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1. INTRODUCTION 

Cardiovascular diseases represent the major cause of morbidity and mortality in 

Westernized Countries 
1,2

. Despite the continuous improvements in cardiac 

research and clinic, nowadays we don’t have yet a clinical approach able to early 

diagnose cardiac impairments and to prevent their further development into overt 

cardiac diseases. This is mainly due to the still hazy comprehension of the 

complex network of molecular mechanisms underneath these diseases and their 

chronological onset, from very early stage to heart failure.   

We know that the heart has an extreme adaptability to different environmental 

conditions and a very important role in this process is played by its metabolism. 

Indeed, the heart aims to sustain its energetic fuelling in order to preserve its 

contractile activity. The heart is the most ATP-consuming organ in our body, 

turning over an amount of ATP equal to 15-20 times of its own weight daily 
3
. 

ATP is used to fuel for the 60-70% the contractile apparatus and the remaining 

30-40% the sarcoplasmic reticulum Ca
2+

-ATPase and other ion pumps 
4
. This 

great energetic supply is guaranteed by a complex network of pathways involving 

fatty acids, carbohydrates, ketone bodies and amino acids as substrates. This 

network confers to the heart an efficient “metabolic flexibility” that can be 

regulated in accordance to the myocardial workload, the availability of substrates 

and different molecular signals 
5
. 

1.1 CARDIAC METABOLISM IN PHYSIOLOGIC 

CONDITIONS 

In physiologic state, the heart relies, for its metabolism, on fatty acids (FAs) for 

around the 60% and on glucose for the 20-40%, in a concerted regulation also 

known as Randle cycle 
5
. Both FAs and glucose are metabolized with an oxygen-

consuming process during oxidative phosphorylation in mitochondria, responsible 

for more than the 95% of total ATP synthesis. Only few ATP is produced by 

using other substrates or different metabolisms 
4
.  

FAs β-oxidation is the metabolism that produces the higher amount of ATP, but, 

at the same time, it is also the most oxygen-consuming one. FAs are transported 

into cardiomyocytes through passive diffusion in the plasma membrane or via 
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transporters, as the fatty acid translocase (FAT/CD36), the plasma membrane-

associated fatty acid binding protein (FABPpm) and the fatty acid transport 

proteins (FATP1, 4 e 6) 
6,7

. Upon entering the cardiomyocytes, FAs are bound by 

the cytoplasmic fatty acid binding protein (FABPc) and converted into fatty acyl-

CoAs by the fatty acyl-CoA synthetase (ACS). The modified FAs are bound by 

the acyl-CoA binding protein (ACBP) and transported into mitochondria via the 

carnitine shuttle system 
8
. The carnitine palmitoyltransferase 1 (CPTI) converts 

fatty acyl-CoAs to acyl-carnitines that can enter the outer mitochondrial 

membrane and be reversed in fatty acyl-CoAs by CPTII in the inner membrane 
9
. 

At this level, acyl-CoA enters the β-oxidation cycle, a cyclic catabolism involving 

four enzymatic activities, exerted by the acyl-CoA dehydrogenase (ACD) and the 

mitochondrial trifunctional protein (MTP). MTP is a heterotetramer composed by 

two α-subunits (HADHA), with hydratase and dehydrogenase activity, and two β-

subunits (HADHB), with thiolase activity 
10

. At each round of β-oxidation, the 

acyl-CoA is reduced of 2 carbons, with the release of acetyl-CoA, one FADH2 and 

one NADH. The produced acetyl-CoA enters the tricarboxylic acid (TCA) cycle, 

generating one molecule of GTP, three of NADH and one of FADH2. NADH and 

FADH2 are finally oxidized to produce ATP along the mitochondrial respiratory 

chain 
11

.   

Glucose oxidation produces less ATP (31 ATP from a glucose molecule) 

compared to FA β-oxidation, however, the very low consume of oxygen (6 O2 for 

glucose molecule) makes it the most efficient energetic metabolism 
5
. 

The cardiac uptake of glucose is mediated by two types of transporters: the 

glucose transporters (GLUTs) and the sodium/glucose cotransporters (SGLTs). 

About SGLTs, very little is known. It was demonstrated that SGLT1 is highly 

expressed in the plasma membrane of cardiomyocytes and that its activity is 

mediated by hormonal stimuli 
12

. Conversely, GLUTs are well-known carriers 

considered to exert the main role in glucose transport. In the cardiac tissue GLUT 

1 and 4 are the predominant isoforms 
13

. GLUT 1 is expressed in the membrane of 

cardiomyocytes since their foetal state and is responsible for basal glucose uptake 

13
, 

14
. After maturation, cardiac myocytes express GLUT 4 to a greater extent than 

GLUT 1 
14

. In resting state, GLUT 4 is maintained into intracellular vesicles and it 

translocases to the cell surface only in response to increased contractile activity or 

insulin stimulation 
13,15

. Glucose, imported into cardiomyocytes, is immediately 
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converted to glucose-6-phosphate (G6P) by hexokinase. G6P can undergo 

different metabolic pathways: glycolysis, hexosamine biosynthesis, glycogen 

synthesis or pentose phosphate pathway (PPP). In the glycolytic process, G6P is 

reduced into pyruvate with the production of 2 ATPs and NADH. Pyruvate is, 

only in small percentage, converted to lactate by the lactate dehydrogenase 

(LDH), and mainly imported into mitochondria via the mitochondrial pyruvate 

carrier (MPC) 
16

. In the mitochondrial matrix, the pyruvate dehydrogenase (PDH) 

converses pyruvate to acetyl-CoA that can enter the TCA cycle 
11

.  

In 1938 Barnes and Waters demonstrated, for the first time, that the heart can use 

also ketones to produce energy 
17,18

. They account for around the 9% of the total 

cardiac metabolism and their oxidation is more efficient, in terms of oxygen 

consumption, than fatty acids but less efficient compared to glucose oxidation 
5
. 

Acetone, β-hydroxybutyrate (βOHB) and acetoacetate are produced in the liver in 

conditions of starving and fasting. While acetone is removed by respiration, 

βOHB and acetoacetate circulate in the blood and they can enter the 

cardiomyocytes and move into mitochondria. In the matrix, the βOHB 

dehydrogenase (BDH1) oxidizes βOHB into acetoacetate. The succinyl-CoA:3-

oxoacid-CoA transferase (SCOT) enzyme activates acetoacetate, by using 

succinyl-CoA, to acetoacetyl-CoA, further converted by the acetyl-CoA 

acetyltransferase into acetyl-CoA that can finally enter the TCA cycle 
19

.  

Less than 5% of the total cardiac energy is due, instead, to the metabolism of 

lactate 
3
. Exogenous lactate is used by the heart as fuel only during intense 

exercise, when skeletal muscles metabolize glucose in low oxygen conditions and 

produce lactate through glycolysis. Lactate from muscles is released in the 

circulation and picked up by the heart 
20

. 

The flexible equilibrium between these metabolisms allows the heart to adapt to 

different conditions and sustain its physiologic function. Pathological stimuli 

progressively compromise this equilibrium, altering cardiac metabolism and 

impairing the energetic production. However, the exact evolution of these 

alterations and the precise metabolic profile of the heart at different disease stages 

are still unclear.  
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1.2 METABOLIC ALTERATIONS IN CARDIAC DISEASES. 

Cardiac diseases are a group of pathologic conditions that affect the heart, 

impairing its contractile function and survival. Although they differ in terms of 

pathogenesis, development and pathways involved, they all compromise the 

cardiac energetics, impairing the ability of the heart to rewire its metabolism.   

Since the complexity of the cardiac metabolic flexibility makes difficult to 

reconstruct the chronological evolution of energetic alterations during 

cardiomyopathies, several evidence suggest that the metabolic remodelling 

precedes the structural and functional alterations in the left ventricle induced by 

different insults, opening to the hypothesis of a central role for metabolism in the 

pathogenesis of cardiomyopathy. To investigate if the metabolic rewiring could 

effectively trigger the pathological process, leading to heart failure (HF), it is 

essential to exclude the metabolic alterations caused directly by the damaging 

stimuli. To this end, I focused my attention on two totally different pathologic 

factors inducing cardiomyopathy, like pressure overload and doxorubicin 

administration, and I evaluated the very early response of the heart to these 

stressful stimuli. 

1.2.1 Myocardial metabolism in hypertension 

Hypertension is a pathologic condition in which the chronically elevated blood 

pressure induces an excessive workload to the heart, leading to the onset of left 

ventricle hypertrophy (LVH) and progressive contractile dysfunction. 

Hypertension is proposed to induce an early shift in the heart from FAs to glucose 

as main energetic oxidative substrate 
21,22

, 
23

. This metabolic rewiring contributes 

to the preservation of the cardiac energetic economy, in line with the fact that 

about 10% more ATP is generated from glucose compared to FAs oxidation per 

mole of oxygen 
24

. However, if this adaptive response is beneficial in the first 

acute phase, with the chronic hypertensive stimulation, the heart activates a 

program of foetal gene expression pattern that blocks its metabolism on 

glycolysis, thus impairing its metabolic flexibility 
25

. Indeed, in late pathological 

hypertrophy, the ATP levels are maintained at the expense of phosphocreatine 

(PCr), decreasing the PCr/ATP ratio 
26

. With the progression to HF, not only this 

ratio but also ATP levels themselves are significant decreased 
27

. Since PCr/ATP 
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ratio is reported as predictor of mortality in heart failure patients 
28

, this further 

sustains the hypothesis that progressive alterations of the metabolic and energetic 

flexibility of the heart contribute to the pathogenesis of HF.  

Precocious metabolic changes are described in several animal models of 

hypertension, pointing out how they occur in the very early phases of the cardiac 

response, before hypertrophy and maladaptive remodelling. Rats subjected to 

transverse aortic constriction (TAC) show signs of compensated hypertrophy, 

without cardiac dysfunction, 2 weeks after constriction and first evidence of 

maladaptive remodelling 6 weeks after. Still from the second week, in these rats is 

detected a reduction in fatty acid oxidation in favour to glucose oxidation 
29

. 

Accordingly, in spontaneously hypertensive rats (SHRs), a genetic model of 

spontaneous hypertension, PET analysis demonstrates an impaired myocardial 

uptake of the FAs tracer 
125

I-BMIPP and a contemporary increase of the glucose 

tracer 
18

F-FDG 
30

. In line, in mice with TAC-induced pressure overload, subjected 

to PET analysis with 
18

F-FDG, together with MRI to monitor cardiac function and 

structure, an increase in FDG uptake and intracellular levels of G6P is detected 

from day 1 after TAC, when no appreciable changes are detected by MRI, further 

sustaining that a metabolic shift precedes the acute phase of cardiomyopathy 
31,32

. 

