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INTRODUCTION 

Heart failure (HF) is a major killer in both men and women worldwide. Obesity and diabetes 

mellitus are well known risk factors of HF, and cardiovascular diseases is the major cause of 

mortality and morbidity in these patients. Obese and diabetic patients also have greater 

incidence of angina and acute myocardial infarction (MI) and a higher mortality rate 

following MI. In addition to increased incidence of hypertension and concomitant macro- and 

microvascular disorders, diabetic patients develop a distinct pathology with alterations at the 

cardiomyocyte level.1 The condition is termed diabetic cardiomyopathy (DCM) and is 

characterized by ventricular dysfunction in the absence of coronary heart disease or 

hypertension.2 

Cardiac disease is commonly associated with altered myocardial substrate utilization and 

reduced cardiac efficiency, and metabolic remodelling and inefficiency are early hallmarks in 

HF independent of disease aetiology or various comorbidities.3 As the heart consumes large 

amounts of energy, the supply and consumption of substrates is of major importance in order 

to sustain viable function. Thus, metabolic remodelling might have great impact on cardiac 

function, potentially leading to cardiac dysfunction. Whether metabolic alteration causes 

dysfunction or whether it is a consequence of dysfunction, is however not clear. As the heart 

shows great adaptability, there is also a question of whether such alterations are advantageous 

or disadvantageous. This thesis discusses cardiac morphological, functional and metabolic 

remodelling in two distinct disease aetiologies, namely obesity- and angiotensin II-induced 

cardiac disease. 
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HEART FAILURE AND CARDIAC DYSFUNCTION 

The heart is essential in supplying all other tissues with oxygen and nutrients, by continuously 

pumping blood through the circulatory system. HF occurs when this ability is reduced, often 

characterized clinically by reduced ejection fraction, however, there are also patients with HF 

who have maintained ejection fraction. Thus, left ventricular HF is often dichotomized into 

HF with preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF). 

In HFpEF, the cardiac output (systolic function) is maintained, but the ventricular relaxation 

and subsequent filling (diastolic function) are impaired. As the causes and comorbid 

conditions of diastolic dysfunction are diverse, there is great pathophysiological 

heterogeneity, making diagnosis and treatment in these patients difficult. In addition, as 

systolic function is maintained, patients with diastolic failure often present with diffuse 

symptoms, further complicating diagnosis. In fact, it is suggested that as many as 50% of 

current HF cases are HFpEF,4 substantiating the importance of establishing criteria of 

diagnosis and treatment for these patients. Accordingly, diastolic failure is emerging as a 

significant clinical problem for patients with diabetes and current clinical data suggest that 30-

40% of patients with HFpEF, suffer from diabetes.5; 6  

Obesity and diabetes 

Obesity and diabetes are complex disorders associated with a range of chronic metabolic 

abnormalities affecting multiple signalling pathways (Fig 1), which also contribute to the 

development of DCM. Hallmarks of the diabetic heart include ventricular remodelling, 

fibrosis, oxidative stress, impaired calcium handling, mitochondrial dysfunction and 

lipotoxicity (Fig. 1). Additionally, alterations in substrate utilization and increased myocardial 

oxygen consumption, with subsequent impaired cardiac efficiency and energetic imbalance 

(Fig. 1), are also suggested to play a role in the development of dysfunction.3; 7-9 

Corroborating this, both clinical10; 11 and preclinical studies12-14 have shown that obesity and 

diabetes are associated with increased myocardial oxygen consumption and decreased cardiac 

efficiency.  
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Figure 1: Hallmarks of diabetic cardiomyopathy. A range of systemic changes in obesity and 

diabetes such as hyperlipidaemia, hyperglycaemia, increased activation of the renin- angiotensin-

system (RAS), hyperinsulinaemia and a chronic low-grade inflammation, are believed to lead to 

cellular changes in the cardiomyocyte with consequent development of diabetic cardiomyopathy. 

Modified from Hansen et al.15 

Although the systemic metabolic changes in diabetes are likely to induce DCM, the heart 

might also initially be able to adapt to the chronically altered milieu. In diabetes, the heart 

predominantly relies on energy from fatty acids (FAs), and notably, there are studies showing 

that the presence of FAs can improve cardiac function in preclinical models of obesity and 

diabetes.16-19 However, more studies are needed to elucidate a possible association between 

FAs and adaptation in diabetes.  

The renin-angiotensin system (RAS) 

The renin-angiotensin system (RAS) plays an important physiological role in haemodynamic 

controls. The overactivity of RAS in HF leads to excessive vasoconstriction, with eventual 

cardiac hypertrophy and fibrosis. The effector peptide angiotensin II (AngII) is produced both 

systemically and locally in the heart, and correspondingly, AngII has been shown to have 

direct effects on cardiomyocytes, inducing cardiomyocyte hypertrophy, fibrosis and 

apoptosis.20 Although activation of RAS contributes to the development of obesity-mediated 

cardiac disease (Fig. 1), the direct effects of RAS on substrate utilization and mechanical 
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efficiency have not been fully elucidated. However, there are studies describing that the 

inhibition of RAS normalizes substrate metabolism in models of both cardiac hypertrophy21 

and severe heart failure,22 and that metabolic preservation is protective in AngII-induced 

cardiac disease.23 This supports the notion that AngII might play a role in cardiac metabolic 

remodelling.  

Reactive oxygen species (ROS) 

Reactive oxygen species (ROS) are oxygen-derived small reactive molecules that react avidly 

with other molecules, such as cellular lipids, proteins and nucleic acids. This way, ROS act as 

signalling molecules in a variety of pathways, however when ROS production is high and/or 

the cellular antioxidant defences impaired, ROS can cause cell damage and death.15; 24 The 

myocardial production of ROS occurs through a variety of mechanisms, the major being as a 

by-product of mitochondrial oxidative phosphorylation (Fig. 2). Another important source in 

the heart is nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX); the 

main cardiac isoforms are NOX2 and NOX4, with NOX2 activation showing the most 

deleterious effects.15; 25; 26 Although their role in the pathogenesis of heart failure has yet to be 

fully elucidated, ROS have been implicated in many processes affecting cardiac function and 

metabolism,15; 27 thus, the involvement of ROS has been described in several different 

aetiological pathogeneses, including AngII-, obesity- and diabetes-mediated cardiac 

disease.26; 28-31  

CARDIAC METABOLISM  

The storage of energy rich compounds in the heart is limited, and so the heart must renew its 

supply continuously. The heart is an omnivore and thus able to utilize a variety of substrates. 

However, FAs and glucose are preferred, with FA oxidation providing 60-90% of adenosine 

triphosphate (ATP) under normal conditions in adult mammals.9; 24 Under different 

physiological and pathophysiological conditions, the relative energy contribution of FAs and 

glucose may change, as addressed below. The ability to switch between energy substrates 

according to workload, neurohormonal signalling and substrate and oxygen supply 

(“metabolic flexibility”) is considered vital in sustaining cardiac function.9; 32  
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Figure 2: Schematic overview of metabolic pathways of main energy consuming processes 

described in this thesis.  Fatty acids (FAs) are the preferred substrate in cardiomyocytes. FAs are 

taken up (by FA transport protein (FATP), FA binding protein (FABP) and FA translocase 

(FAT/CD36)), acetylated (to acyl-CoA) and transported into mitochondria (by the carnitine-

palmitoyltransferase (CPT) system), where β-oxidation (β-ox) leads to generation of acetyl-CoA. An 

excess of acyl-CoA is stored as triacylglycerol (TAG) but may also result in the accumulation of 

toxic FA intermediates, leading to lipotoxicity. Glucose uptake (facilitated diffusion by the glucose 

transporters 1 and 4 (GLUT 1 and 4)) results in the generation of pyruvate during glycolysis. 

Pyruvate is taken up by the mitochondria and converted to acetyl-CoA by the pyruvate 

dehydrogenase complex (PDH). PDH is inhibited by pyruvate dehydrogenase kinase 4 (PDK4). 

Reducing equivalents (FADH2/NADH) are formed from acetyl-CoA in the tricarboxylic acid (TCA) 

cycle, and subsequently drive the proton motive force in the electron transport system (ETS), 

powering ATP synthesis.  

Energy consuming processes in the cardiomyocyte include generation of contractile work (cell 

shortening), but also energy for non-mechanical processes, e.g. maintaining ion homeostasis 

following ion-flux associated with action potentials and Ca2+ transients. Cardiomyocyte contraction 

is dependent on the entry of Ca2+ via sarcolemmal Ca2+ channels that trigger release of Ca2+ from the 

sarcoplasmatic reticulum (SR) via the ryanodine receptor 2 (RyR2), and the subsequent activation of 

myofilaments. Relaxation occurs when Ca2+ is sequestrated from the cytosol to the SR by SR Ca2+ 

ATPase (SERCA2a), and extruded out of the cell. The energy used for the excitation-contraction (E-

C) coupling in total represents approximately 2/3 of the non-mechanical energy consumption in the 

cardiomyocyte, while processes associated with basal metabolism account for the rest.  



