could be summarized by 1) 

significant intra-individual variety of TMAO plasma levels (Kuhn et al., 2017), 2) TMAO 

synthesis and its dependency on a diet rich in TMAO precursors, and 3) influence of the 

gut microbiota composition (which is affected by diet as well as other factors, such as 

age, ethnicity and sex) on TMAO plasma levels.  

Other factors to consider are that increases in plasma levels of TMAO during progression 

of CVD and T2DM could be caused by dysbiosis associated with the disease themselves 

and the limitations linked to the methodology of evaluation of plasma levels 

(Papandreou et al., 2020). For example, several studies report plasma levels of TMAO 

only without taking into consideration TMA levels or urinary secretion. Papandreou et 

al. (2020) suggested that a solution could be to consider the plasma TMA/TMAO ratio 
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as a marker, that would be more reliable and reflective of the actual levels of circulating 

metabolites. It is also important to consider the possibility that high TMAO levels are a 

result of injuries caused by disease, which will induce TMAO up-regulation to promote 

the healing process, suggesting that increased levels of TMAO may be a compensatory 

mechanism in response to disease rather than cause (Papandreou et al., 2020). While 

the potential of TMAO as a useful biomarker for CVD is currently still debated, several 

studies point to a positive correlation between elevated plasma TMAO level and an 

increased cardiovascular risk and a possible involvement of TMAO in the prognosis of 

CVD (Senthong, Wang, et al., 2016; Tang et al., 2013; Troseid et al., 2015; Z. Wang, W. 

H. Tang, et al., 2014). Furthermore, studies have emerged that show that TMAO is able 

to alter lipid homeostasis, corroborating the theory that TMAO could be involved in the 

development of CVD.   

TMAO is able to enhance lesion development in Apolipoprotein E knockout (ApoE-null) 

mice, a standard model of spontaneous atherosclerosis, fed a diet supplemented with 

TMAO (Z. Wang et al., 2011). Furthermore, TMAO was found to modulate cholesterol 

and sterol metabolism and promoting progress of atherosclerosis (Koeth et al., 2013).  

Peritoneal macrophages of mice fed with a TMAO-supplemented diet showed an 

increase in the expression level of receptors involved in atherosclerosis, an increase of 

cholesterol levels and enhanced foam cells formation (Z. Wang et al., 2011). It is 

hypothesized that TMAO is able to exacerbate inflammatory reactions of vascular wall, 

by activating NLRP3 inflammasome and by increasing ROS production, but also by 

altering cholesterol reverse transport (X. Sun et al., 2016).  

TMAO has been shown to have effects on thrombosis by increasing the thrombosis risk 

through enhancement of platelet hyperreactivity (W. Zhu et al., 2016) confirmed by the 

fact that oral choline supplementation increased fasting TMAO levels and platelet 

aggregation (W. Zhu et al., 2017). The effect of TMAO on platelet aggregation were 

found to be mediated by increase in calcium release from the endoplasmic reticulum 

(W. Zhu et al., 2016).   

Data presented in this study shows that TMAO has a direct effect on cardiac cells, by 

altering key components of their physiological function. TMAO was found to alter 

functional recovery of cardiac cells in an in vitro model of MI/R in a concentration 
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dependent manner (figure 3.2), and high concentrations of TMAO result in cells not 

recovering their cell function after exposure to metabolic inhibitors. Furthermore, high 

concentrations of TMAO significantly prolong the time taken by the cells to recover from 

contractile failure if they recover at all (figure 3.4). Based on literature that suggests 

that concentrations of TMAO that are found to be effective in cellular experiments 

range between 0.1 µM and 10mM (Jaworska et al., 2019; Savi et al., 2018; W. Zhu et al., 

2016), with 10mM considered as an hyperphysiological concentration (Querio et al., 

2019) and 100µM being the most used, concentrations of TMAO higher than 50  µM are 

considered as high, and well above physiological concentrations (see section 7.2 for a 

more detailed discussion on physiological relevance of TMAO levels). 

 

Consistently with studies like the previously mentioned study by W. Zhu et al. (2016) 

and another study by Savi et al. (2018), TMAO was found to alter calcium homeostasis 

by increasing the AUC of the Ca2+ transients (figure 3.5) and increasing Ca2+ current in 

an electrophysiological model of action potential (figure 3.9 and figure 3.12). As a result 

of this alteration in calcium homeostasis, APD30 and APD50 were found to be increased 

by exposure to TMAO (figure 3.6 D-E).  