The reduction in FAs with a contemporary improvement of glucose oxidation is 

confirmed also in ex-vivo infusion of labelled glucose and palmitate in hearts 

from rats subjected to renal aortic constriction 
33

. A similar metabolic rewiring is 

described in ex-vivo experiments with labelled substrates in hearts undergoing 

high workloads conditions 
34

. Taegtmeyer and colleagues investigate the early 

onset of this metabolic shift in a model of hypertension induced by renal artery 

constriction. They suggest a reduction in FA oxidation due to a reduced 

dehydrogenase activity of HADHA in the MTP. They also demonstrate an 

increased activity of hexokinase that, together with a preserved TCA cycle 

activity and an unchanged production of lactate, sustains the idea of an higher rate 

of glucose oxidation, but not a shift to anaerobic glycolysis 
35

.   

Also in humans there are evidence of metabolic alterations in hypertensive 

patients, before the onset of myocardial maladaptive remodelling. de las Fuentes 

et al demonstrate that hypertensive patients have lower rate of myocardial FAs 

oxidation and that this precedes the LVH 
36

. On the other side, Hamirani and 

colleagues show a higher glucose flux in hypertensive patients without 
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hypertrophy, compared to the ones with LVH 
37

. Laine at al, instead, demonstrate 

an elevated myocardial oxygen consumption in patients without ventricular 

hypertrophy in relation to their counterpart with LVH 
38

. These studies suggest 

that in hypertensive patients, before the establishment of hypertrophy, there is a 

shift from FAs to glucose oxidation. Oxidative metabolism is instead completely 

compromised once patients develop LVH.   

All these evidence highlight that metabolic rewire is involved in the very early 

response of the heart to hypertension, sustaining the importance of metabolism in 

the pathological process.   

1.2.2 Doxorubicin-induced metabolic alteration 

Doxorubicin (DOXO), or adryamycin, is the best known member of the family of 

anthracyclines, broad-spectrum chemotherapy agents widely used in the therapy 

of several types of cancer. Unfortunately, the chronic administration of DOXO 

leads to a progressive onset of cardiomyopathy, that limits its clinical use 
39

.   

The understanding of the progressive doxorubicin-induced alterations is very 

difficult, due to its multiple intracellular targets and to side effects onset at early, 

middle and long term. However, it is well-known that DOXO can affect 

mitochondrial function 
40

. Indeed, already Solem and colleagues in 1994 have 

demonstrated that, in the heart of rats subchronically treated with DOXO, 

mitochondria are dysfunctional and show membrane potential depolarization and 

calcium homeostasis disruption 
41

. These alterations have been further associated 

with a decreased high-energy phosphate regulation and mitochondrial metabolic 

pathway alteration in the heart  
42

, 
43

. Some evidence suggest that this high-energy 

phosphate metabolism is impaired in a very early phase after doxorubicin 

administration, before the onset of functional abnormalities 
44

.  

A metabolic shift from FAs to glucose oxidation is proposed also for DOXO-

induced cardiomyopathy, as an early myocardial response 
45

, 
46

. Indeed, hearts 

from rats treated subchronically, weekly for 6 weeks, with low doses of DOXO, 

and perfused ex-vivo with 
13

C-labelling substrates, show, by nuclear magnetic 

resonance (NMR) analysis, an inhibition of long-chain FAs oxidation, partially 

compensated by an increased glucose oxidation and, to a lesser extent, increased 

lactate production, in presence of initial histopathological signs of 

cardiomyopathy 
45

. Palmitate oxidation is significantly reduced both in-vivo, in 
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rats treated chronically for 2 weeks with doxorubicin, and in-vitro, in isolated 

cardiac myocytes treated acutely with a low dose of DOXO 
47

. This decrease is 

further confirmed in isolated cardiac mitochondria treated with doxorubicin 
48

. On 

the other side, in-vitro rat cardiomyocytes, exposed to DOXO for 1 hour, 

demonstrate a significant increased glucose uptake, suggesting an early response 

of the heart aimed to preserve cellular energy. Longer exposures, when cell 

damage becomes relevant, correlate with a decrease also in glucose uptake, with 

energetic impairment 
49

. HL-1 cardiomyocytes treated with low doses of DOXO, 

and evaluated for 
13

C-glucose utilization, confirm a significantly increased 

oxidative metabolism and very low rates of glycolysis, suggesting a preferential 

aerobic oxidation of glucose in subchronic treatment 
50

. Data on human patients 

are very difficult to obtain and interpret, due to differences in the onset of DOXO-

induced collateral effects and to confounding elements from the oncologic 

condition of the patients. However, the enhanced myocardial rely on glucose is 

confirmed in human patients with PET/CT scan for 
18

F-FDG uptake, that indicates 

an increase in glucose consumption during chemotherapy. This consume becomes 

progressively chronic and correlates with a long-term higher incidence of 

cardiomyopathy 
51

.  

Also in cardiotoxicity induced by doxorubicin, the metabolic shift from fatty acids 

to glucose is described related to the early cardiac response, further sustaining the 

involvement of metabolism in the pathological process. 

1.2.3 Metabolism in the failing heart 

Heart failure is the major cause of mortality worldwide and it represents the final 

stage in the pathological progression of cardiomyopathies. Clinically, the heart 

under failure develops a progressive onset of diastolic dysfunction and then 

systolic dysfunction, with a consequent impairment in its pumping function, 

inadequate to support the body request of blood 
52

. The failing heart is mainly 

characterized by an energy deprived state, with 40% decrease in ATP synthesis 

and reduction in PCr/ATP ratio 
27

. The major cause of this energy decline is the 

loss of myocardial metabolic flexibility. Indeed, several evidence suggest the 

complete impairment in mitochondrial oxidation and the rely on different 

metabolic sources, as the anaerobic glycolysis 
5
. However, the exact metabolism 

in failing heart is very difficult to define unarguably, with controversial results on 
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the preference of different metabolic substrates, depending on the experimental 

settings in severity, timing and pathogeneses of HF 
52

. Indeed, additional 

alterations, as insulin-resistance, modified expression and PTMs of oxidative 

enzymes and impairment in mitochondrial biogenesis, could occur during HF, 

unbalancing the metabolic equilibrium 
5
. 

Fatty acids oxidation is generally described as reduced in heart failure. In a 

murine model of TAC-induced failure, lipid metabolism is reduced of about the 

70% compared to sham-operated mice 
53

. This reduction is also confirmed in rats 

subjected to aortic banding and followed at different time points until the final HF 

stage 
29

. In the same model of TAC-induced heart failure, the perfusion of isolated 

hearts shows a markedly reduced oleate oxidation 
54

. In line, the infusion of 
3
H-

oleate in dogs with pacing-induced heart failure reveals a lower FAs β-oxidation 

55
. In two different studies, patients with dilated cardiomyopathy, examined by 

PET analysis or subjected to intravascular ultrasonometry and blood sampling, 

confirm decreased FAs metabolism also in humans 
56,57

. However, some works on 

mice, in which HF is induce by myocardial infarction or angiotensin II, and on 

patients analysed by PET, show in contrast opposite results under failure 
58–60

, 

contrasting evidence that can be related to further alterations occurring during the 

development of HF, impacting on FAs supply and metabolism 
5
.   

Concerning the glucose metabolism, the majority of studies suggests a decrease in 

glucose oxidation in accordance with the severity of HF. Indeed, in rats subjected 

to aortic constriction there is evidence of progressive reduction of cardiac glucose 

oxidation from the time point presenting HF with preserved ejection fraction 

(HFpEF) till the late time with HF with reduced ejection fraction (HFrEF) 
29

. In 

line, in mice with severe HF secondary to aortic banding, the infusion of labelling 

glucose shows a reduction in its oxidative metabolism by 75% 
53

. The glucose 

oxidation rate is reported markedly decreased also in two other works on perfused 

isolated hearts from a murine model and a rat model of HF induced by TAC 
61

, 
54

. 

In humans, in HF patients post-left ventricle assist device implant is demonstrated 

a lack of mitochondrial oxidative function with a coordinated increase in 

glycolytic metabolites, suggesting a switch to an anaerobic use of glucose 
62

. 

Accordingly, Dahl salt-sensitive rats, fed 9 weeks with high salt diet, develop HF 

with increased metabolic rely on glycolysis 
63

. This increase is further suggested 

in mice subjected to three weeks TAC 
64

 and rats after 8 weeks of abdominal 
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aortic constriction 
21

. Also for glucose metabolism in failure, contrasting evidence 

could be related to differences in the pathogeneses and timing of analysis 
65–67

. 

In the failing heart metabolism, an increased role is also played by ketone bodies. 

Patients with congestive heart failure have elevated blood ketone bodies 
68

. This 

increase is confirmed by metabolomics analysis in patients with HFpEF 
69

. 

Intriguingly, in another study on HF patients, authors demonstrate an increased 

serum level of ketone bodies with a concomitant reduction into the myocardium, 

suggesting their metabolic usage in the heart 
70

. This hypothesis is confirmed in a 

mice model of HF showing high plasma levels of ketone bodies and high levels of 

ketone oxidation metabolites in the myocardium 
71

. If ketone bodies increase in 

HF is positive or detrimental is still debating. Positive evidence are related to their 

antioxidant activity 
72,73

, however negative effects can be related to their 

contribution to the hyperacetylated state of the failing heart 
74

 and their inhibitory 

effect on glucose and FAs oxidation 
75,76

.  

Another metabolism described as increased in HF is the PPP, the collateral G6P 

pathway that produces NADPH, an important cofactor in the antioxidant response. 

The protective or negative effect of this increase in the failing heart is 

controversial 
77

. On the one hand, in rats with congestive HF the increase in the 

PPP is associated to higher energy reserves and reduced oxidative stress 
78

, on the 

other hand, the increase in PPP and NADPH is described also as pro-oxidative in 

dogs with pacing-induced heart failure 
79

, 
80

, 
81

. 

Taking together, the major evidence suggests that the heart, under stress 

conditions, decreases the use of lipids as fuel and switch to a more efficient 

metabolism as the glucose oxidation, since very early time points, before the onset 

of functional and structural signs of cardiomyopathy. With the progression of the 

pathology, the initial compensatory hypertrophic response of the heart gradually 

evolves to a maladaptive response, with progressive onset of diastolic and then 

systolic dysfunction, until the final state of HF with energetic deficiency, reduced 

ejection fraction and contractile impairment. This evolution seems to be parallel 

with the progressive failure of the oxidative metabolism and the increased 

dependence on collateral substrates with less efficient metabolisms, which, 

anyhow, cannot compensate for the ongoing energetic decline (Fig.1).  
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1.3 ROS IN PHYSIOLOGY AND PATHOLOGY 

Reactive Oxygen Species (ROS) are chemically-reactive derivatives of oxygen, 

produced by the cell during several biochemical processes in different cellular 

compartments. The first step in ROS generation is the reduction of molecular 

oxygen into anion superoxide (O2
-
). O2

- 
can be dismutated into hydrogen peroxide 

(H2O2), that, by Fenton reaction, can be reduced by forming the hydroxyl radical 

(OH) and the hydroxide ion (OH
-
) 

82
.  