 

10 
 

The oxygen molecule O2 is the electron acceptor in the ETS, however, 1-2% of mitochondrial 

oxygen consumption results in formation of reactive oxygen species (ROS). ROS may also be 

generated from non-mitochondrial sources such as NADPH oxidase 2 (NOX2). Activation of NOX2 

requires translocation of regulatory cytosolic subunits to the membrane-bound NOX2 

flavocytochrome. Angiotensin II is known to cause production of NOX2-mediated ROS. Excess 

ROS production and/or impaired antioxidant capacity can lead to oxidative stress, which plays an 

important role in the pathogenesis of heart failure. 

The endpoint of substrate utilization is the mitochondrial production of ATP coupled with O2 

consumption (oxidative phosphorylation), which is facilitated by the reducing equivalents 

NADH and FADH2 (Fig. 2). In the healthy heart, the rate of oxidative phosphorylation is 

intricately linked to the hydrolysis of ATP to adenosine diphosphate (ADP), ensuring a stable 

concentration of ATP, even when cardiac work load increases rapidly, such as in physical 

exercise or acute catecholamine stress. Additionally, phosphocreatine (PCr) is an important 

component of the cardiac energy metabolism, acting as an energy buffer and ensuring a 

constant supply of ATP.9; 33 When the energy demand outstrips the energy supply, the 

phosphocreatine level falls, keeping ATP at a normal level. Thus, although ATP levels may 

initially be maintained per se, the [PCr]/[ATP] ratio is a predictor of HF,33; 34 and such 

energetic imbalance has been described both clinically and experimentally in various 

aetiologies, such as pressure-overload-induced cardiac hypertrophy, dilated cardiomyopathy 

and diabetes.34-39  

Cardiac metabolism is complex and highly regulated, and the rate of different metabolic 

pathways is influenced by substrate availability and hormonal changes, but also translational 

and post-translational regulation of enzymes and transport proteins. The Randle cycle is of 

major importance in terms of regulation due to differences in substrate supply, as there is 

reciprocal interaction where FA intermediates can inhibit glucose oxidation, and vice versa.40 

The expression of metabolic target genes is dynamically regulated in response to 

physiological and pathophysiological conditions, and can thus contribute to both adaptive and 

maladaptive metabolic changes. The transport proteins and enzymes are regulated by several 

transcription factors, including peroxisome proliferator activated receptor (PPAR) α, where 

FA can serve as ligands (Fig. 2). PPARα target genes are numerous and include enzymes 

regulating both FA uptake and oxidation, such as FA translocase/CD36 that are involved in 

FA uptake, medium- and long-chain acyl CoA dehydrogenase (MCAD and LCAD) that 

facilitate FA β-oxidation, and carnitine palmitoyltransferase 1 (CPT1) that is involved in 

mitochondrial FA uptake.3 Activation of PPARα also affects glucose oxidation as it increases 
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the expression of pyruvate dehydrogenase kinase 4 (PDK4), which inhibits the pyruvate 

dehydrogenase complex which in turn catalyses the decarboxylation of pyruvate and is a key 

rate-limiting step in glucose oxidation.3 

Post-translational modifications of metabolic enzymes include a range of processes, including 

protein phosphorylation and acetylation. Acetyl-CoA (the majority of which is supplied by 

FA oxidation) serves as a co-factor in this acetylation, and a growing body of literature 

describes that most metabolic mitochondrial enzymes are acetylated.41; 42 Recent studies 

suggest that reversible lysine acetylation of proteins can play an important role in the 

regulation of metabolism.43; 44  

Cardiac metabolism in obesity and diabetes 

Obesity and diabetes are accompanied by increased plasma levels of both free FAs and 

triacylglycerols, causing enhanced cardiac FA uptake and oxidation. Subsequently, PPARα-

mediated transcriptional changes will further contribute to increase the FA uptake, oxidation 

capacity and inhibition of glucose oxidation.3 Additionally, chronic hyperlipidaemia can also 

contribute to impaired insulin signalling, causing reduced glucose utilization, due to a 

diminished translocation of glucose transporter 4 (GLUT-4).3 These changes increase the 

reliance on FA oxidation for ATP production in obese hearts. Obesity and elevated plasma FA 

levels are also associated with a cardiac-specific lipotoxicity, where the accumulation of toxic 

lipid intermediates (such as ceramide and diacylglycerols) can induce apoptosis and DNA 

damage.45; 46 Moreover, mitochondrial protein acetylation has been shown to be increased in 

diet-induced obese mice, which is associated with decreased expression of the deacetylase 

enzyme sirtuin 3 (SIRT3).43; 44 The significance of such post-translational modification in 

terms of metabolic adaptation and maladaptation has not been fully elucidated yet.  

CARDIAC EFFICIENCY 

The term efficiency is used widely, but is not uniformly defined. Since more than 95% of the 

cardiac ATP is produced by oxidative phosphorylation,3 myocardial oxygen consumption 

(MVO2) is a measure of total energy expenditure in the heart. The effectivity of the heart can 

therefore be assessed by examining the relationship between cardiac work and the measured 

MVO2. Accordingly, cardiac efficiency is most commonly a measure of the ratio between 

MVO2 and cardiac work, and this efficiency ratio was termed mechanical efficiency by Bing 

in the 1940’s.47 In the normal heart, it has been shown that the presence of high levels of FAs 
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causes an increase in myocardial oxygen consumption,13; 48 with subsequent reduced cardiac 

efficiency. Interestingly, this FA-mediated oxygen waste is not due to altered mechanical 

function, but caused by aggravated O2 wasting in non-contractile processes (Fig. 2).13; 49  

As previously mentioned, both clinical10; 11 and pre-clinical13; 14; 50 studies have demonstrated 

that obese and diabetic hearts have increased oxygen consumption and reduced efficiency. 

Similarly to in normal hearts, the inefficiency in these hearts has been shown to be due to 

aggravated O2 cost of non-contractile processes.13; 49 Furthermore, the increased MVO2 in 

obese and diabetic hearts is generally attributed to the elevated FA oxidation, since the O2 

cost of FA oxidation is higher than that of glucose, however the majority of the oxygen 

wasting is likely caused by other processes (as discussed later).13; 49  

It is well known that an acute MI is accompanied by increased circulating levels of FAs.51 The 

obligatory FA-mediated increase in O2 consumption, poses a challenge in the hypoxic heart, 

and in accordance with this, exposure to high levels of FAs has been reported to exacerbate 

ischemic injury in normal hearts.52-54 Although increased ischemic injury has been reported in 

diabetic hearts in clinical studies,55 the reported ischemic tolerance varies in experimental 

studies.56-58 Thus, it is unclear whether a MI-induced acute increase in FAs is detrimental in 

these hearts. 

AIMS OF THE THESIS 

This thesis comprises of three studies, aiming to: 

1. Elucidate the functional remodelling in two different mouse models of obesity 

(representing prediabetes and diabetes), by comparing in vivo and ex vivo techniques 

2. Investigate whether cardiac energetic alteration in obesity alters the heart’s ability to 

tolerate exposure to an acute high FA load, and how these conditions influence 

ischemic injury 

3. Examine the effects of a slow-pressor dose of angiotensin II on cardiac metabolism  

and efficiency, and to investigate how cardiac NOX2 overexpression alters these 

angiotensin II-mediated effects in both sexes 
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METHODOLOGICAL CONSIDERATIONS 

Mouse models and treatments 

The C57BL/6J strain is one of the most common inbred mouse strains in cardiovascular 

research and it is a common background strain for many genetically modified mouse models, 

including both the db/db strain and the transgenic (TG) NADPH oxidase 2 (NOX2) mice that 

were used in this thesis (described below). The strain is known to be particularly susceptible 

to obesity, due to a loss-of-function mutation in the Nicotinamide nucleotide 

transhydrogenase (Nnt) gene, causing decreased pancreatic insulin secretion and reduced 

glucose clearance.59-61 Additionally, C57BL/6J shows reduced responsiveness to leptin and β-

adrenergic signalling, hindering lipolysis.60; 62; 63  

Diet-induced obesity was achieved by feeding mice a high-caloric diet for 20 weeks, starting 

at an age of 5 weeks. Diet-induced obese (DIO) C57BL/6J develop a prediabetic metabolic 

syndrome with hyperlipidaemia, impaired glucose tolerance and insulin resistance with or 

without hyperglycaemia.14; 64 Thus, they mimic human disease progression and pathogenesis 

well, and fat distribution is similar to that in people when exposed to high-caloric diets.59 

Hearts from these animals generally have increased wall thickness and left ventricular (LV) 

mass in vivo.65; 66 These hearts also display a shift towards higher reliance on fatty acids (FAs) 

as energy substrate and following long-term feeding they often display diastolic dysfunction, 

with or without mild systolic impairment,14; 64 although the literature is inconsistent with 

regard to the severity of dysfunction.  