Additionally, TMAO has been found to interfere with normal cell bioenergetics by 

inhibiting the substrate dependent respiration, thus leading to a decrease in beta-

oxidation of fatty acids by cardiac cells (Makrecka-Kuka et al., 2017). The effects of 

TMAO on the mitochondrial function of cardiac cells were the focus of both chapter 5 

and chapter 6 of this study, and it was confirmed that only particularly high 

concentrations of TMAO (from 100 µM) were capable of alter mitochondrial parameters 

(figure 5.1, figure 5.6-5.10) and that when cardiac cells are pre/co-exposed to 

environmental conditions that alter the normal mitochondrial function, high 

concentrations of worsened the mitochondrial parameter evaluated.  

  

There is evidence that supports the hypothesis that TMAO may have a positive effect in 

the human body and on the prognosis and development of CVD. For the most part, these 

evidence take root in the observation that fish, rich in TMAO, are fundamental 

components of the Mediterranean diet, considered to have a beneficial effect on the 
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circulatory system (Widmer et al., 2015), and from the well-known knowledge that 

TMAO acts as an osmolyte in marine animals, particularly in deep-sea ones (Yancey et 

al., 2004). Marine animals use TMAO to counteract protein-destabilizing effects of 

osmotic and hydrostatic pressures and studies show that TMAO is able to stabilize 

protein folded state and nucleic acids. Furthermore, it has been found that TMAO 

counteracts the effects of various protein denaturants, such as urea, heat and pressure 

(Granata et al., 2006; Lin et al., 2009; Yancey et al., 2004; Yancey & Siebenaller, 1999).  

Other and more recent evidence in support of a possible protective role for TMAO were 

published by Collins et al. (2016), in which TMAO was found to slow aortic lesion 

formation in a mouse model.  

This current study provided a novel insight into the possibility that TMAO could have a 

cardioprotective role in cardiac cells and a plausible mechanism for this activity. Acute 

exposure to TMAO caused an increase in the activation of Kir6.1 channel, as shown in 

figure 3.15 and there is evidence that suggests that the activity of Kir6.1 is a potential 

mediator of cardioprotection. In accord with these findings, TMAO caused a shortening 

of the APD and a decrease in cellular contractility that, it is hypothesised, preserve 

intracellular energy. TMAO caused a shortening of the APD90, as shown in figure 3.6 F, 

suggesting that TMAO may be involved in the same cardioprotective pathway that 

involves KATP channels opening.  

  

7.2  Concentrations of TMAO    
  

The apparent contradictions previously discussed and the results from animal studies 

have to be interpreted in light of several factors. One of the most important factors that 

were considered in the planning of the experiments performed in this study was trying 

to replicate normal physiological conditions of the range of concentrations of TMAO, 

based on diet and variability of plasma and serum levels found in the literature.   

Both plasma and serum levels of TMAO have been used in numerous different cohorts 

to fully define a range of active TMAO concentrations, but no unequivocal answer has 

emerged yet. While several studies have focused on describing TMAO levels, in different 

cohorts and conditions, it was quickly evident that there existed a discrepancy between 
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range of concentrations found in published papers describing plasma and/or serum 

levels of TMAO found in healthy patients and the range of concentrations used to 

perform in vivo and in vitro experiments.   

In a single study, the reported serum levels of TMAO in stroke ranged from 0.5 to 18.3 

μM, with a median value of 5.8 μM, which was reportedly higher than in controls 

patients, found to be with a median value of 3.9 μM. On the other hand, the median 

level of serum TMAO content in those patients was significantly lower than in moderate-

to-high stroke patients, reported to be between 4.1 μM vs. 9.1 μM (Rexidamu et al., 

2019). Another study published by Missailidis et al. (2016) compared plasma 

concentration of TMAO in CKD patients and showed that elevated TMAO levels are 

strongly associated with degree of renal function.    

Cell culture experiments in the literature that aim to investigate the link between TMAO 

and CVD, both in acute treatments and in chronic treatment with the metabolite, have 

been performed using very different ranges of concentrations and different cell lines. In 

cultured carotid artery endothelial cells, 30 µM TMAO was found to modulate different 

inflammatory pathways, that was hypothesized to be at the basis of the generation of 

atherosclerotic plaque formation (Boini et al., 2017). Chou et al. (2019) showed that 200 

and 500 µM TMAO promoted cellular inflammation and oxidative stress, while having 

detrimental effects on cellular function, while 2 µM or 100 µM TMAO did not have the 

same effects, suggesting that the detrimental effects of TMAO were linked to the 

concentrations of TMAO used in the experiments. Furthermore, macrophages treated 

with increasing concentrations of TMAO up to 100 µM, showed no effect on atheroma 

formation, when its effect was evaluated on foam cell formation (Collins et al., 2016).   