Mitochondria are the major producers of ROS through the respiratory process. 

Indeed, during the flux along the mitochondrial respiratory chain, electrons can be 

leaked and react with oxygen, giving rise to ROS at different sensible sites of the 

chain. Complex I is described as the principal site of production, while complex 

III is involved to a less extent 
83

. During normal respiration, only a small amount 

of ROS is produced. However, following specific stimuli, the redox state of 

mitochondrial electron carriers and the membrane potential can be modified, 

influencing the rate of ROS generation 
83

, 
84

. Indeed, when the oxidative chain is 

abundantly fuelled, there is a fully reduction of CoQ pool with a concomitant 

altered membrane potential, that determines reverse electron transport (RET), 

consisting in the electrons forced back from reduced CoQ to complex I. RET is 

suggested as the mechanism that induces the higher increase of reactive species in 

mitochondria 
84

. Another mechanism is described when there is a physiologic or 

damage-induced NADH/NAD
+
 ratio increase. This high ratio results in a higher 

proportion of fully reduced flavin-mononucleotide inside the complex I, that can 

react with oxygen producing O2
-
 
84

.  

ROS can be generated in the heart also by other sources under pathological 

conditions. NADPH oxidases (Noxs) are membrane enzymes that transfer 

electrons from NADPH to molecular oxygen, producing O2
-
. Nox2 is the main 

isoform in the heart, activated in response to different stimuli, like angiotensin-II, 

endothelin1, TNF-α, noradrenalin and mechanical stretch. Nox2 is activated 

through the association of several cytosolic subunits and the small guanosine 

triphosphatase Rac 
85

. Another important source of ROS is xanthine oxidase 

(XO), an enzyme of the purine degradation pathway that transfers electrons from 

xanthine to oxygen, generating O2
- 
and H2O2. XO basal expression is low, but can 

be induced by several signals as cytokines, INF-γ and TNF-α 
86

. Moreover, in 
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oxidative stress conditions, the free diffusible gas nitric oxide (NO) can reacts 

with O2
-
 generating reactive nitrogen species (RNS). NO is produced in the 

myocardium by different isoforms of NO synthases (NOS), inducible NOS, 

endothelial NOS and neuronal NOS, which expression and activity are altered in 

cardiac diseases 
87

.  

ROS are known to be important players in both physiological and pathological 

processes inside the cells. Physiologic levels of ROS are important for the 

regulation of cell function and differentiation, for maintaining homeostasis and in 

the response to stress stimuli and pathogens 
88

, 
89

. Their generation is also 

balanced in mitochondria by the antioxidant system, mainly represented by 

manganese-superoxide dismutase (MN-SOD or SOD2), that converts O2
-
 into 

H2O2, catalase, that in turn converts H2O2 into H2O and O2, and glutathione or 

thioredoxin peroxidases, that reduce H2O2 into H2O using glutathione or 

thioredoxin respectively 
83

. Under stress and pathological conditions, different 

stimuli can increase ROS generation, unbalancing the ratio between their level 

and antioxidant defences and determining a condition of oxidative stress that 

favour pathological progression and cell death 
90

.  

1.3.1 ROS in cardiomyopathies onset and development 

Several evidence support the hypothesis that oxidative stress plays a crucial role 

in the onset and development of cardiomyopathies and HF, due to the effects of 

ROS on various cellular targets 
91

. In rats subjected to TAC, ROS production 

increases with the transition from compensated hypertrophy to cardiomyopathy 

with diastolic dysfunction 6 weeks after constriction, causing progressive 

mitochondrial respiratory capacity impairment 
92

. In line, in a murine model of 

volume overload cardiomyopathy, an elevated ROS production occurs at early 

time points, due to mitochondrial chain alterations, and determines impairment of 

the ejection fraction and ventricle dilation 
93

. Also in mice with angiotensin II-

induced cardiomyopathy, with diastolic dysfunction and preserved EF, 

mitochondrial ROS (mtROS) are increased and determine an amplification by 

ROS-induced ROS release, causing myocardial damage and dysfunction. The 

selective buffering of mtROS ameliorates oxidative damages and evolution to HF 

94
.  
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These evidence suggest that ROS increase occurs at early time point in the heart 

response to stress and has a role in the induction of cardiac damage. Indeed, is 

proposed that an initial mitochondrial ROS production can promote ROS release 

from other sources causing oxidative stress, as suggested by the induction of XO 

86
, the activation of Nox2 

95
, 

96
, the induction of NOS 

97
. Oxidative stress, in turn, 

provokes structural modifications of proteins, dysfunction of various enzymes, 

induces nucleic acids damages and causes lipid peroxidation, impairing the 

stability of cellular and organelle membranes. All these effects promote 

myocardial apoptosis and HF 
98–101

. Accordingly, rats subjected to 14 weeks 

pressure overload, to induce HF, show an increase in hydrogen peroxide that 

impair mitochondrial respiration favouring failure progression 
102

. Similarly, in a 

guinea pig model of non-ischemic failure is detected an increase in mtROS that 

disrupts the coupling between cytosolic signals and mitochondrial function and 

impairs antioxidant enzymes, calcium handling and ion transport for action 

potential, mediating failure progression 
103

. In both the cases, the specific 

buffering of mtROS prevents the alterations and ameliorates HF 
102,103

. In a 

pacing-induced canine model of failure, elevated ROS levels are detected as 

positively related to left ventricle remodelling process 
104

. The same high levels of 

ROS are found in congestive HF patients undergoing surgery 
105

 and in patients 

with both ischemic and dilated cardiomyopathy 
106

. Also doxorubicin, known to 

act through its reactive metabolites and to induce cardiotoxicity and HF, is 

suggested to compromise the complex I of the mitochondrial respiratory chain, 

thus causing the generation of endogenous ROS. The consequent oxidative stress 

generated induces mitochondrial dysfunction leading to apoptosis and failure 
40

.   

ROS generation, induced by stressful stimuli, seems to have, as the metabolism, a 

fundamental role in the initial stress response of the heart and in the pathologic 

progression. The excessive ROS production could exert a damaging role 

triggering the onset of contractile impairment and the compromise of energetic 

production, favouring the evolution to HF (Fig.1).  
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1.4 THE CARDIOPROTECTIVE CHAPERONE MELUSIN 

Chaperones are important players in our tissues, involved in protein folding, in the 

repair or the degradation of misfolded proteins and in mediating the intracellular 

signalling of different stimuli. Moreover, new important roles for chaperones are 

still emerging. The importance of chaperones in sustaining heart function in 

healthy and pathological conditions are described in several works 
107,108

. In 

particular, an important protective role is played by the small chaperone protein 

melusin 
109

. Melusin is encoded by the ITGB1BP2 gene and selectively expressed 

in heart and skeletal muscles. It has a phylogenetic highly conserved structure, 

consisting in two Cysteine and Histidine-Rich Domains (CHORDS), zinc-binding 

domains that mediate the binding to the ATPase domain of HSP90 chaperone, the 

CS domain, structurally similar to the α-crystallin and p23 domain, and a C-

terminal calcium-binding domain, rich in aspartic and glutamic residues 
110–113

. 

Melusin has been firstly discovered as an intracellular interactor of integrin β1, 

thus important in the response to mechanical stretch stimuli 
114

. Indeed, under 

mechanical stress, melusin promotes the assembly of signalosomes that activate 

ERK1/2 and AKT, directing the overall cardiac response to a compensatory 

hypertrophic remodelling 
115–117

. However further studies are revealing new 

potential roles for melusin in the heart and in skeletal muscles 
109,118–121

. 

Figure 1: Synthesis of modifications occurring in metabolism, ROS generation and energetic production when the heart 

is subjected to stressful stimuli. At very early time points, the heart starts to produce more ROS and switches from fatty 

acids to glucose, as mitochondrial fuel, to preserve its energetic state. With the progressive evolution of the disease, the 

heart generates high levels of ROS and extremely reduces its rely on mitochondrial metabolism, compromising its 

energetic fuelling. Simultaneously, the heart develops contractile dysfunction and structural alterations, until the final 
heart failure state. 
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1.4.1 Melusin in cardiomyopathies 

Melusin has an important role in the heart under stress condition, mainly related to 

sustain the compensatory hypertrophy and prevent cardiomyocytes death and 

fibrotic tissue deposition. Indeed, in a mouse model of pressure overload, by 

aortic banding, melusin expression increases in the left ventricle in the first week, 

concomitantly with the compensatory hypertrophic response, and decreases with 

the onset of ventricular dilation and contractile dysfunction 
117

. The same 

precocious overexpression of melusin is detected also in dogs with 

atrioventricular block 
122

 and in hypertensive rat models 
123

. In rats undergoing 

myocardial infarction by coronary ligation, melusin expression varies in line with 

the percentage of fractional shortening and the left ventricle systolic pressure, 

during the cardiac remodelling after infarction 
124

. The specific effect of melusin 

under pathologic conditions have been studied in mice null and overexpressing 

human melusin created in our laboratory 
117,125

. Since these mice have no 

differences in cardiac function in physiologic conditions, when they are subjected 

to aortic banding, melusin-null mice fail to activate an adequate hypertrophic 

response and rapidly undergo HF in 4 weeks 
125

, while melusin-overexpressing 

mice preserve an efficient hypertrophy and contractile function even after 12 

weeks of TAC 
117

. Melusin overexpression is a pro-survival condition during 

pathological settings. Indeed, melusin overexpressing mice under coronary 

ligation are protected in the acute phase, by relieving the inflammatory response 

and preventing the cardiac rupture, and in the long-term recovery, by improving 

cardiomyocytes survival thus preventing dilated failing 
126

. Accordingly, in 

isolated perfused hearts, subjected to ischemia/reperfusion, melusin 

overexpression alleviates the related injury, protecting cardiomyocytes from death 

and reducing the infarct size area 
127

. In humans, melusin mutations and 

polymorphisms are very rare and not epidemiologically relevant but melusin 

expression positively correlates with left ventricle ejection fraction in patients 

with aortic stenosis-induced HF 
128

.          

In my PhD project, I have focused my attention on a new intrinsic mechanism of 

metabolic regulation in the heart, represented by the chaperone protein melusin. 