Db/db mice (C57BL/KsJ-leprdb/leprdb) is a monogenic model where the leptin receptor is 

mutated and thus defective, creating a lack of satiety sensation and subsequent hyperphagia. 

The mice develop severe obesity and overt progressive type 2 diabetes mellitus, characterized 

by insulin resistance, with hyperinsulinaemia, hyperglycaemia and hyperlipidaemia.67-69 They 

display cardiac hypertrophy, remodelling and ventricular dysfunction,68-70 although the 

reported occurrence of the latter seems to vary in the literature. The metabolic shift in these 

hearts is characterized by a preference for FAs and a reduction in glucose oxidation, which is 

shown to precede cardiac dysfunction.67; 68; 71   

csNOX2 TG mice are mice with a cardiac-specific overexpression of NOX2, made by cloning 

a human NOX2 cDNA downstream of the myosin light chain-2 promoter. The mice are 

backcrossed onto a C57BL/6J background and were supplied from colleagues at King’s 
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College in London. They have a normal cardiac phenotype prior to intervention and basal 

myocardial NOX activity is unaltered, although their expression of the NOX2 enzyme is 

approximately five times that of wild type (WT) animals.72 With increased stress however, i.e. 

AngII administration, myocardial NOX activity increases with 50% in TG compared to WT.72 

Angiotensin II treatment in mice was done using mini-osmotic pumps. This facilitated the 

subcutaneous infusion of angiotensin II (AngII), allowing for continuous treatment without 

repeated injections or surgeries. Mini-osmotic pumps were inserted in the midscapular region, 

containing either a solution of AngII or saline. The chronic infusion of AngII is initiated with 

a prehypertensive period, characterized by trophic stimulation of vasculature muscle and 

potentiation of pressor and vasoconstrictor responses to AngII itself (autopotentiation).73 The 

increase in pressure is dependent on the dose and treatment duration, thus different treatment 

regimens can be divided into categories depending on whether they induce hypertension; 

often categorized as no-pressor, sub-pressor, slow-pressor or pressor doses. In this thesis 

(paper 3), we used a low dose of AngII (400 ng/kg/min) which induced hypertension in WT 

males, and this was thus categorized as a slow-pressor dose.74; 75  

Assessment of cardiac function 

Echocardiography is valuable for the non-invasive evaluation of LV architecture and function, 

and the technological development of high-frequency transducers and improved image frame 

rates allows for ample phenotyping even in small animals. Hence, the echocardiographic 

assessment of cardiac morphology and function using conventional echocardiography is 

widely used in rodent models of heart disease. Despite the advancement of additional imaging 

techniques and modalities (i.e. echocardiographic speckle-tracking and 3D imaging, as well as 

magnetic resonance imaging), conventional echocardiographic examination (2D B-/M-mode 

and pulsed wave Doppler) is still more common. In our studies, hearts were imaged in the 

parasternal short-axis and apical four-chamber views to obtain M-mode and Doppler images 

respectively. Generally, parameters of wall thickness, volume and systolic function were 

assessed from M-mode, while diastolic function was evaluated from pulsed-wave and tissue 

Doppler, in addition to M-mode parameters. The animals were lightly anaesthetized during 

the procedure, with heart rate, body temperature and respiratory frequency being monitored 

continuously. 
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Ex vivo cardiac function can be evaluated in isolated perfused hearts using the working heart 

mode or the Langendorff mode. In the working mode, the heart is subjected to anterograde 

perfusion where hearts are ejecting perfusion buffer against a standardized afterload pressure 

(Fig. 3A). In the present thesis, LV pressure (P) and volume (V) changes were assessed using 

an intraventricular conductance catheter (i.e. P-V catheter) that was inserted into the LV 

lumen via the apex. P-V recordings allow for comprehensive evaluation of the ex vivo 

function, and the steady-state measurement of both load-dependent and -independent 

parameters.  

 

Figure 3. Illustration of the different modes of isolated perfused hearts. A) Working heart mode 

with pressure-volume catheter, B) Langendorff mode with intraventricular balloon, C) unloaded 

Langendorff mode. 

The Langendorff mode is a good model for ischemia-reperfusion studies, and in this thesis, 

hearts were subjected to a global ischemia-reperfusion protocol in the Langendorff mode, in 

order to evaluate post-ischemic recovery and infarct sizes. LV pressure was monitored 

continuously using an intraventricular fluid-filled balloon connected to a pressure transducer 

(Fig. 3B). As changes in temperature during ischemia is an important variable in terms of 

development of ischemic damage, the temperature was monitored continuously and kept at 37 

± 0.5 °C. To prevent build-up of fluid in the ventricle, a cannula was inserted through the 

apex to allow drainage from the LV cavity. Due to the small size of the hearts, the size of the 

balloon was set after insertion into the LV, adjusting the LV end-diastolic pressure to be 

between 5 and 10 mmHg. As the end-diastolic pressure is predetermined, comparison of 

intrinsic diastolic pressures is not feasible using this protocol.  
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Assessment of myocardial oxygen consumption and efficiency  

Myocardial oxygen consumption (MVO2) was measured in isolated perfused hearts, using 

fibre-optic sensors measuring ΔPO2 in the buffer, i.e. oxygen concentrations in the buffer 

entering (the aortic line) and leaving (the pulmonary trunk) the heart (Fig 3A). The cardiac 

mechanical efficiency was calculated as the ratio between cardiac work and the measured 

MVO2 in working hearts. Cardiac efficiency can also be examined by analysing the linear 

relationship between MVO2 and cardiac work (often assessed as P-V work) over a range of 

workloads.13; 64; 76 The slope of this relationship defines the work-dependent MVO2, and 

correspondingly, the extrapolated y-intercept (i.e. no cardiac work) defines the work-

independent consumption.76; 77 This work-independent MVO2 can also be measured directly 

in Langendorff perfused hearts where cardiac work is minimized (unloaded state, MVO2 

unloaded).
49 In the unloaded Langendorff mode (Fig 3C), we also measured MVO2 following 

cardiac arrest, induced by the administration of KCl. The consumption of energy in the 

mechanically unloaded state includes energy consuming processes associated with basal 

metabolism (BM) and excitation-contraction (E-C) coupling.78 Arresting the heart allows for 

measurement of oxygen consumption caused by BM (MVO2 BM), and from this, the O2 cost of 

E-C coupling was calculated (MVO2 ECC = MVO2 unloaded – MVO2 BM).  

Assessment of myocardial substrate utilization  

Myocardial substrate metabolism was measured as described by Barr and Lopaschuk,79 using 

radiolabelled isotopes ([U-14C]-glucose and [9,10-3H]-palmitate) added in trace amounts to 

the recirculating perfusion buffer. Glucose and FA oxidation rates were calculated based on 

the accumulation of 14CO2 and 3H2O produced (respectively), from buffer samples collected at 

regularly timed intervals. 14C-labelled bicarbonate was measured by injecting a sample of the 

perfusate into a sealed test tube containing sulphuric acid, where the subsequent released 

14CO2 was trapped on filter paper with hyamine hydroxide. 3H2O was separated from the 

buffer sample using vacuum sublimation, freezing the sample to allow sublimation of the 

water. The amount of total 14CO2 and 3H2O at the different time points was determined using 

a liquid scintillation counter, where the slope of increased isotope concentration represents the 

rate of substrate oxidation. 
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Assessment of mitochondrial function and mitochondrial protein acetylation 

Mitochondrial oxygen consumption was measured in isolated mitochondria using a high-

resolution respirometer (O2-k, OROBOROS Instruments). Mitochondria were isolated using a 

conventional differential centrifugation method, based on sequential centrifugation, separating 

different components of the cell homogenate with increasing speed. Respiration was 

measured using pyruvate and malate or palmitoyl, carnitine and malate as energy substrates. 

Respiration rates were measured before (V0) and after the addition of 100 μmol/L of ADP 

(Vmax), and was normalized against the protein content in the samples. In order to further 

evaluate coupling efficiency and mitochondrial function, the ADP/O ratio and respiratory 

control ratio (RCR) were calculated. The ADP/O ratio is a rate-independent parameter of 

coupling efficiency and was calculated from the ratio between each phosphorylated ADP 

molecule to O2 molecule consumed. The RCR was calculated as the ratio between Vmax and 

V0.  