To the best of our knowledge, the first and only study that suggested that 

concentrations of TMAO close to 100 µM of TMAO could be considered “physiologically 

relevant” were W. Zhu et al. (2016). In their study on the effects of TMAO on platelet 

hyperreactivity and thrombotic risk, they found that plasma levels of TMAO in a cohort 

showed a “large dynamic range” of 0.06 to 312 µM, which prompted the decision of 

performing the experiments of the study with a concentration of 100 µM of TMAO. 

Successive studies on a direct effect of TMAO on cardiomyocytes followed these 

concentrations of TMAO for their studies. Savi et al. (2018) showed that 20 or 100 µM 

TMAO affected cardiomyocyte contractility and intracellular Ca2+ handling. Another 
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study performed in isolated rat cardiomyocytes, Querio et al. (2019) used 10 or 100 µM 

TMAO applied for 1 to 24h to show that TMAO did not have any significant effect on cell 

viability, sarcomere length, ROS production and mitochondrial membrane potential. In 

this study, the lack of use of a wider range of concentrations of TMAO that could include 

concentrations more similar to the ones found in healthy patients and in patients 

affected by CVD was described by the author themselves as one of the “weaknesses” of 

their study. Another interesting point made in this study was the duration of the 

treatment with TMAO. Based on pharmacokinetics studies on TMAO, and on its renal 

clearance in healthy human patients, reveal that TMAO has a small volume of 

distribution inside the human body, and it was concluded that TMAO has a plasma half-

life of ~4h (Cho et al., 2017), and that TMAO was completely excreted within 24h from 

its synthesis (Al-Waiz et al., 1987). Based on these evaluations, it was concluded that an 

exposure to TMAO of 24h, corresponding to the time of complete excretion of TMAO 

from the human body, was the optimal way to investigate whether the effects of TMAO 

evidenced with acute exposure of the cardiomyocytes to the metabolite are sustained 

in a longer exposure, replicating a normal physiological condition.  

More recently, Jaworska et al. (2019) proved that neither 24h nor 72h treatment with 

TMAO were cytotoxic on cardiac cells, despite using concentrations of TMAO ranging 

from 0.1 to 100 mM, notably much higher concentrations than the ones found in the 

plasma of both healthy patients (3.6 ± 0.4 µM) and in patients with severe aortic stenosis 

(5.5 ± 0.5 µM), in their own study.   

Despite the inconsistency between ranges of TMAO found in the different cohorts and 

conditions explored, it was evident that in vitro and in vivo experiments performed with  

excess amounts of TMAO or its precursors and/or in distress-suffering animal models 

are far from the normal situation and cannot explain a causal relationship between 

TMAO and disease development (Papandreou et al., 2020).  

In this current study, a large range of concentrations of TMAO was used to highlight the 

differences in the effects caused by concentrations of TMAO similar to the ones found 

in healthy patients, in patients affected by CVD and concentrations of TMAO commonly 

used in the literature for in vivo and in vitro experiments with the metabolite.  
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It quickly emerged from the experiments we performed, that the impact of TMAO on 

modulation of cardiac functionality in cardiac cells was strictly dependent of the 

concentrations of TMAO used to perform the experiments (figure 3.2 and figure 3.4). 

Concentrations of TMAO similar to that found in healthy patients and in patients 

affected by CVD were not responsible for having detrimental effects on the contractile 

function of cardiac cells, while higher concentrations of TMAO negatively impacted 

cardiac function. Another important aspect that emerged from this study and was never 

presented before, was that the harmful effects of TMAO on cardiac cells were only 

present while the cells were exposed to TMAO. As evidenced in figure 3.14, alteration 

of APD and Ca2+ homeostasis, both negative for the health of the cells, were quickly 

reversed by washing out of these.  

The correlation between harmful effects of TMAO and the concentrations of the 

metabolite used to perform the experiments was further explored in Chapter 5 of this 

study. An in-depth exploration of the effects of TMAO on the mitochondrial function of 

cardiac cells confirmed that only particularly high concentrations of TMAO (from 100 

µM) were capable of alter mitochondrial parameters (figure 5.1, figure 5.6-5.10).  