Melusin seems to have a new role in regulate the lipid metabolism and the 

oxidative state of myocardium in physiologic state and, more important, in early 
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stages of pathologic conditions. The purpose of my work has been to investigate 

the mechanisms through which melusin regulate metabolism and oxidative stress, 

and their cross-interactions, in the normal heart and in heart subjected to DOXO 

toxicity or aortic banding, using the null and over-expressing mouse models. The 

description of the positive effects exerted by melusin on pathologic progression 

could favour the finding of new therapeutic targets or drugs able to mimic melusin 

role in cardiac metabolism and oxidative stress, guaranteeing an advantage in 

cardiomyopathy treatment.  
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2. EXPERIMENTAL PROCEDURES 

2.1 Murine and cellular models 

Mice 129SV wild type (wt 129SV) and knockout for melusin 
125

 and mice fvb 

wild type (wt fvb) and transgenic for human melusin (Mel over) 
117

 received 

humane care in accordance with the Guide for the Care and Use of Laboratory 

Animals published by the US National Institutes of Health (NIH Publication No. 

85-23, revised 1996). Male mice of 2-3 months of age were used in conformity of 

the authorizations of the Italian Health Ministry and the guidelines of the 

University of Turin.  

The human cardiomyocite cell lines AC16 (Sigma-Aldrich) were cultured in 

DMEM medium (Thermo Fisher Scientific) with 10% FBS (Euroclone) and 1% 

Penicillin Streptomycin (Thermo Fisher Scientific). AC16 cells expressing 

melusin (mel) were obtained using a pLVX lentiviral vector coding for human 

melusin. An empty pLVX lentiviral vector was used as control (empty). 

2.2 Experimental treatments 

 Mice with chronic pressure overload (TAC) were obtained by constriction 

of the transverse aorta, as previously described 
125

. Controls (sham) were 

subjected to the surgical operation without aortic banding. 

 Doxorubicin treatment in-vivo was performed to mimic human therapeutic 

regimens 
129

. Mice received a single intraperitoneal injection of 

doxorubicin 4 mg/kg (doxo) for the metabolic analyses or three weekly 

intraperitoneal injections of doxorubicin 4 mg/kg on days 0, 7, and 14 

(doxo) for echocardiographic and survival analyses. Controls (UT) were 

administered with the same timing with physiologic solution only. 

 AC16 cells empty and mel at 80% of confluence in complete medium were 

treated with 250 nM doxorubicin for 24h, as previously suggested 
130

. After 

the incubation, cells were washed with PBS, detached from the plate and 

resuspended in complete medium in eppendorf for the analysis. Control 

cells were treated with PBS. 

 Trimetazidine was administered orally for 5 days at 30 mg/kg 
131

. Controls 

were administered with physiologic solution only. 

 The isoproterenol treatment was performed as previously described 
132

. 

Isolated murine hearts attached to the Langendorff apparatus were perfused 

with 1uM isoproterenol for 10 minutes. At the end of the perfusion, hearts 

were frozen rapidly in liquid nitrogen and stored at -80°C for subsequently 

metabolic analysis. Control hearts were perfused with physiologic solution 

only. 

2.3 Echocardiography 

Echocardiographic analyses were performed on mice in basal conditions and 

during stress to check the percentage of aortic constriction after surgery and to 

check the cardiac parameters during doxorubicin and TAC experiments. Mice 

anaesthetized with isoflurane were analyzed using a Vevo 2100 Imaging System 

device (Visualsonics, Inc.). Two-dimensional-guided M-Mode echocardiography 
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from the parasternal long-axis view was used to measure cardiac parameters. 

Fractional shortening (FS%) and ejection fraction (EF%) were calculated 

according to standard formulas. The degree of narrowing of the constricted 
aorta was evaluated via pulse wave doppler echography downstream the 
constriction. Only mice with pressure gradient >30mmHg were considered. 

2.4 Immunoprecipitation and mass spectrometry analyses 

The immunoprecipitation was performed as previously described 
116

. Briefly, 5 

mg of total heart proteins were incubated for 2 hours at 4°C with 15 μg of anti-

melusin (clone 5E1) antibody, covalently conjugated to CNBr–Sepharose beads 

(GE Healthcare). After immunoprecipitation, beads were washed, resuspended in 

Laemmli buffer and separated by electrophoresis in polyacrylamide gels. For 

mass spectrometry, Coomassie Blue-stained pieces of gel were trypsin-digested 

and analyzed by MALDI-TOF and LC-nanospray-IT mass spectrometry. MALDI 

mass spectra were acquired on an Ultraflex II TOF-TOF instrument (Bruker 

Daltonics, Bremen, Germany) and LC-nanospray-IT experiments were performed 

on a HP 1100 nanoLC system coupled to a XCT-Plus nanospray-ion trap mass 

spectrometer (Agilent Italia). A database search using the data from MALDI-TOF 

experiments was performed against the UniProtKB/SwissProt-TrEMBL database 

using the Aldente search algorithm (http://www.expasy.org/tools/aldente/); for 

nanoLC-nanospray-ion trap experiments we used the NCBInr database and 

Mascot search algorithm 

(http://www.matrixscience.com/search_form_select.html). 

2.5 Mitochondrial extraction and fractionation 

Mice were sacrificed and the hearts were excised and freshly cut in small pieces. 

Pieces were homogenized in lysis buffer (100 mM KCl, 50 mM Tris, 5 mM 

MgSO47H2O, 1 mM EDTA, 1 mM ATP, 0.5% BSA) in a glass potter tissue 

grinder. The lysate was clarified by centrifugation at 400 g for 5 minutes at 4°C. 

A second centrifugation at 9000 g for 10 minutes was performed to precipitate 

mitochondria. The pellet was cleaned in washing buffer (100 mM KCl, 50 mM 

Tris, 5 mM MgSO47H2O, 1 mM EDTA) and finally resuspended in mitochondrial 

buffer (0,25 M sucrose, 20 mM Hepes, 1 mM EDTA).  

For fractionation, the protocol is equal since the second centrifugation. After it, 

supernatant was collected as cytosolic fraction and the mitochondrial pellet was 

rapidly incubated in 2 mg/ml Proteinase K, to digest residues of cytosol. 

Mitochondria were washed in washing buffer and lysed for western blotting 

analyses.  

2.6 Gel filtration chromatography 

Gel filtration chromatography was performed on a Superose-6 Increase 10/300 

GL column (GE Healthcare) using the AKTA purifier system (GE Healthcare). 

Wild type male mice were sacrificed and the hearts were excised and 

homogenized in gel filtration buffer (25 mM Tris–HCl pH 8.0, 1 mM MgCl2, 10% 

glycerol) added with proteases and phosphatases inhibitors. Protein extract was 

loaded into the machine and separated in gel filtration buffer at a flow rate of 

0.5 ml/min. Fractions of 0.5 ml were collected. The molecular mass standards (GE 

http://www.expasy.org/tools/aldente/
http://www.matrixscience.com/search_form_select.html
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Healthcare) used to calibrate the column were thyroglobulin (669 kDa), ferritin 

(440 kDa), catalase (240 kDa) and aldolase (158 kDa). The fractions were 

concentrated using Nanosep 3 K and resuspended in Laemmli buffer for Western 

blot analyses. 

2.7 Recombinant proteins production 

Expression vectors encoding melusin fused to maltose binding protein (MBP-

Mel) or the maltose binding protein alone (MBP) were used to transform 

Escherichia coli BL21. Bacteria were induced with IPTG 0,1 mM or 0,4 mM for 

the production respectively of MBP and MBP-Mel and they were finally lysed by 

sonication. The bacterial protein extract was used for the pull-down assay.  

2.8 Pull-down assays 

MBP-Mel and MBP alone, as control, were purified from bacterial protein 

extracts using an amylose resin (GE Healthcare) for 1 hour at 4°C. Resins were 

washed 5 times with the pull-down buffer (Tris-buffered saline (TBS) plus 1% 

Triton X-100 and proteases and phosphatases inhibitors) and the conjugated 

recombinant proteins were quantified by Coomassie Blue staining. Resins were 

saturated over-night with BSA 5%. Wild type male mice were sacrificed and the 

hearts were excised and frozen rapidly in liquid nitrogen. Frozen heart samples 

were homogenized in pull-down buffer and centrifuged twice for 10 minutes at 

16000 g at 4°C. 1 mg of heart total proteins was incubated with 4 μg of 

recombinant proteins for 2 hours in agitation at 4°C. Resins were washed 10 times 

with pull-down buffer and resuspended in Laemmli buffer for Western blot 

analyses. 

2.9 Western blot 

Frozen hearts were powdered and homogenized in TBS plus 1% Triton X-100 

with proteases and phosphatases inhibitors and finally centrifuged twice for 10 

minutes at 16000 g at 4°C. Around 30/50 μg of total protein extract was 

resuspended in Laemmli buffer. Proteins in Laemmli buffer were boiled at 95°C, 

separated by electrophoresis in reducing and denaturing polyacrylamide gels and 

transferred onto nitrocellulose membranes. The equal samples loading was tested 

by Red Ponceau staining. After saturation with 5% BSA, blot strips were 

incubated over-night with primary antibodies and after with the proper secondary 

antibody. Signals were detected by the chemiluminescent reagent LiteAblot 

(Euroclone) at Chemidoc Touch Imaging System (Biorad). Band intensities were 

quantified using the Image Lab software (Bio-Rad).  

Western blotting were performed using the following primary antibodies: 

anti‐ melusin mouse monoclonal antibody (clone C3) generated in our laboratory, 

anti-vinculin (Sigma-Aldrich, SAB4200080), anti-HADHA (Abcam, ab203114), 

anti-HADHB (Santa Cruz Biotechnology, sc-365907), anti-VDAC1 (Abcam, 

ab15895), anti-actin (Santa Cruz Biotechnology, sc-1616-R), Tom20 (Santa Cruz 

Biotechnology, sc-11415) and Total OXPHOS WB antibody cocktail (Abcam, 

ab110413). 
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2.10 MTP α-subunit activity 

Around 20 mg of frozen heart powder was lysed in lysis buffer (5 mM Hepes, 1 

mM EGTA, 1 mM DTT, 0,1% triton X-100, pH 8.7) and clarified by 

centrifugation 1 minute at 1 g at 4°C. Samples were quantified 

spectrophotometrically and aliquoted in eppendorf 1 mg/ml. Samples were added 

with reaction buffer (100 mM Na-pyrophosphate, 1 mM EDTA, 0,15 mM NADH, 

acetoacetylCoA) and 20 ul were aliquoted in a 96-well plate. The plate was read 

at λ=340 nm for 160 cycles and the Vmax was calculated by linear regression on 

the exponential portion of the curve 
133

.   

2.11 Palmitate β-oxidation 

Palmitate β-oxidation was performed as previously reported 
134

. Tissue 

homogenates was incubated for 2 h with 2 μCi [1−
14

C] palmitic acid 

(PerkinElmer) and the labeled acid soluble metabolites (ASM) produced by 

palmitate catabolism were measured by liquid scintillation as pmoles 
14

C-ASM/h 

normalized on mg of proteins. 

2.12 ROS measurement 

ROS amount in whole tissue extract was measured as described before 
135

. 