In order to evaluate the association between obesity, the presence of FAs and post-

translational acetylation, total lysine acetylation of mitochondrial proteins was measured in 

LV tissue samples from hearts from normal and obese mice, perfused with low and high 

levels of FAs. Mitochondrial protein samples were separated by electrophoresis, and the 

membranes were then treated with acetylated lysine antibody. Densitometry of 

immunopositive bands was performed using western blot quantification software. The 

acetylation levels with increasing FA concentration were normalized to acetylation in LV 

samples perfused without FAs.  

Assessment of gene expression 

The measurement of expression of metabolic mediator genes and hypertrophy markers is an 

important tool in order to evaluate the cardiac phenotype. Expression of genes in the LV was 

measured using real-time quantitative PCR (qPCR). LV tissue from perfused hearts was 

immersed and stored in RNA later, prior to extraction of total mRNA. qPCR analysis was 

performed using a real-time thermal cycler and expression was normalized to a house-keeping 

gene whose expression was similar between groups.  

Peroxisome proliferator-activated receptor α was examined as an indicator of regulation of 

both FA and glucose oxidation, in addition to other metabolic genes involved in FA (CD36) 

and glucose utilization (hexokinase, pyruvate dehydrogenase kinase 4 and lactate 
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dehydrogenase). We also measured the expression of SIRT3 and GCN5L1, which modulate 

mitochondrial acetylation.41 Furthermore, the expression of hypertrophy markers (brain 

natriuretic peptide and atrial natriuretic factor) was also measured, in addition to confirming 

the transgenic overexpression of the NOX2. 
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SUMMARY OF RESULTS 

Paper 1 

Murine models of obesity and diabetes are well established, facilitating the study of the 

pathogenesis in cardiomyopathy. While the first reports on function in hearts from diabetic 

mice were based on ex vivo measurements using isolated heart perfusions,12 echocardiography 

is the most common modality for cardiac functional assessment in experimental studies today. 

The aim in paper 1 was to examine the cardiac functional changes using conventional 

transthoracic echocardiography (in vivo) and isolated heart perfusion techniques (ex vivo), in 

hearts from two models of obesity, representing prediabetes (diet-induced obese (DIO) mice) 

and overt diabetes (db/db mice).  

We found that there were marked discrepancies between left ventricular (LV) function 

measured in vivo and ex vivo (using pressure volume recording) in both animal models. While 

echocardiography demonstrated signs of diastolic dysfunction without systolic failure in 

db/db hearts, ex vivo assessment revealed both diastolic and systolic dysfunction. Similarly, 

only ex vivo LV pressure-volume analysis showed diastolic dysfunction in DIO hearts. The 

contrasting observations in ex vivo and in vivo measurements could be due to systemic 

adaptation that sustains in vivo function, or a lack of sensitivity using conventional 

transthoracic echocardiography. Thus, the study demonstrates that the isolated perfused 

working heart preparation provides unique additional information related to the development 

of cardiomyopathy, which might otherwise be masked by favourable systemic adaptation in 

vivo when only using conventional echocardiographic assessment. 

Paper 2 

Cardiac metabolic remodelling following obesity may alter the heart’s ability to handle an 

increase in fatty acid (FA) levels. The aim of this paper was to examine the functional and 

metabolic effects of an acute exposure to elevated levels of FAs in hearts from normal and 

DIO mice. Whilst previous studies have mainly compared the effects of high FAs to 

conditions where FAs are absent, this study compared hearts perfused with high levels of 

FAs, to hearts perfused with low FA levels. Additionally, we examined LV functional 

recovery and infarct sizes in high FA conditions, as this mimics the acute increase in 

circulating FAs that is associated with myocardial infarction. 
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Even though the LV function remained unaltered in both groups, control hearts showed 

increased myocardial oxygen consumption (MVO2), mechanical inefficiency and impaired 

mitochondrial respiration when perfused with high levels of FAs. Additionally, content of 

reactive oxygen species and mitochondrial lysine acetylation were increased with high FA 

exposure in controls. These effects were not seen in hearts from DIO mice, who, 

contrastingly, showed enhanced ischemic tolerance and post-ischemic recovery. Thus, this 

study highlights that obese hearts undergo adaptive changes that make them less vulnerable to 

disadvantageous effects of an acute FA-load.  

Paper 3 

Angiotensin II (AngII) is commonly used to study hypertension-induced overt heart failure, 

but the direct effect of AngII on cardiac energetics and substrate utilization is less known, 

especially following lower doses. In paper 3, the aim was therefore to study the 

morphological, functional and metabolic effects following two weeks of AngII-treatment, 

using a low (slow-pressor) dose of 400 ng/kg/min. We also elucidated the role of NADPH 

oxidase 2 (NOX2), by treating mice with cardiac-specific overexpression of NOX2 with the 

same dose.  

Male mice treated with AngII developed hypertrophy and hypertension, while cardiac 

function and substrate utilization remained unaltered. Cardiac NOX2 overexpression 

exacerbated the effect, leading to a more rapid increase in blood pressure, an aggravated 

hypertrophic phenotype and the development of both systolic and diastolic failure. In these 

mice, heart failure was accompanied by a shift in substrate utilization, showing a preference 

for glucose oxidation when compared to their wild type littermates. Contrastingly, AngII 

treatment did not induce hypertrophy, cardiac failure or changes in substrate utilization in 

neither wild type nor transgenic female mice. Thus, this study illustrates that while a slow-

pressor dose of AngII induces cardiac hypertrophy, it does not affect cardiac function or 

metabolism. NOX2 overexpression exacerbates the pathology in males, whereas females 

seem to be more resistant to the NOX2-mediated detrimental effects of AngII. 
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GENERAL DISCUSSION 

Cardiovascular diseases, such as hypertension, coronary artery disease and cardiomyopathies, 

can lead to the development of diastolic and/or systolic dysfunction. Diastolic dysfunction, 

with reduced left ventricular (LV) relaxation and compliance, most commonly manifests prior 

to systolic dysfunction. While we currently have several strategies for treating heart failure 

with systolic dysfunction, increased diagnosis of diastolic dysfunction with preserved systolic 

function and a lack of effective therapies for these patients, demonstrates the need for new 

therapeutic approaches. Experimental studies have shown that the reversal to or maintenance 

of a normal cardiac substrate utilization is beneficial in the failing heart,23; 37; 80; 81 but so far 

the outcome of such therapeutic approaches in clinical trials has not been consistent.32; 82 

Accordingly, the identification of potential metabolic modulators to treat heart failure is 

reliant on a better understanding of its pathogenesis. As various comorbidities influence the 

disease development, this adds to the complexity of studying cardiac pathogenesis, in terms of 

both experimental design and the discovery of new treatment strategies. 

The functional phenotype in diabetic and obese models 

Obesity and diabetes are risk factors of heart failure, and when failure is mediated by these 

factors, diastolic dysfunction precedes systolic dysfunction. Although this has been supported 

by functional assessment in hearts from animal models of diabetes and obesity,30; 64; 65; 67; 83 

the reported phenotype varies in the literature. This may be explained by differences in the 

severity of the model due to genetic background, age and the feeding regimen, but may also 

be related to the methods used for cardiac functional assessment. Echocardiography has 

become the most common modality for assessing cardiac function in mice due to 

technological advancement. Importantly, however, in vivo measurements of function do not 

necessarily depict the function of the heart per se, as it might be influenced by favourable 

haemodynamic and neurohormonal changes, improving the functional capacity. The ex vivo 

heart preparation, however, enables the examination of cardiac function under controlled 

conditions, both with regard to loading and neurohormonal conditions. In this thesis, we 

compared ex vivo and in vivo LV function in two distinct animal models, representing 

different severity of disease (paper 1). The db/db mice presented with overt obesity and 

diabetes, i.e. hyperlipidaemia, hyperglycaemia and insulin resistance, while diet-induced 

obese (DIO) animals had hyperlipidaemia and insulin resistance without hyperglycaemia, 

representing a prediabetic state. Despite a clear LV systolic and diastolic dysfunction in the 
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isolated perfused db/db hearts, conventional echocardiography did not reveal systolic 

dysfunction and only a mild diastolic dysfunction. Similarly, while the ex vivo perfused hearts 

from DIO displayed diastolic dysfunction, echocardiographic assessment did not reveal any 

dysfunction.  

This paper therefore suggests that systemic adaptations may contribute to maintain cardiac 

function in models of obesity, masking the development of diabetic cardiomyopathy (DCM) 

in these hearts. This concept is supported in a study by Van den Bergh and colleagues 84, 

where in vivo pressure-volume recordings were evaluated in db/db mice. They found that 

load-independent parameters revealed cardiac dysfunction, whereas load-dependent 

parameters showed maintained function,84 signifying that favourable haemodynamic loading 

conditions improved cardiac function. Our paper concludes that isolated perfused working 

hearts may be a valuable technique for functional assessment, as it can give additional 

information about the intrinsic function in the heart, which may be of major relevance for 

cardiac phenotyping in obesity and diabetes.  