Furthermore, chapter 4 addressed the importance of the duration of the administration 

of TMAO. As previously mentioned, 24h exposure was identified as a realistic time of 

exposure based on plasma half-life and excretion of TMAO in the human body and in 

chapter 4 were presented evidence that even the effects of concentrations of TMAO 

higher than the ones found in healthy patients and in patients with CVD did not cause 

detrimental effects on cardiac cells in a 24h exposure.  

  

7.3  Future work  
  

The work presented in this thesis aimed to investigate whether TMAO can modulate 

cardiac function by having a direct effect on the cardiac cell, it provided a better 

understanding of the biological role of TMAO in health and disease, and addressed 

important question in order to determine whether investing in TMAO as a potential 

therapeutic target.  
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However, in order to further clarify TMAO’s clinical relevance and/or if using TMAO as 

a routine biomarker is feasible and cost-effective as well as its physiological role, there 

are still questions to answer.   

Firstly, further research and intervention studies with relatively low levels of TMAO may 

be needed, as in vivo and in vitro studies published so far could be faulted for applying 

excessive amounts of TMAO, far from the normal physiological levels and are not 

enough to explain a causal relationship between TMAO and disease development.

	  

  

Secondly, investigations on a possible cardioprotective role for TMAO could be the 

direction for future works. Although this study has provided a plausible mechanism 

involved in mediating cardioprotection, by presenting data that showed how TMAO was 

able to modulate KATP channels and affect the duration of the action potential, this can 

be further expanded upon and the possibility of TMAO enhancing other known 

mechanism of cardioprotection could be investigated.  

Lastly, while research is including other precursors of TMAO and other carnitine-like 

metabolites, there is definitely a need for comparative works that take into 

consideration the effects of other small molecules and the possibility of these 

metabolites potentially interacting and influencing one another, in order to attribute 

univocal clinical relevance to TMAO.  

 

7.4  Conclusion  

In this study, TMAO was found to be able to modulate cardiac function by having a direct 

effect on cardiac cells. Targets of TMAO inside the cardiac cells were both electrical 

modulation of the cardiac action potential and alteration of bioenergetic pathways of 

importance to cardiac cells.  

This study shows that acute administration of high concentrations of TMAO to isolated 

cardiomyocytes can have an impact on modulation of ion channel function. These 

effects manifest as a change in the action potential and alterations of calcium 
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homeostasis. Despite these changes in calcium homeostasis, the effects of ischaemia 

are not exaggerated in the whole heart, however contractile recovery following 

ischaemia is compromised in a single cell model of ischaemia and reperfusion. These 

detrimental effects of TMAO were present only at higher concentrations and lasted only 

while TMAO was present on cardiac cells. Additionally, data presented in this study 

suggest a plausible role for TMAO in cardioprotection, by increasing opening of the Kir6.1 

channel.  

In contrast, long-term (24h) administration of TMAO to cultured cardiomyocytes does 

not have an impact on modulation of ion channel function. The effects manifested in 

the acute administration of TMAO in isolated cardiomyocytes are no longer significant 

in a chronic model.   

Furthermore, administration of different concentrations of TMAO to cultured 

cardiomyocytes (established cell line) does not have a significant impact on modulation 

of mitochondrial function. Only high concentrations of TMAO show a difference in 

mitochondrial parameters that point to a possible detrimental effect of TMAO on 

normal mitochondrial function. Furthermore, alterations in the environmental 

conditions, specifically culture of the cardiac cells in media supplemented with 

hyperphysiological concentrations of glucose, exacerbated the effects of the higher 

concentration of TMAO on mitochondrial function. Finally, co-treatment of cardiac cells 

with different concentrations of TMAO and known modulators of cardiac function and 

energetic metabolism of the cells, to replicate a condition of pre-existing stress in the 

cardiac cells has an impact on modulation of mitochondrial function. High 

concentrations of TMAO show a difference in mitochondrial parameters that point to a 

possible detrimental effect of TMAO on normal mitochondrial function. When cardiac 

cells are pre/co-exposed to environmental conditions that alter the normal 

mitochondrial function, high concentrations of worsened the mitochondrial parameter 

evaluated, suggesting that the detrimental effects of TMAO on mitochondrial function 

are more evident when mitochondria are already altered.  
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