Samples were labeled for 30 min at 37 °C with 5 μM of the ROS-sensitive 

fluorescent probe 5-(and-6)-chloromethyl-2',7'-dichlorodihydro-fluorescein 

diacetate-acetoxymethyl ester (Sigma-Aldrich DCFDA-AM). The results were 

read at 492 (λ excitation) and 517 nm (λ emission) and were expressed as nmol 

total ROS per mg of proteins.  

2.13 Mitochondrial parameters 

Isolated cardiac mitochondria were used to measure the electron transport in the 

mitochondrial chain, the amount of ATP and the mitochondrial depolarization.  

The electron transport between complexes I and III was measured as detailed 

earlier 
136

. The rate of reduction of oxidized cytochrome c was measured 

spectrophotometrically as nmoles of reduced cytochrome c/min normalized on mg 

of mitochondrial proteins.  

The amount of ATP was measured with the ATP Bioluminescent Assay Kit 

(Sigma-Aldrich), following the manufacturer’s recommendations. Using a 

calibration curve, were evaluated the nmoles of ATP normalized on mg of 

mitochondrial proteins. 

Mitochondrial depolarization was measured by staining cells with the fluorescent 

probe JC-1 (Biotium Inc.), as described before 
137

. The red fluorescence, index of 

polarized mitochondria, and the green fluorescence, index of depolarized and 

damaged mitochondria, were detected spectrophotometrically and used to 

calculate the ratio of green versus red fluorescence mitochondria, as index of the 

mitochondrial membrane potential.  
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2.14 Glucose flux through PPP and Tricarboxylic Acid Cycle 

The glucose flux through PPP and Tricarboxylic Acid Cycle was analyzed as 

previously described 
138

. Cells were trypsinized and resuspended at 2 × 10
5
 cells 

in 1 ml of buffer (145 mM NaCl, 5 mM KCl, 1 mM  MgSO4, 10 mM Hepes 

sodium salt, 10 mM glucose, 1 mM CaCl2 ) containing 2 μCi of [1-
14

C]glucose or 

[6-
14

C]glucose (PerkinElmer Life Sciences). The marked 
14

CO2 produced was 

trapped by using a closed experimental system. 
14

CO2 is released from [1-
14

C]glucose either by the PPP and the tricarboxylic acid cycle, whereas it is 

developed from [6-
14

C]glucose only via the tricarboxylic acid cycle. The CO2  

released specifically from the PPP or tricarboxylic acid cycle was calculated and 

expressed as nmol CO2/h normalized on mg of cell proteins. 

2.15 Lipidomic analyses 

Lipid composition analysis was performed as described before 
139

. Briefly, lipids 

were extracted in chloroform/methanol mixture and partitioned with water. The 

organic phase was dried and then suspended in chloroform/methanol for the 

analysis of total fatty acid and cholesterol contents. Total fatty acids were 

determined as methyl esters by gas chromatography (Agilent Technologies). The 

cholesterol analysis was achieved by high-pressure liquid chromatography HPLC 

(Jasco).  

2.16 RNA isolation and Real-Time PCR 

Total RNA from frozen heart powder was isolated using Trizol Reagent (Thermo 

Fisher Scientific), following the manufacturer’s recommendations. RNA was 

reverse transcribed by using Applied Biosystem high capacity cDNA reverse 

transcription kit. Gene expression analysis was performed using TaqMan Gene 

Expression Assays (Applied Biosystems) on an ABI Prism 7900HT sequence 

detection system (Applied Biosystems). 18S (Thermo Fisher) was used as 

endogenous control and gene-specific primers and the Universal Probe Library 

System was used for other genes (Roche Applied Sciences). Analysis was 

performed using the 
Δ−Δ

Ct method to determine fold changes.  

2.17 Ratio NADH/NAD
+
 and NADPH/NADP

+
 

Frozen heart powder was lysed at 4°C in 0.6 M perchloric acid (PCA) for 

NAD
+
 and NADP

+
 determination or in 0.1 M NaOH for NADH and NADPH 

determination. The lysate was clarified by centrifugation. NAD
+/

NADP
+
 contents 

were quantified as described 
140

. NADH/NADPH content was measured by 

fluorescence as previously reported 
141

. 

2.18 Electron microscopy 

Electron microscopy was performed as indicated 
142

. Shortly, small pieces of 

cardiac tissue were fixed with 2.5% glutaraldehyde (Sigma-Aldrich) plus 100 mM 

cacodylate (Sigma-Aldrich) and postfixed with 1% osmium tetroxide (Electron 

Microscopy Science), 1.5% potassium ferrocyanide (Electron Microscopy 
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Science) plus 100 mM cacodylate. Samples were stained in 0.5% uranyl acetate 

(Electron Microscopy Science), dehydrated and finally embedded in Embed-812 

resin (Electron Microscopy Sciences). Blocks were cut in ultrathin sections 

(70 nm) and contrasted with uranyl acetate (Electron Microscopy Science) and 

Sato’s lead solutions (lead citrate tribasic, Sigma-Aldrich; lead nitrate, Merck; 

lead acetate trihydrate, Sigma-Aldrich; sodium citrate tribasic dehydrate, Sigma-

Aldrich) and observed with Talos 120C (FEI) electron microscope. Images were 

acquired with a 4k × 4K Ceta CMOS camera (Thermo Fisher Scientific).  

2.19 Statistical significance 

Each experiment was repeated three times or more. The data are presented as 

means ± SEM. For statistical analyzes, significance was tested using a two-tailed 

Student’s t test or, when required, one or two-way ANOVA with Bonferroni’s 

correction. A minimum value of p < 0.05 was considered to be statistically 

significant. Statistical analyzes were performed using GraphPad Prism 4. The 

Mantel-Cox test was used in Kaplan-Meier survival curves. 
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3. RESULTS 

3.1 Melusin localizes to the mitochondria and interact with the 

Mitochondrial Trifunctional Protein 

In a previous experiment performed in my lab, melusin has been 

immunoprecipitated from Mel over heart and potential interactors have been 

detected by mass-spectrometry analysis. The results identified, as interactors, the 

α-subunit (HADHA) and the β-subunits (HADHB) of the MTP (Fig.2a), 

suggesting that melusin is present inside mitochondria where it can bind and 

regulate MTP.   

 

 

To confirm that melusin is not only a cytosolic protein but is also present inside 

mitochondria, cytosolic versus mitochondrial fractions from wild type and Mel 

over hearts were examined by western blot analysis. Melusin signal was detected 

in mitochondria from wild type hearts and, more intense, from Mel over hearts, 

confirming a new subcellular localization for melusin (Fig.2b). Accordingly, 

melusin and the MTP were demonstrated to be simultaneous present in fractions 

containing molecular complexes of different weights, separated from wild type 

heart lysate through native gel filtration technique. The western blot analysis of 

Figure 2: a. Melusin was immunoprecipitated from cardiac total extracts of  Mel over and Mel null mice, as controls. 
The potential interactors were separated by western blotting and identified by mass spectrometry analysis. b. 

Mitochondria and cytosols were differentially isolated from wt fvb and Mel over mice hearts. Melusin presence was 

evaluated by western blot analysis. Vinculin and actin were used as cytosolic markers, HADHA and VDAC1 as 
mitochondrial markers. c. Different molecular weight fractions were obtained from cardiac total extract by gel filtration. 

Fractions were analyzed for HADHA, HADHB and melusin presence by western blotting. Red arrows indicates the 

fractions presenting together the three proteins. d. Recombinant MBP-melusin and MBP alone, as control, were used for 
pull down assay in wild type heart extract. Red Ponceau staining shows recombinant proteins bands. Membranes were 

tested for HADHA and HADHB staining and Vinculin as total extract contamination control.  

All the experiments were performed at least three times for significance.  
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cardiac fractions confirmed that melusin localizes together with HADHA and 

HADHB in some fractions (red arrows) corresponding to sovramolecular 

complexes between 560 and 158 kDa (Fig.2c).  

The direct interaction of melusin with the trifunctional protein was proved 

through a pull-down assay using a recombinant melusin produced in E.Coli. 

Melusin selectively interacts with the α-subunit of the MTP and not with the β-

subunit (Fig.2d).  

3.2 Melusin specifically regulates the activity of HADHA and fatty 

acids β-oxidation. 

To define the effect of melusin binding to HADHA, a specific assay for the MTP 

α-subunit enzymatic activity was performed. Mel null hearts show a significantly 

higher activity of HADHA compared to wild type hearts, suggesting an inhibitory 

role for melusin on HADHA (Fig.3a). This inhibitory effect was further 

confirmed evaluating the rate of palmitate metabolism. Accordingly, the 

metabolism of palmitate is higher in Mel null mice, compared to their wild type 

counterparts. Otherwise, Mel over mice show a significantly reduced rate of 

palmitate oxidation, compared to wild type mice (Fig.3b), confirming the 

inhibitory role of melusin on lipid metabolism.  
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These dissimilarities in MTP activity between the genotypes are not related to 

differences in protein levels and in mRNA expression of HADHA and HADHB 

(Suppl Fig.1a,b). Moreover, a lipidomic analysis demonstrated no differences in 

structural lipids or in the cardiac uptake of fatty acids from feeding that can justify 

an effect on the fatty acids β-oxidation rate (Fig.3c-i; Suppl Table1).  

In line, the same palmitate assay performed in the cardiac cell model AC16 

demonstrated that cells infected to express melusin (mel) have a lower rate of 

palmitate oxidation compared to empty cells (empty), further confirming that the 

expression of melusin reduces fatty acid metabolism (Fig.3l, Suppl. Fig.1c).  

3.3 Excessive fatty acids β-oxidation causes mitochondrial 

membrane depolarization and promotes ROS generation. 

Once established the different levels of fatty acids β-oxidation in the various 

genotypes, I decided to investigate how these differences impact on ROS 

generation and mitochondrial function. Tissue extracts from wild type, Mel over 

Figure 3: a. The activity of the MTP α-subunit was assessed as NADH consumption during the enzymatic reaction in 

cardiac samples from Mel null and wt 129SV mice. (n=9 for each condition; *** = <0.001) b. Fatty acids β-oxidation 

was analyzed by measuring palmitate metabolites levels in cardiac samples from Mel null and Mel over mice and wild 
type counterparts. (n=3 for each condition; ** = <0.01; *** = <0.001) c-i. The relative quantity of different lipid 

subgroups was analyzed by lipidomic analysis from cardiac tissues. (n=3 for each condition) l. Palmitate oxidation into 

relative metabolites was measured in AC16 cells infected to express melusin (mel) or with an empty vector (empty). 
(n=3 for each condition; *** = <0.001). 
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and Mel null hearts were fuelled with palmitate and the consequent release of 

ROS was measured. ROS are significantly higher in Mel null hearts compared to 

wild type hearts. The overexpression of melusin, instead, lowers ROS generation 

(Fig.4a). The differences in ROS production are not related to an imbalance of the 

oxidative state of NADPH, demonstrated by a comparable NADPH/NADP
+
 ratio 

between the different genotypes (Suppl. Fig.2a). The reduction in ROS generation 

is also confirmed in mel AC16 cells, incubated with palmitate, compared to empty 

controls (Fig.4b).  