Metabolic and energetic phenotype in obesity 

The obese and diabetic heart undergoes metabolic reprogramming to adapt to the altered 

systemic milieu. As a consequence of increased levels of circulatory fatty acids (FAs), 

clinical10; 11 and experimental studies12; 14; 50 report increased myocardial FA oxidation, with 

concomitant decreased glucose oxidation. Accompanying these changes is an increase in 

myocardial oxygen consumption (MVO2), which may lead to a decrease in cardiac 

efficiency.10; 11; 14; 64 Correspondingly, hearts from diet-induced obese (DIO) mice showed 

increased FA oxidation and decreased mechanical efficiency (paper 2). A metabolic shift from 

using glucose as the sole substrate to using only FAs, has been calculated to cause a 

theoretical 12% increase in O2 consumption.85 Notably however, this FA-induced increase in 

MVO2 cannot account for 30-50% increase in MVO2 reported in obese and diabetic models 

both in our present and previous studies.14; 64; 86 In support of this, Boardman et al. showed 

that stimulating or impeding FA oxidation did not alter MVO2, but rather that the presence of 

elevated levels of FAs caused increased oxygen consumption.86 This suggests that other 

mechanisms contribute to the FA-induced increased MVO2. A range of reported alterations 

that are associated with obesity and DCM might contribute to the increased oxygen waste in 

these hearts (Fig. 1), including increased oxidative stress, mitochondrial dysfunction, altered 

Ca2+ handling and disadvantageous FA cycling. 
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Both hyperglycaemia and diabetes are thought to directly impair the cardiac endogenous 

antioxidative capacity, and obesity and diabetes are associated with increased cardiac 

production of reactive oxygen species (ROS), both from mitochondrial and non-mitochondrial 

sources.87 Accordingly, increased tissue content of ROS and oxidative stress has been 

reported in both obese and diabetic hearts,14; 64; 88 and is corroborated by the findings in hearts 

from DIO mice in this thesis (paper 2). Although the direct link between increased ROS 

production and oxygen consumption has yet to be fully elucidated, ROS-mediated signalling 

and changes in the redox state, are likely to affect Ca2+ handling and mitochondrial function,8; 

87 giving reason to assume that they play a role in the development of cardiac mechanical 

inefficiency.  

Mitochondrial dysfunction has been described in human diabetic hearts, showing impaired 

respiratory capacity and increased sensitivity to Ca2+-induced opening of the mitochondrial 

permeability transition pore (mPTP).89; 90 FA-mediated mitochondrial dysfunction has also 

been reported in experimental studies of obesity and diabetes,14; 91 possibly triggered by the 

augmented generation of ROS.29 Accordingly, isolated mitochondria from DIO hearts were 

found to have decreased coupled respiration (OxPhos) when compared to control hearts in our 

study (paper 2), with concomitant increased mitochondrial lysine acetylation. Increased 

acetylation has been associated with Complex I impairment,92 which could explain the 

decrease in OxPhos activity.  

Myocardial Ca2+ handling has been shown to be altered in cardiomyocytes from models of 

obesity and diabetes.16; 93 Interestingly, the increased MVO2 in db/db hearts has been shown 

to be associated with an increased O2-cost for excitation-contraction (E-C) coupling.86 In 

accordance with this, DIO hearts showed increased MVO2 for E-C coupling when perfused 

under normal FA conditions (paper 2). Altered redox regulation is a possible mediator of 

these changes, resulting in increased Ca2+ leak from the sarcoplasmic reticulum through 

ryanodine receptors (RyR) and reduction in sarcoplasmic reticulum Ca2+-ATPase (SERCA) 

2a activity.94; 95 Accordingly, aggravated leakage of Ca2+ through RYR and suppression of 

SERCA2a function has been reported in db/db mice,93; 96 which ultimately increases Ca2+ 

recycling and thus the subsequent oxygen cost of E-C coupling.   

Taken together, our previous and current studies show that the increased work-independent 

oxygen consumption in the obese and diabetic heart is likely associated with a variety of 
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processes, and cannot solely be explained by the higher O2 requirement associated with the 

augmented FA oxidation.  

Effects of an acute FA elevation 

During acute physiological or pathophysiological stress, the circulating levels of free FAs are 

increased due to an increased lipolysis in white adipose tissue, initiated by an adrenergic 

activation of hormone-sensitive lipase.3; 51 This catecholamine-induced increase in plasma 

FAs is considered unfavourable in normal hearts, as it is associated with increased ROS 

production,16 altered mitochondrial function16; 91 and increased MVO2 with subsequent 

mechanical inefficiency.48; 76 Whether an acute increase in FAs induces the same detrimental 

effects in obese and diabetic hearts, is less known. Hence, in paper 2, hearts from both normal 

and obese mice were exposed to low or high levels of palmitate. The rationale for comparing 

high FAs to low levels of FAs, as opposed to no FAs, was based on the fact that FAs are the 

preferred substrate in normal physiological settings and never completely absent.  

Our study showed that hearts from DIO mice were able to handle an exposure to high FAs 

differently than normal hearts. While hearts from normal mice displayed a FA-mediated 

increase in MVO2 and mechanical inefficiency, these changes were not seen in DIO hearts. 

Our results corroborate previous studies where control animals displayed an increase in 

MVO2 in response to acute exposure to FAs, while db/db mice did not,13; 86 indicating that 

diabetic hearts do not display the same FA-induced detriments as lean hearts. Notably, MVO2 

in the DIO hearts was unchanged despite the palmitate-induced increase in FA oxidation, 

supporting the fact that other mechanisms contribute to the FA-induced O2 waste, rather than 

the increased O2 cost of FA oxidation being the sole explanation (as discussed in the previous 

section). 

We also saw a FA-mediated increase in cardiac ROS content and decrease in mitochondrial 

oxidative respiration in hearts from normal, but not DIO mice. Additionally, although 

mitochondrial proteins from DIO hearts had an endogenous higher degree of lysine 

acetylation, increasing the FA concentration in the perfusate only increased acetylation levels 

in normal hearts. Other studies have also shown that hearts from obese and lean animals have 

different ability to handle FAs, showing that the administration of palmitate is favourable in 

cardiomyocytes from obese and diabetic mice, while causing impaired Ca2+ handling, 

dissipation of mitochondrial membrane potential and increased ROS production in controls.16-
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19 These observations, along with our own, indicate that FAs, while detrimental to lean control 

hearts, are less disadvantageous in obese hearts.  

Metabolic adaptation and ischemia 

Increased circulating FAs following the hyperadrenergic drive in acute myocardial infarction 

(MI) is considered disadvantageous in the normal heart, as the adverse effects of FAs 

(described in the previous section) pose an additional challenge in a hypoxic state. 

Accordingly, several experimental studies have shown that perfusing normal hearts with high 

levels of FAs decreases ischemic tolerance.52-54 Similarly, clinical studies have also shown 

that patients with diabetes mellitus are particularly susceptible to various stresses, including 

ischemia and reperfusion.55 Although the underlying mechanisms causing ischemic 

intolerance in these patients have not been fully elucidated, it is likely that the 

pathophysiological alterations associated with the development of DCM play a role. 

Importantly, however, the reported ischemic tolerance in preclinical diabetic models varies in 

the literature.56-58 

In paper 2, the post-ischemic recovery and infarct size were determined following perfusion 

with both low and high levels of FAs in normal and DIO hearts. The ischemic susceptibility 

was not increased with high FAs in normal hearts in our study, however this may be related to 

mouse strain differences and, more importantly, the ischemia-reperfusion protocol and the 

resulting severity of the ischemic insult. Ischemic injury in DIO hearts on the other hand, was 

increased when perfused with low FAs, but, to our surprise, DIO hearts showed signs of 

improved ischemic tolerance when perfused with high FAs. Thus, FAs did not cause 

aggravation of ischemic injury in hearts from obese mice, but might conversely be 

advantageous. 

The effects following elevated levels of FAs do not necessarily pose a risk to normal hearts 

under physiological conditions. FA-induced ROS production and mitochondrial acetylation 

may have signalling roles,24; 41; 42 inducing adaptation to match the increased FA uptake, and a 

FA-mediated transient reduction in mechanical efficiency is not detrimental in a healthy heart. 