 

 

To evaluate mitochondrial parameters, mitochondria from Mel over and Mel null 

hearts, and their wild type counterparts, were isolated and fuelled with palmitate. 

The electron flux trough the respiratory chain is increased in melusin null 

mitochondria compared to wild type ones, in line with the previous reported 

higher palmitate oxidation in Mel null hearts. No significant differences are 

present between Mel over and wild type mitochondria (Fig.4c). Also the ATP 

level is in line with the differences in palmitate metabolism described before. Null 

mitochondria have a higher amount of ATP compared to wild type ones, instead 

Mel over mitochondria show less ATP amount compared to corresponding wild 

Figure 4: a. The palmitate-induced ROS production in hearts from Mel null and over mice and their wild type 

counterparts was analyzed by incubation with the redox probe DCFDA. (n=3 for each condition; * = <0.05; *** = 

<0.001) b. Palmitate-induced ROS levels detected with DCFDA probe in AC16 empty and mel (n=3 for each condition; 
** = <0.01) c. The electron flux determined by palmitate  through the mitochondrial chain was analyzed by monitoring 

cytochrome C absorbance in mitochondria isolated from hearts of mice wild type, null and over for melusin. (n=3 for 

each condition; * = <0.05) d. The quantity of ATP produced from palmitate metabolism in cardiac mitochondria of Mel 
null, Mel over and wild type counterparts. (n=3 for each condition; * = <0.05; *** = <0.001). e. The ratio between 

mitochondria with depolarized and  normal membrane potential in hearts of mice wild type, null and over for melusin  

was calculated by incubation with the potential-sensible probe JC1. (n=3 for each condition; * = <0.05; ** = <0.01). f-g. 
Palmitate metabolism and ROS levels in Mel null mice treated for 5 days with 30 mg/kg of trimetazidine or saline as 

control. Not-treated wild type mice were used for comparison. (n=3 for each condition; * = <0.05; ** = <0.01; *** = 

<0.001). 
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types (Fig.4d). The differences in electron flux and ATP level are not related to a 

different quantity of mitochondria in the various genotypes, as evidenced by the 

comparable protein levels of VDAC1 and Tom20 in total extracts from Mel null, 

Mel over and wild types hearts (Suppl. Fig.1a). The protein levels of the five 

mitochondrial complexes are also equivalent in all the total extracts (Suppl. 

Fig.2c). The electron flux and ATP level are not dependent neither to a different 

quantity of NADH that fuel the chain, as demonstrated by the comparable 

NADH/NAD
+
 ratio between wild types mice and mice null or over-expressing 

melusin (Suppl. Fig.2b). Mel null hearts, however, display a higher ratio of 

mitochondria with depolarized membrane potential, compared to wild type 

matches. Mel over hearts, instead, show a lower ratio of depolarized mitochondria 

(Fig.4e).  

Overall, these analyses suggest that, in absence of melusin, with a high rate of 

fatty acids β-oxidation, mitochondria undergo impairment in their membrane 

potential and there is a higher generation of reactive species. 

To investigate if the more intensive fatty acid β-oxidation is the responsible for 

the higher production of ROS, Mel null mice were treated with the MTP inhibitor 

trimetazidine, halving their cardiac rate of palmitate oxidation (Fig.4f). The 

treatment restores ROS levels to wild type conditions in null hearts, confirming 

that the higher rate of palmitate oxidation is causative of the increased ROS 

content (Fig.4g).  

3.4 Fatty acids β-oxidation performs at maximum rate in absence 

of melusin 

The ability of Mel null hearts to further increase its lipid metabolism in response 

to a physiological stimulus was tested by treating null and wild type hearts ex-

vivo with a mild, not pathologic, concentration of the β-adrenoreceptor agonist, 

isoproterenol. The adrenergic stimulation increases the wild type rate of palmitate 

oxidation to the level of not-treated Mel null hearts. The latter, instead, are not 

able to further augment palmitate metabolism in response to isoproterenol 

(Fig.5a). In both the genotypes the treatment provokes an increase in ROS 

production (Fig.5b). This suggests that the rate of lipid oxidation detected in Mel 
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null hearts is a sort of limit threshold for this metabolism in the heart and that 

further stimulations can only exacerbate ROS levels. 

 

 

3.5 Melusin expression promotes glucose utilization as energetic 

fuel 

Considering the Randle cycle cross-regulation between lipids and glucose 

metabolism, I checked if the differences in fatty acids β-oxidation could be 

reflected by corresponding variances in glucose metabolism. The expression of 

melusin in AC16 cells induces a higher cycling of the Kreb’s system and the PPP 

when cells are incubated with marked glucose (Fig.5c,d). This suggests that the 

effect of melusin on fatty acids oxidation promotes, in turn, a modulation of 

glucose metabolism. 

 

Figure 5: a-b. Hearts from Mel null and wild129SV mice were mildly treated ex-vivo by Langendorff technique with 

isoproterenol (1μM 10 minutes), or saline as control. Hearts were analyzed for palmitate metabolites and ROS levels 
with DCFDA. (n=3 for each condition; * = <0.05; ** = <0.01) c. The rate of the tricarboxylic acid cycle was evaluated 

in AC16 cells expressing (mel) or not (empty) melusin as the amount of marked CO2  produced by isolated mitochondria 

after incubation with marked glucose. (n=3 for each condition; *** = <0.001) d. The utilization of glucose in the pentose 
phosphate pathway was evaluated in AC16  empty and mel as the amount of marked Co2  produced by isolated 

mitochondria after incubation with marked glucose. (n=3 for each condition; ** = <0.01). 
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3.6 Alterations in metabolism and mitochondrial parameters 

induced by doxorubicin correlates with melusin expression  

The ability of melusin to protect the heart from doxorubicin-induced 

cardiotoxicity was tested by treating wild type and Mel over mice with a protocol 

resembling the human chemotherapy treatment. The expression of melusin 

positively correlates with functional parameters (% FS and %EF) and with mice 

survival (Suppl. Fig.3a,b).  

To evaluate the potential alterations occurring in the metabolism and the 

mitochondrial function after DOXO administration, wild types, Mel null and Mel 

over mice were injected with DOXO or with physiologic solution as control (UT) 

and the analysis were performed at an early time point (6 hours) after a single 

dose of doxorubicin (4 mg/kg), in order to discriminate the precocious cardiac 

response to the stimulus from the damage caused directly by DOXO. In wild type 

mice and Mel over mice treated with DOXO is evident a mild reduction in 

palmitate oxidation. Treated Mel null mice, instead, demonstrate a consistent fall 

in the rate of palmitate metabolism (Fig.6a), suggesting a severe impairment of 

lipid metabolism when melusin is not expressed.  

The ROS production due to palmitate fuelling is markedly increased by DOXO 

treatment in wild type and Mel null hearts, with Mel null mice having the higher 

absolute value. On the contrary, compared to their wild type matches, Mel over 

mice do not vary their ROS level after DOXO injection (Fig.6b). These alterations 

were also confirmed in empty and mel AC16 cells incubated with DOXO. Treated 

empty cells show a severe reduction in palmitate oxidation compared to a milder 

reduction in treated mel-expressing cells (Fig.6c). ROS levels are increased by 

DOXO in both empty and mel cells, with the higher absolute value in treated 

empty AC16 (Fig.6d). 
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The related alterations in mitochondrial parameters induced by DOXO were 

measured on isolated mitochondria from treated and untreated hearts, fuelled with 

palmitate. The electron flux is almost unchanged between DOXO and UT in wild 

type and Mel over mice, with a significant difference only between wild type 

versus Mel over mice after treatment. In contrast, the electron flux is abundantly 

reduced in Mel null mice after DOXO (Fig.6e). The ATP level is preserved in 

wild types mice treated with DOXO and even increases in treated Mel over mice. 

Conversely, Mel null mice have an almost zeroed level of ATP once treated with 

DOXO (Fig.6f). The DOXO treatment increases the number of depolarized 

mitochondria in all the genotypes. While Mel over mice show only a not 

significant trend, the depolarization ratio is almost doubled in Mel null mice 

(Fig.6g). All the parameters altered by DOXO are not related to significant 

modifications in the mitochondrial ultrastructure or to differences in the levels of 

mitochondrial proteins (Suppl. Fig.3c,d). 

The parallel evidences on cardiac tissues and AC16 cells proved how lipid 

metabolism and ROS generation are more impacted by DOXO administration in 

Figure 6: a-b. Mice were injected i.p. with 4 mg/kg doxorubicin (doxo) or saline (UT). 6 hours after the injection were 
measured the metabolites of palmitate and the DCFDA signal for ROS level (n=3 for each condition; * = <0.05; ** = 

<0.01) c-d. AC16 cells, empty and mel, were treated 24 hours with 250 nM doxorubicin (doxo) or PBS. Cells were 

tested for the metabolism of palmitate and the  relative ROS production. (n=3 for each condition; * = <0.05; ** = <0.01; 
*** = <0.001) e. Mitochondria were isolated from hearts 6 hours after the injection of 4 mg/kg doxorubicin (doxo) or 

saline (UT). The palmitate-induced electron flux rate was analyzed by monitoring cytochrome C absorbance. (n=3 for 

each condition; * = <0.05; ** = <0.01; *** = <0.001)  f. Mitochondria from hearts injected with doxorubicin (doxo) or 
saline (UT) were analyzed for ATP produced from palmitate metabolism. (n=3 for each condition; * = <0.05; ** = 

<0.01; *** = <0.001). g. The  ratio between depolarized and healthy mitochondria was calculated in hearts treated 6 

hours after the injection of doxorubicin (doxo) or saline (UT), using the JC1probe. (n=3 for each condition; * = <0.05; 
** = <0.01). 
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absence of melusin, with consequences on mitochondrial function and energetic 

production.   

3.7 Metabolic and mitochondrial alterations under pressure 

overload relate to the expression of melusin  

To evaluate the metabolic and mitochondrial alterations occurring in the early 

response of the myocardium to pressure overload, mice were subjected to aortic 

constriction and analyses were performed 4 days after ligation, before the 

occurrence of maladaptive remodelling and inflammation. 