However, in pathophysiological conditions where oxygen supply is limited, such as MI, the 

effects of FAs are unfavourable, causing oxygen wasting in a hypoxic state. Contrastingly, the 

diabetic heart is continuously challenged by sustained hyperlipidaemia, causing metabolic 

remodelling, making these hearts uniquely adapted to high FA conditions. Accordingly, it has 

been suggested that the adaptive channelling of FAs in obese and diabetic hearts ensures a 
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sufficient supply of reducing equivalents to prevent ROS production and impaired 

energetics,17 and that the loss of metabolic flexibility in these hearts render them energy 

starved when the FA concentration is low.82 Our study shows that in MI, the increase in FAs 

does not represent an additive stress in hearts from obese mice, but contrastingly might be 

advantageous. Thus, although obese and diabetic hearts show increased susceptibility to 

ischemic damage compared to healthy controls, the acute elevation of FAs does not seem to 

be the cause of this, suggesting that other factors might contribute to the worsened outcome in 

obese patients.  

Angiotensin II-induced cardiac failure 

Angiotensin II (AngII) is a well-known modulator of NADPH oxidase 2 (NOX2)-mediated 

ROS production, having major impact on the pathogenesis of different types of heart 

failure.25; 26; 31; 72 Although the renin-angiotensin system (RAS) has been studied extensively, 

its effect on the cardiac metabolic remodelling is not fully described. In this thesis, we studied 

the effects of a slow-pressor dose of AngII on cardiac function, MVO2 and substrate 

utilization (paper 3). In order to also elucidate the role of NOX2 in AngII-induced cardiac 

pathology, we studied the effects in transgenic (TG) male and female mice with cardiac-

specific overexpression of NOX2 (csNOX2).  

Although the low dose of AngII induced hypertrophy in male mice, we did not find changes 

in cardiac function, substrate utilization, MVO2 or mechanical efficiency. Contrastingly, 

AngII-induced systolic and diastolic dysfunction was observed in male csNOX2 TG mice. 

Hence, the study adds to the evidence of NOX2s role in AngII-induced hypertrophy and 

cardiac failure. Hearts from male TG mice also showed a progression towards eccentric 

hypertrophy and ventricular dilation. Interestingly, TG males also displayed increase in 

pressures earlier than wild types (WT). As NOX2-overxpression was cardiac-specific, it 

suggests that the NOX2-mediated increase in blood pressure stems from processes originating 

in the heart. However, compared to other studies reporting AngII-mediated increases in blood 

pressure,75; 97-99 the elevation in both systolic and mean blood pressure was subtle in our 

study. This suggests that the observed cardiac phenotype was a result of direct effects in the 

heart, as opposed to pressure-induced.  

Cardiac-specific transgenic mice overexpressing angiotensinogen have been reported to have 

an increase in glucose oxidation when also displaying cardiac failure.100 Similarly, Choi and 
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colleagues showed that 4 weeks of treatment with an AngII dose 2 times higher than our dose, 

induced diastolic dysfunction, with reduction in FA oxidation and increased utilization of 

glucose.23 Our study corroborates these findings, as AngII-treated male TG mice displayed 

cardiac failure with a concomitant metabolic switch towards glucose. Metabolic alterations 

were however not present in the absence of cardiac dysfunction in either our study or the 

study by Pellieux and colleagues.100 This suggests that metabolic alterations are preceded by 

cardiac dysfunction in AngII-mediated pathology, contrasting metabolic remodelling in 

diabetes. Pellieux and co-workers have also described that an AngII-mediated decrease in FA 

oxidation was prevented by inhibition of ROS activity.101 Thus, as increased ROS content 

triggered a metabolic switch in both this and our own study, this supports the notion that 

oxidative stress is a causative factor in AngII-mediated metabolic remodelling. Whether this 

AngII- and ROS-induced metabolic alteration is adaptive or maladaptive remains unclear,102 

and is potentially an important question to be answered regarding future therapy, particularly 

when considering the fact that the current treatment protocols largely rely on suppressing the 

RAS.  

Angiotensin II in females 

There are distinct differences between males and females in terms of clinical presentation and 

frequency of heart failure,103 with females showing decreased development of fibrosis and a 

different hypertrophic phenotype.104-106 Sex hormones greatly influence these differences, and 

oestrogen replacement therapy is suggested to be protective in terms of development of 

cardiac failure and hypertension in both males and ovariectomized females.104; 107; 108 

Accordingly, we found that females did not develop hypertrophy following AngII treatment, 

in neither WT nor TG hearts (paper 3). Similarly, the AngII-induced increase in blood 

pressure was more pronounced in males than in females, which has also been shown in 

previous studies.97; 107 The discrepancies between the AngII-mediated effects have been 

suggested to be associated with ROS production and several studies have shown that NOX-

mediated production of superoxide is correlated with increased blood pressure in males and 

ovariectomized females.97; 109 Accordingly, the decreased susceptibility to cardiac disease has 

been attributed to an enhanced antioxidative ability in females,105 signifying that protection 

from the AngII-mediated effects in the female mice in the present study may well be due to an 

oestrogen-mediated enhancement of the ability to modulate ROS production.  
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CONCLUDING REMARKS 

Even though it is well established that metabolic alterations occur in cardiac disease, whether 

altered substrate metabolism is an advantageous adaptation or maladaptive, remains 

ambiguous. In fact, it is likely that the same metabolic phenotype is both beneficial and 

detrimental depending on the conditions, thus making it difficult to dichotomize alterations as 

purely adaptive or maladaptive. This can be exemplified by the finding in the present thesis, 

showing that obese hearts, even though they display remodelling, dysfunction and changed 

substrate utilization, also have increased ischemic tolerance when exposed to high levels of 

FAs. However, as disease progresses, initial adaptation might become maladaptive and cause 

progression of disease, i.e. mitochondrial dysfunction, increased ROS production and 

impaired Ca2+ handling. Furthermore, the failing heart is associated with a mismatch between 

energy supply and demand, as indicated by a reduced phosphocreatine-to-ATP (PCr/ATP) 

ratio. Energetic imbalance limits the contractile reserve, which may cause contractile 

dysfunction and the loss of inotropic reserve, which is a characteristic of the myocardium in 

HF.  

Several studies have shown that interventions that prevent or reverse metabolic alterations 

impede the progression of HF, and that prevention of shifts in substrate utilization is 

beneficial. Notably however, as cardiac metabolic alterations can be both advantageous and 

disadvantageous depending on the disease progression, it can be derived that it is not 

necessarily specific alterations in substrate utilization per se that cause adverse effects, but 

rather the loss of metabolic flexibility. The issue of whether heart failure leads to “metabolic 

failure” or, conversely, whether changes in metabolism are the primary cause of heart failure, 

remains uncertain. Regardless of primacy however, changes in substrate utilization and 

function are probably so intimately linked, that the distinction or characterization becomes 

less pertinent. The scope of future research should rather be to further elucidate the 

mechanisms of cardiac metabolic regulation and how a normal phenotype can be maintained, 

thus preserving metabolic flexibility in the failing heart.  
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Abstract

Although murine models for studying the development of cardiac dysfunction in diabetes

mellitus are well established, their reported cardiac phenotypes vary. These reported diver-

gences may, in addition to the severity of different models, also be linked to the methods

used for cardiac functional assessment. In the present study, we examined the functional

changes using conventional transthoracic echocardiography (in vivo) and isolated heart per-

fusion techniques (ex vivo), in hearts from two mouse models; one with an overt type 2 dia-

betes (the db/db mouse) and one with a prediabetic state, where obesity was induced by a

high-fat diet (HFD). Analysis of left ventricular function in the isolated working hearts from

HFD-fed mice, suggested that these hearts develop diastolic dysfunction with preserved

systolic function. Accordingly, in vivo examination demonstrated maintained systolic func-

tion, but we did not find parameters of diastolic function to be altered. In db/db mice, ex vivo

working hearts showed both diastolic and systolic dysfunction. Although in vivo functional

assessment revealed signs of diastolic dysfunction, the hearts did not display reduced sys-

tolic function. The contrasting results between ex vivo and in vivo function could be due to

systemic changes that may sustain in vivo function, or a lack of sensitivity using conven-

tional transthoracic echocardiography. Thus, this study demonstrates that the isolated per-

fused working heart preparation provides unique additional information related to the

development of cardiomyopathy, which might otherwise go unnoticed when only using con-

ventional echocardiographic assessment.

Introduction

The transition to a more sedentary lifestyle and overnutrition, has led to increased incidence

of obesity, hyperglycaemia, insulin resistance, dyslipidaemia, and metabolic syndrome—all

known risk factors of cardiovascular disease. Consequently, cardiovascular disease is the pri-

mary cause of morbidity and mortality in diabetes patients. Diabetes also predisposes to a dis-

tinct cardiomyopathy defined as ventricular dysfunction in the absence of coronary heart
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disease or hypertension [1–3], which leads to the development of diastolic dysfunction prior to

systolic dysfunction and finally heart failure.