Palmitate oxidation in both the wild type genotypes is reduced in constricted mice 

(TAC) compared to not-constricted controls (sham). No significant differences are 

detected between sham and TAC Mel over mice. Constricted Mel null mice, 

instead, show a strong reduction of palmitate metabolism compared to the rate of 

corresponding sham controls (Fig.7a), confirming also in this pathological model 

that the absence of melusin severely impact on lipid metabolism. ROS release due 

to palmitate metabolism is increased by aortic constriction in both the wild types 

genotypes and milder in Mel over mice. Mel null mice show, also in this model, 

the higher increase in ROS release after constriction (Fig.7b). 
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Related mitochondrial parameters were evaluated in isolated mitochondria from 

TAC and sham mice, fuelled with palmitate. The electron flux is differentially 

reduced between the two murine strains, with FVB mice more sensible to 

constriction compared to 129SV mice. Nevertheless, the flux reduction in Mel 

over TAC mice is milder than in wild type TAC mice compared to their 

corresponding sham counterparts. Mel null mice, instead, show a consistent 

reduction in the electron flux after constriction, unlike just a slight trend observed 

in wild type counterparts (Fig.7c). The ATP level is almost unchanged or mildly 

increased in both wild types genotypes and Mel over mice after constriction 

related to sham condition. Constricted Mel null mice, instead, has a severely 

reduced ATP level compared to sham controls (Fig.7d). The ratio of depolarized 

mitochondria is markedly increased by the aortic banding in all the genotypes. 

However, the change in the ratio between sham and TAC Mel null mice is more 

intense compared to other genotypes (Fig.7e). The altered parameters in pressure 

overload are not related to structural modifications in mitochondria or different 

levels of mitochondrial proteins (Suppl. Fig.3c,e).  

Figure 7: a-b. Mice were subjected to transverse aortic constriction for 4 days (TAC) or to surgery without constriction 

as control (sham). After 4 days, hearts were analyzed for palmitate metabolites and for DCFDA fluorescence to detect 
ROS. (n=3 for each condition; * = <0.05; ** = <0.01; *** = <0.001) c. Mitochondria were isolated from hearts 4 days 

after aortic constriction (TAC) or sham operation (sham). The electron flux induced by palmitate was quantified 

evaluating cytochrome C absorbance. (n=3 for each condition; * = <0.05; ** = <0.01; *** = <0.001)  d. Mitochondria 
from constricted (TAC) or not constricted  (sham) hearts were analyzed for palmitate-induced ATP production. (n=3 for 

each condition; * = <0.05; ** = <0.01; *** = <0.001). e. The  ratio between depolarized and healthy mitochondria 

isolated from hearts with aortic constriction (TAC) or sham operation (sham) were established using the JC1 probe. (n=3 
for each condition; * = <0.05; ** = <0.01; *** = <0.001). 
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These results confirm also for pressure overload a major impact on ROS 

generation, mitochondrial function and energetic production when melusin is not 

expressed in the myocardium. 

3.8 The reduction of fatty acid metabolism reduces ROS 

production and ameliorates the survival under stress conditions  

Since the already described ability of the MTP inhibitor trimetazidine to reduce 

fatty acids metabolism and, consequently, ROS production in Mel null mice in 

physiologic state, I decided to check if trimetazidine administration could prevent 

also the further increase in ROS generation after DOXO injection or aortic 

banding. Thus, I pre-treated Mel null mice with trimetazidine before subjecting 

them to DOXO injection or aortic banding. The pre-treatment with trimetazidine 

rescues the increase in ROS production due to DOXO treatment in null mice 

(Fig.8a) and markedly reduces ROS level after aortic banding (Fig.8b) compared 

to the not pre-treated conditions, suggesting that the reduction in lipid 

metabolism, prior to a stress condition, ameliorates the oxidative stress response 

of the heart.  

To investigate if this regulatory mechanism may be positive also when melusin is 

expressed at physiologic level, I pre-treated wild type mice with trimetazidine 

before each of the 4 DOXO injections, as in the treatment previously described, 

and I followed mice by echocardiographic analysis. Trimetazidine preserves the 

cardiac activity in wild type mice treated with DOXO by sustaining the fractional 

shortening and the ejection fraction after the 5th week, when not pre-treated mice 

start to exhibit a progressive decline (Fig.8c). This suggests that a precocious 

conditioning of fatty acids rate could protect the heart from stressful stimuli and 

ameliorate the pathologic progression. 
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Figure 8: a. Mel null mice were treated  for 5 days with 30 mg/kg of trimetazidine (TMZ +) or saline (TMZ -) before the 
injection with 4 mg/kg doxorubicin (DOXO +) or saline (DOXO -). 6 hours after the injection, ROS levels were 

measured using DCFDA. (n=3 for each condition; * = <0.05; ** = <0.01; *** = <0.001) b. Mel null mice treated  for 5 
days with 30 mg/kg of trimetazidine (TMZ +) or saline (TMZ -) were subjected to aortic constriction (TAC +) or sham 

operation (TAC -). After 4 days, ROS levels were measured using DCFDA. (n=3 for each condition; * = <0.05; ** = 

<0.01; *** = <0.001) c-d. Wild type mice were pre-treated for 5 days with trimetazidine (TMZ) or saline (ctr) before 
each of the three injection of 4 mg/kg doxorubicin at time 0, 1 and 2 weeks (red arrows). Mice were followed by 

echocardiographic analysis for 7 weeks and the percentage of fractional shortening and of ejection fraction were 

measured to evaluate their cardiac activity. (n=5 for each condition; * = <0.05; ** = <0.01) 
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4. DISCUSSION 

The metabolic flexibility is a fundamental property for the heart to tune its activity 

accordingly to the different body conditions. Indeed, the efficient network of 

metabolic pathways guarantees to the heart to retain an adequate energetic supply 

and sustain its contractile activity, in physiologic conditions and in response to 

stressful stimuli. However, in several pathologic conditions, the chronic 

persistence of stress progressively compromises this metabolic equilibrium, 

impairing the cardiac energetic fuelling. This, consequently, impacts on the 

cardiac function, favouring the progression of the disease to heart failure. 

Unfortunately, the precise evolution of the metabolic alterations and the exact 

metabolic profile of the heart at different stages in pathologic conditions are still 

poorly understood, making difficult to define an effective plan of therapeutic 

intervention.       

In my thesis, I described a new intrinsic mechanism of metabolic regulation in the 

heart that evidences the importance of a balanced metabolic equilibrium to avoid 

alterations in intracellular parameters in physiologic conditions and a worse 

cardiac response to stress. The hub of this new mechanism is represented by the 

muscle specific chaperone protein melusin. Melusin was already known as an 

important mediator in the cardiac transduction of mechanical stretch signals, 

promoting the compensated hypertrophic response in the myocardium 
114

. Its 

cardioprotective effects were already described in several pathological models 
109

, 

however here is described a completely new role for this chaperone protein in 

influencing the myocardial metabolism.  

I discovered that melusin localizes inside mitochondria, where it interacts 

specifically with the α-subunit of the MTP, reducing its activity. The expression 

of melusin, indeed, correlates with a reduced rate of palmitate oxidation in the 

myocardium and in cells, suggesting a balancing role for melusin in lipid 

metabolism. In line, in melusin null hearts the rate of palmitate β-oxidation is 

significantly higher, at a level that was no further increased in response to 

adrenergic stimulation with the agonist isoproterenol.  

Intriguingly, in Mel null mice a more intense ROS generation is detected together 

with a higher incidence of mitochondrial membrane potential depolarization. 

These alterations have been described in previous works as correlated to an 
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intense fuel of the mitochondrial oxidative chain 
83,84

. This suggests that the over-

rated lipid metabolism in the myocardium is responsible for the mitochondrial 

depolarization and, in particular, for the higher ROS release. This hypothesis is 

supported by several works that investigate how the stimulated lipid β-oxidation, 

inducing an intense mitochondrial activity, promotes the reactive oxygen species 

production. Fauconnier et al demonstrated that the incubation of isolated 

ventricular cardiomyocytes with palmitate promotes the dissipation of the 

mitochondrial membrane potential and an increase in ROS release 
143

. The higher 

ROS generation is confirmed also by St-Pierre et al in isolated cardiac 

mitochondria incubated with palmitoyl-carnitine 
144

. Accordingly, isolated 

perfused rat hearts, fuelled with palmitate and subjected to ischemic stress, also 

generate more reactive species with a consequent worse response to the stress 

insult 
145

.  

Some studies proposed that the intense fuel of mitochondrial chain with lipids can 

induce ROS release, by promoting the reverse electron transport to the complex I 

of the respiratory chain 
146

 or interfering with the activity of complexes 
147

. 

Mitochondrial ROS can induce a further release of reactive species from other 

cellular sources, causing oxidative stress conditions 
8695–97

. 

To further confirm this relation between high fatty acid metabolism and ROS 

release, I lowered the rate of palmitate oxidation in Mel null hearts by treating 

them with the metabolic modulator Trimetazidine. Trimetazidine is a well-known 

drug that reduces fatty acid oxidation selectively inhibiting the activity of the 

MTP β-subunit, thus with a mechanism similar to melusin 
148

. The administration 

of Trimetazidine significantly reduces the ROS production in melusin null hearts, 

sustaining the hypothesis that the high lipid metabolism is responsible for the 

increased release of reactive species. The ability of Trimetazidine to buffer ROS 

production has been previously described in some works 
149,150

,  but only few 

directly correlated it with the metabolic regulation 
145

. This was also due to 

contrasting evidences in other works where Trimetazidine role is investigated by 

setting arbitrary ex-vivo rate of lipids and drug administration that was 

demonstrated after to overcome its effects as competitive inhibitor of the MTP 
151

. 

Moreover, in the major of these works, Trimetazidine was tested in overt 

pathologic conditions, in which the severity and the timing of the disease and the 

onset of additional alterations could confound the evaluation of metabolic effects 
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and ROS levels 
5,52

. Here I tested the effect of Trimetazidine in-vivo in 

physiologic conditions, confirming that Trimetazidine, by modulating lipid 

metabolism, reduces ROS generation, with a mechanism analogous to the one I 

am describing for the chaperone protein melusin. 

In the complex metabolic network of the heart, melusin directly impacts on fatty 

acid oxidation, through its interaction with the MTP, and influences glucose 

metabolism. Indeed, I demonstrated that the consistent reduction in fatty acid 

oxidation, dependent to melusin expression, induces a concomitant increase in 

glucose use for fuelling the TCA cycle and in the Pentose Phosphate Pathway. 

This effect could be easily explained by the model proposed by Philip Randle and 

his group in 1963, known as Randle cycle, in which glucose and fatty acids work 

in a concert, through regulatory cross feedbacks, to meet the energetic demand of 

the heart 
5
. In line, when melusin is expressed, glucose compensates the reduced 

lipid metabolism to sustain the energetic request of the myocardium.     