A range of murine models is used to elucidate underlying mechanisms in the development

of obesity and diabetes related cardiac dysfunction. Mice homozygous for the obese (Lepob)

and the diabetes (Leprdb) mutations are among the earliest characterized models of obesity-

related insulin resistance and diabetes. In these monogenic models, leptin deficiency (ob/ob
mice) or leptin receptor deficiency (db/db mice) lead to lack of satiety sensation, which conse-

quently causes hyperphagia and hypoactivity. Studies using diabetic db/db mice have reported

both development of ventricular remodelling and cardiac dysfunction [4–8], although there

are studies reporting normal cardiac structure and function [9–11].

Diet-induced obese (DIO) mouse models are currently in extensive use in diabetic cardio-

myopathy research as they recapitulate aspects of the metabolic syndrome associated with

human obesity, and because they are comparable to commonly used genetically modified

models. The reported cardiac phenotype from DIO models range from no change in cardiac

function [12–15] to more severe remodelling and dysfunction [16–19]. Although, these differ-

ences may be linked to the variations between feeding protocols (nutritional composition of

the diet and feeding initiation and duration) and the mouse strain used [20], there is also rea-

son to believe that the techniques and modalities used for cardiac phenotyping influence the

observed functional outcome. Today, assessment of cardiac function in mice primarily

involves different in vivo techniques. The development of high-frequency transducers has

made echocardiography a common modality for cardiac functional assessment of mouse

hearts, and the parameters are mainly derived from M-mode and Doppler imaging. Although

additional parameters from multi-planar images and speckle tracking echocardiography, as

well as other imaging modalities (e.g. magnetic resonance imaging) have become more easily

accessible, conventional echocardiography (M-mode and Doppler imaging) is still the most

widespread in vivo modality [21].

The first reports of cardiac function in mice, published more than 25 years ago, describe

cardiac function using isolated perfused hearts using the working mode [22;23] and the Lan-

gendorff mode [24]. Despite technical challenges due to the small size of the mouse heart, ex
vivo assessment has proven valuable, not only in studying pharmacological effects, but also in

the investigation of disease states and the impact of gene modification in the intact heart. It is

important to emphasize that the ex vivo heart preparation has the advantage of facilitating elu-

cidation of the ventricular performance under defined loading conditions and in the absence

of neurohormonal influences, and may therefore provide unique additional information

related to the development of dysfunction in the myocardium per se.

In the present study, we examined the functional changes in hearts from two mouse models

of obesity/diabetes; the db/db mouse, a model of severe obesity and diabetes, and a DIO model

induced by a high-fat diet, representing a model of obesity and prediabetes. Here, we com-

pared in vivo cardiac function to that obtained ex vivo, using the most used imaging modality

in small animal research (i.e. M-mode echocardiography and Doppler imaging) and isolated

perfused heart techniques, respectively.

Materials and methods

Animals and diet

Mice were purchased from Charles River (Germany). Diet-induced obesity was obtained by

feeding 5-6-week-old male C57BL/6J mice a high-fat diet (HFD) with 60% kcal from fat (lard),

20% kcal from carbohydrates and 20% kcal from protein (58Y1, TestDiet, UK; http://www.

testdiet.com/Diets/High-Fat-DIO/index.html) for 20 weeks. Male diabetic db/db mice
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(C57BL/KsJ-leprdb/leprdb) arrived at an age of 8 weeks and were fed a regular chow diet until

12 weeks of age. We used age-matched mice fed a regular chow diet as controls. All mice were

housed in a room with a constant temperature of 23˚C and 55% humidity, with a 12:12-h

reversed light:dark-cycle. They were given ad libitum access to water and their respective diets

and were treated in accordance with the guidelines on accommodation and care of animals

given by the European Convention for the Protection of Vertebrate Animals for Experimental

and Other Scientific Purposes. The experiments were approved by the local representation of

the National Animal Research Authority in Norway, and carried out in our laboratory at the

University of Tromsø –The Arctic University of Norway.

Blood sampling

Blood was collected from the saphenous vein (14 days prior to sacrificing the animals) after 4

hours of fasting or after a fasting/re-feeding protocol, where the mice were fasted for 3 hours,

and then re-fed for 2 hours. Fasting blood glucose levels were measured using a glucometer

system (FreeStyle Lite, Abbott, Australia), and insulin levels were measured in plasma from

the same blood sample, using a mouse insulin ELISA kit (DRG Instruments GmbH, Ger-

many). Plasma free fatty acids levels were analysed using commercial kits from Wako Chemi-

cals (Neuss, Germany), in plasma collected following fasting/re-feeding.

Echocardiography

Echocardiography was done using the VisualSonics 2100 Vevo Imaging System (Toronto,

Canada) with a 550D probe (frequency of 35–40 MHz) during light isoflurane (1.5–2%) anaes-

thesia. The body temperature was monitored using a rectal thermometer, and maintained at

approximately 37˚C using a heated platform and a heat lamp.

A single operator imaged all mice. Left ventricular (LV) mass, wall thickness, end-systolic

and end-diastolic diameter (LVID;s and LVID;d) and end-systolic and end-diastolic volumes

(ESV and EDV) were determined from parasternal short-axis M-mode images of the midven-

tricle at the level of papillary muscles. The LV mass was calculated from the measured cardiac

borders in diastole, including the interventricular septum (IVS;d), LVID;d and the posterior

wall (LVPW;d), using this formula: LV mass = (1.053�((LVID;d+LVPW;d+IVS;d)3-LVID;

d3))�0.8. Functional parameters like stroke volume (SV), ejection fraction (EF) and fractional

shortening (FS) were obtained from further calculations of the M-mode data. Ejection fraction

was calculated as EF = (SV/EDV)�100 and fractional shortening was calculated from FS =

(LVID;d-LVID;s)/LVID;d�100. The ratio between LV Volume and LV mass was used as a

measure of hypertrophy. The early (E) and late/atrial (A) peak ventricular filling velocities, E/

A ratio and deceleration time of early filling (DT) were obtained from transmitral flow, in the

apical 4-chamber view. Early diastolic (E’) and late diastolic (A’) mitral annular myocardial

velocity of the left ventricle septal wall was recorded from the 4-chamber view with pulsed-

wave tissue Doppler. The E/E’ was calculated as an index of LV filling pressure.

Isolated heart perfusions

To evaluate the changes in heart function in the hearts independent of neurohormonal or

loading conditions, we also characterised heart function ex vivo. After an intraperitoneal injec-

tion of pentobarbital, hearts were excised and perfused using a modified Krebs-Henseleit with

added glucose (5mM) and palmitate (0.5 mM) bound to BSA (3%) [25]. Cardiac temperature

was maintained at 37˚C and data were obtained and analysed using LabChart 7Pro software

(ADInstruments, Bella Vista, Australia).
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One group of hearts was perfused in the working heart mode with an 8 mmHg preload and

50 mmHg afterload [25]. Left ventricular pressure changes were assessed using a 1.0-Fr con-

ductance catheter (Millar Instruments, Houston, TX), inserted into the ventricle through the

apex [26]. In another group, the hearts were perfused in the Langendorff mode [27], where left

ventricular pressure was assessed using an intraventricular fluid-filled balloon. The volume of

the balloon was adjusted so that the end-diastolic pressure was between 5–10 mmHg. To pre-

vent build-up of fluid in the ventricle, a cannula (25 G) was inserted through the apex and into

the lumen to allow drainage of fluid [27].

Statistical analysis

The results are presented as means ± SE in tables and column bar graphs. In order to compare

differences between two groups, unpaired Student’s t-tests were performed.

Results

Diet-induced obese mice

5-6-week-old male mice were randomly divided into two groups with similar body weight

(20.7 ± 0.2 g and 20.5 ± 0.2 g). Twenty weeks of feeding with the high-fat diet (HFD) resulted

in obesity as indicated by higher body weight (Fig 1), and a significant increase in perirenal fat

deposits (0.3 ± 0.1 vs 1.0 ± 0.1 g in controls (n = 12) and HFD (n = 13), respectively). Similar

tibia lengths in the two groups of mice supports that the observation of increased weight gain

in HFD mice is attributable to fat deposits and not the animal size per se (Fig 1). In this study,

the HFD mice had elevated fasted blood glucose (p = 0.05, Fig 1), and HOMA-IR values (rep-

resenting insulin resistance) were increased due to a marked increase in fasting insulin levels

(Fig 1). In addition, HFD mice displayed a near 2.4-fold increase in free fatty acids (Fig 1).