The metabolic remodelling is suggested to be a very early event in response to 

pathologic stimuli in the heart. Indeed, in response to stress, the myocardial shift 

from fatty acids to glucose as main energetic substrate is proposed to precede the 

structural and functional alterations occurring in the maladaptive remodelling of 

the left ventricle 
21–23,45,46

. The generation of ROS is also described in several 

works as an early event in the myocardial pathologic remodelling and, more 

important, is identified as a driving force in this process 
91–94

. This huge 

importance of metabolism and ROS production in the early phase of pathology 

could suggest, by reflex, that the balancing effect of melusin in physiologic 

conditions could impact also on the myocardial response to stressful stimuli. To 

evaluate this hypothesis, I tested the response of melusin null and expressing 

hearts to different types of stimuli, as the cardiotoxicity induced by doxorubicin 

and the physical stress induce by aortic constriction. The protective effect of 

melusin against cardiac pressure overload induced by transverse aortic 

constriction is well described in literature. Melusin, indeed, sustains the 

hypertrophic response in the constricted heart, promoting its contractile activity 

125
. In our lab, we demonstrated that melusin expression correlates with a higher 

preservation of the myocardial contractility and a prolonged survival of mice also 

in doxorubicin cardiotoxicity.  
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To make sure to evaluate the very early response of the heart to stress, mice were 

tested 6 hours after a single dose of doxorubicin and 4 days after aortic ligation, 

before the onset of maladaptive remodelling and inflammatory response. The 

AC16 cardiac cell model was also used to confirm alterations caused by a mild 

exposition to doxorubicin. Intriguingly, I could demonstrate that both stressful 

stimuli induce a more intense reduction in palmitate metabolism and a higher 

amount of ROS in cardiac tissues and cells null for melusin expression, compared 

to wild type and over-expressed counterparts. The corresponding results obtained 

with two very different stimuli as doxorubicin administration and aortic banding 

suggests a very basal regulatory mechanism in which the absence of melusin, by 

altering lipid metabolism, ROS release and mitochondrial function in physiologic 

conditions, can further compromise the correct metabolic rewire and potentiate 

the ROS production occurring in the myocardium in response to several stressful 

stimuli.  

Furthermore, mitochondria isolated from hearts treated with DOXO or subjected 

to aortic constriction demonstrated that both the two stimuli induce a stronger 

reduction in the palmitate-induced electron flux, a higher percentage of 

mitochondrial membrane depolarization and, in particular, an almost zeroed level 

of ATP from palmitate metabolism in melusin null mitochondria compared to 

wild type counterparts. The presence of the same mitochondrial alterations in Mel 

null hearts administered with DOXO or subjected to TAC further suggest that the 

missing balancing effect of melusin predisposes to a precocious impairment in the 

myocardial energetic production, an alteration typically described in the cardiac 

pathological progression 
27

. All together, the alterations described in cardiac stress 

conditions underline the importance of melusin regulatory effect on lipid 

metabolism, not only for the physiologic state of the heart but, in particular, for its 

ability to effectively face several potential harmful stimuli.  

To investigate this hypothesis, I modulated fatty acids metabolism in Mel null 

mice with trimetazidine before subjecting them to DOXO administration or aortic 

banding and I verified that the pre-treatment significantly reduces the ROS level 

detected in stress conditions. This confirms that modulate lipid metabolism 

ameliorates the oxidative response occurring in the heart in response to stressful 

stimuli. As a more translational approach, I modulated lipid metabolism with 

trimetazidine before the induction of stress in mice with a physiologic expression 
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of melusin and I analysed their cardiac function under stress conditions. 

Intriguingly, the metabolic conditioning before the onset of stress represents an 

advantage in the long-term resistance of the heart to stress, preserving the 

myocardial contractility and the cardiac blood pumping.  

Metabolic therapies for heart failure have been long investigated during the years, 

proposing several approaches to influence fatty acid and glucose metabolism, 

some of them also tested in clinical trials. Between them, some genetic 

approaches proposed to act on specific transcription factors of the lipid and 

glucose metabolic pathways 
3
 or on the expression of specific receptors and 

channels for metabolites 
52,152

. Other proposals were, instead, more focused on 

dietary strategies, like the increased consumption of omega3-fatty acids 
3
. Of note, 

the use of drugs to condition the substrate preference in the myocardium has been 

the most promising approach in the field. Some clinical trials tested the efficacy of 

inhibitors of the mitochondrial carnitine palmitoyltransferase 1, such as etoxomir 

or perhexiline, showing positive effects on cardiopathic patients 
3
. Other trials 

investigated the effects of direct inhibitors of lipid metabolism, as ranolazine and 

trimetazidine, demonstrating an improvement in the prognosis, in the quality of 

life and in the survival 
153–155

. In particular, trimetazidine showed very promising 

results when administered alone or combined to the conventional therapy and has 

been included in the ESC/HFA 2016 guidelines for the treatment of patients with 

ischemic HF 
153,155

. Unfortunately, several of these metabolic drugs showed 

contrasting evidences, in particular in long term treatments during which they did 

not exert the expected benefits or, even, induce side effects 
3,52,154

. Novel 

approaches of intermittent or phase-specific metabolic drug-therapy are now 

considered a more effective therapy. Accordingly, in my thesis I showed that 

trimetazidine exerts effects similar to the cardiac chaperone melusin in balancing 

fatty acid metabolism, ameliorating the early cardiac response to different 

stressful stimuli. Furthermore, I demonstrated that the only pre-treatment with 

trimetazidine is sufficient to favour the preservation of cardiac functions in the 

long-term response of the heart to stress. Altogether, my results suggest the 

importance of the metabolic regulation in the very early response of the heart to 

stressful stimuli and suggest that an early therapeutic intervention with a drug able 

to modulate fatty acid metabolism could be an effective clinical approach in 

cardiomyopathies of different aetiology. 
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SUPPLEMENTARY MATERIALS 

 

 

Figure 2: a. The ratio between NADPH and NADP+ was measured after isolation and quantification of the reduced and 

oxidized form from cardiac tissue of Mel null, Mel over and corresponding wild types mice. (n=4 for each condition). b. 

The ratio between NADH and NAD+ was measured after isolation and quantification of the reduced and oxidized form 
from cardiac tissue of Mel null, Mel over and corresponding wild types mice. (n=4 for each condition). c. Left: the 

protein level of the five mitochondrial complexes was analyzed by western blotting on cardiac total extracts from Mel 

null and over mice and wild types counterparts. The signals were detected using a specific antibodies mix against the 
complexes. VDAC1 was used as indicator of mitochondrial quantity and Vinculin as total loading control. Right: relative 

quantification of the western blot bands for each complex, optimized on VDAC1 level as indicator of mitochondrial 

quantity.  

Figure 1: a. Western blot analysis of mitochondrial protein levels in cardiac tissue of Mel null, Mel over and 

corresponding wild types mice. The signals were detected using specific antibodies against HADHA, HADHB, VDAC1 

and Tom20. Melusin was used to differentiate the different genotypes and Vinculin as loading control. b.The expression 
levels of HADHA and HADHB were evaluated by Real-time PCR from the total mRNA isolated from Mel null and over 

mice compared to their wild type counterparts. (n=3 for each condition) c. Representative melusin expression in AC16 

cells infected with a virus carrying melusin transgene (mel) or an empty vector (empty). Vinculin was used as loading 
control. 
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Figure 3: a. Mel over and wt fvb mice were administered with 4 mg/kg doxorubicin at time 0, 1 and 2 weeks (red 
arrows). Mice were followed by echocardiographic analysis for 7 weeks and the percentage of fractional shortening and 

of ejection fraction were measured to evaluate their cardiac activity. (n=as indictaed; ** = <0.01; *** = <0.001) b. Mel 
over and wt fvb mice injected at 0, 1 and 2 weeks with 4 mg/kg doxorubicin were followed to check their survival for 14 

weeks. (n at the begin =13 for each condition; * = <0.05) c. Left: Representative EM images of Mel null mice not 

treated, injected with doxorubicin (doxo) or subjected to aortic constriction (TAC). The bottom bar indicates 
magnification. Right: quantification of cristae distance in images from wt129SV and Mel null hearts treated or not with 

doxorubicin (doxo). (n=5 different measures in 6 different images). d. Western blot analysis of mitochondrial protein 

levels in cardiac tissue of Mel null, Mel over and wild types counterparts treated (doxo) or not (UT) with doxorubicin for 
6 hours. HADHA, HADHB, VDAC1 and Tom20 signals were analyzed. Melusin was used to differentiate the different 

genotypes and Vinculin as loading control. e. Western blot analysis of mitochondrial protein levels in Mel null, Mel over 

and wild types hearts 4 days after aortic constriction (TAC) or sham operation (sham). HADHA, HADHB, VDAC1 and 
Tom20 signals were analyzed. Melusin was used to differentiate the different genotypes and Vinculin as loading control.   
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Lipids ug/mg wt129SV Mel null wtfvb Mel over 

C16   2,122 2,191 2,466 2,438 

C16:1 0,098 0,075 0,083 0,125 

C18 2,447 2,646 2,506 2,369 

C18:1 1,182 1,266 1,022 1,122 

C18:2 2,674 2,990 2,299 2,416 

C18:3 γ 0,029 0,027 0,030 0,033 

C18:3 α 0,045 0,050 0,041 0,049 

C20:3 0,057 0,066 0,073 0,062 

C20:4 0,895 1,054 0,758 0,737 

C20:5 0,030 0,025 0,032 0,029 

C22:5 0,179 0,171 0,193 0,223 

C22:6 3,666 3,825 3,873 3,489 

C16 triglycerides   0,419 0,454 0,392 0,529 

C16:1 triglycerides 0,083 0,043 0,068 0,126 

C18 triglycerides 0,056 0,062 0,057 0,058 

C18:1 triglycerides 0,337 0,401 0,294 0,396 

C18:2 triglycerides 0,309 0,454 0,371 0,434 

C18:3 γ triglycerides 0,031 0,016 0,036 0,034 

C18:3 α triglycerides 0,019 0,020 0,016 0,023 

C20:3 triglycerides 0,003 0,005 0,004 0,004 

C20:4 triglycerides 0,020 0,015 0,012 0,017 

C20:5 triglycerides 0,006 0,004 0,004 0,003 

C22:5 triglycerides 0,021 0,015 0,015 0,021 

C22:6 triglycerides 0,053 0,051 0,062 0,072 

C16 cardiolipin   0,103 0,100 0,102 0,092 

C16:1 cardiolipin 0,046 0,040 0,049 0,050 

C18 cardiolipin 0,048 0,041 0,038 0,042 

C18:1 cardiolipin 0,174 0,148 0,161 0,158 

C18:2 cardiolipin 1,169 1,162 1,061 1,057 

C22:6 cardiolipin 0,071 0,063 0,139 0,081 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Relative quantities of various free lipids and lipids conjugated in triglycerides or with cardiolipin analyzed by 

lipidomic analysis from cardiac tissues. (n=3 for each condition)  
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