In vivo cardiac function. Left ventricular (LV) remodelling and function in vivo, were

assessed using transthoracic echocardiography in anesthetized mice. HFD mice did not show

altered wall thickness, intraventricular diameter or LV mass (Table 1). Fractional shortening

(FS) was increased in the HFD mice, due to a trend towards a decreased LV end-systolic vol-

ume (ESV, p = 0.09, Table 1). There was also a significant increase in stroke volume and ejec-

tion fraction (EF) in HFD mice, but due to a somewhat lower heart rate, cardiac output was

not altered when compared to the age-matched controls (Table 1). Interestingly, the volume-

mass ratio was significantly lower in HFD mice, indicating concentric hypertrophic remodel-

ling (Table 1). Pulsed-wave tissue Doppler showed that the peak velocity of early mitral filling

(E wave—depicting the velocity of blood flow in early ventricular diastolic filling), was not sig-

nificantly altered. However, due to a lowered late mitral filling velocity (A wave—depicting

late ventricular filling), the E/A was unexpectedly augmented in HFD hearts (Table 1). Notably

though, due to the high heart rates in mice, the E and A waves are challenging to consistently

measure [28], and the E/A ratio is not a reliable parameter on its own. E/E’ was unchanged,

while there was a trend towards an elevated mitral valve deceleration time (p = 0.09) in the

HFD mice (Table 1), indicating a mild impairment of diastolic function.

Ex vivo cardiac function. Isolated perfused working hearts from HFD mice showed a

slight but not significant decrease in intrinsic heart rate (p = 0.06, Fig 2). HFD hearts also dis-

played elevated LV end-diastolic pressure (LVEDP) and impaired relaxation as indicated by a

decreased dP/dtmin (p = 0.06) and increased Tau (the relaxation time constant) (Fig 2). On the

other hand, HFD hearts displayed no change in dP/dtmax or cardiac power (the product

between cardiac output and LV developed pressure, Fig 2). Developed pressure (53.0 ± 1.6 vs

52.7 ± 0.9 mmHg in controls (n = 6) and HFD (n = 8), respectively) and cardiac output
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Fig 1. Body weight (BW), BW to tibia length (TL) ratio, blood glucose (fasted), plasma insulin (fasted), plasma

free fatty acids (FFA, fasted/re-fed) and insulin resistance (HOMA-IR) from high-fat diet mice (HFD) and age-

matched controls (Con). BW and tibia lengths were obtained from 25–30 mice per group, while blood samples were

obtained from 13 controls and 23 HFD mice. HOMA-IR; Homeostatic Model Assessment—Insulin Resistance. �

p< 0.05 vs Con.

https://doi.org/10.1371/journal.pone.0204843.g001
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(11.3 ± 0.6 vs 10.8 ± 1.1 mL/min in controls (n = 6) and HFD (n = 8), respectively) were not

different from controls either.

The Langendorff perfusion mode has become the most commonly used perfusion mode for

evaluating ex vivo function in mouse hearts, as it less technically challenging when compared

to the working mode. Due to the small size of these hearts, the LV balloon has to be adjusted

after it has been inserted into the LV, and this is generally done so that the LVEDP is between

5–10 mmHg. In this study, the mean values of the control and HFD hearts were 6.9 ± 0.7 and

8.6 ± 0.9 mmHg, respectively. In this perfusion mode, we did not find an increase in dP/dtmin,

which would have indicated impaired relaxation (Table 2). Additionally, none of the parame-

ters of systolic function (maximal systolic pressure, LV developed pressure, dP/dtmax or the

rate-pressure-product) were altered in HFD hearts (Table 2).

db/db mice

12-week-old db/db mice had twice the body weight of the age-matched lean mice (Fig 3). The

db/db animals also displayed a substantial elevation in HOMA-IR level due to a considerable

increase in both fasting insulin and glucose levels. We also found plasma free fatty acids levels

to be significantly increased in the db/db mice (Fig 3).

In vivo cardiac function. Echocardiographic examination revealed elevated LV masses in

db/db mice (Table 3), which is in contrast to previous data obtained by weighing these hearts

[25;29]. This discrepancy may be related to potential differences in myocardial density, which

is not included in the LV mass calculation. There was no change in heart rate between the two

groups, but the db/db hearts showed increased LV diastolic diameter and end-diastolic volume

(EDV, Table 3). As systolic diameter and ESV was unchanged, stroke volume and cardiac out-

put were significantly increased (Table 3). These changes were also associated with a signifi-

cant increase in EF and FS (Table 3). Doppler measurements showed that the E wave was

decreased in db/db hearts (p = 0.003), but since the A wave was also decreased (p = 0.04), the

Table 1. Left ventricular function assessed by transthoracic echocardiography of high-fat diet-fed mice (HFD)

and age-matched controls (Con).

Con (n = 9) HFD (n = 12)

Heart rate (BPM) 452 ± 10 439 ± 9

LVPW;d (mm) 0.79 ± 0.02 0.80 ± 0.01

LVID;d (mm) 4.1 ± 0.1 4.1 ± 0.1

LV mass (mg) 98 ± 3 107 ± 4

LVEDV (μL) 76 ± 3 74 ± 3

LVESV (μL) 36 ± 3 29 ± 2

SV (μL) 41 ± 1 45 ± 2 �

EF (%) 54 ± 2 61 ± 2 �

FS (%) 28 ± 1 32 ± 1 �

Volume/LV mass (μL/mg) 0.78 ± 0.02 0.70 ± 0.02 �

E/A 1.4 ± 0.1 1.7 ± 0.1 �

E/E’ 32 ± 2 30 ± 1

DT (ms) 25 ± 1 27 ± 1

Data are means ± SE. LVPW;d and LVID;d, left ventricular (LV) posterior wall thickness and internal diameter in

diastole, respectively; EDV and ESV, end-diastolic and end-systolic volumes; SV, stroke volume; EF, ejection

fraction; FS, fractional shortening; E/A; ratio of velocities of early to late ventricular filling, E/E’; ratio of velocity of

early ventricular filling to early diastolic mitral annular velocity, DT; deceleration time.

�p < 0.05 vs Con.

https://doi.org/10.1371/journal.pone.0204843.t001
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Fig 2. Left ventricular function assessed in isolated perfused working hearts from high-fat diet fed mice (HFD,

n = 6) and age-matched controls (Con, n = 8). dP/dtmax and dP/dtmin; maximum positive and negative first-time

derivative of left ventricular (LV) pressure respectively, left ventricular end-diastolic pressure (LVEDP), Tau; LV

relaxation time constant calculated by the Weiss method. � p< 0.05 vs Con.

https://doi.org/10.1371/journal.pone.0204843.g002
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E/A remained unchanged (Table 3). Regardless of the unchanged ratio, the lowered filling

velocities might portray increased resistance in the ventricle, and as the db/db hearts also

showed a marked increase in the E/E’ and mitral deceleration time (Table 3), this proves that

these hearts have decreased ventricular compliance and increased myocardial stiffness.

Ex vivo cardiac function. In the isolated working mode, the db/db hearts showed a dia-

stolic dysfunction as indicated by increased LVEDP, lowered dP/dtmin and increased Tau (Fig

4). In addition, a combination of reduced stroke volume (23.8 ± 1.3 vs 14.6 ± 2.7 μL in controls

(n = 10) and db/db (n = 7), respectively) and lowered heart rate (Fig 4), led to a marked

decrease in cardiac output (9.8 ± 0.4 vs 5.1 ± 0.8 mL/min in controls (n = 10) and db/db
(n = 7), respectively). These hearts also showed decreased cardiac power (Fig 4) and finally,

despite the lower HR, a significantly lower LV developed pressure (58.2 ± 1.4 vs 50.7 ± 2.4

mmHg in controls (n = 10) and db/db (n = 7), respectively) and dP/dtmax (Fig 4), which further

supports a decreased systolic function in these hearts. It is, however, important to appreciate

that the impaired cardiac function in these hearts could also be related to the HR.

In Langendorff perfused hearts, the volume of the balloon was adjusted so that the LVEDP

mean values were 6.2 ± 0.6 and 6.7 ± 0.2 mmHg in the control and db/db hearts, respectively.

We did not find dP/dtmin to be altered in the db/db hearts, and neither were parameters of sys-

tolic function (LV developed pressure, rate-pressure-product and dP/dtmax) (Table 4).

Discussion

The present study demonstrates differences between the ex vivo and in vivo cardiac functional

phenotype within the same murine models of diabetes. While isolated perfused working hearts

from diabetic mice showed clear signs of dysfunction, conventional transthoracic echocardiog-

raphy did not reveal this to the same extent. Although lack of in vivo cardiac dysfunction may

be due to a low sensitivity of the M-Mode and Doppler assessment, it may also relate to sys-

temic factors (such as altered neurohormonal status and/or changes in pre- and afterload)

which might mask subtle functional changes in vivo. This study therefore shows how ex vivo
examination can add valuable information when describing the progression of

cardiomyopathy.

The cardiac phenotype in diet-induced obese mice

In accordance with previous studies, mice fed a high-fat diet (HFD) for 20 weeks were in a pre-

diabetic state with obesity, hyperlipidaemia and insulin resistance, but without hyperglycae-

mia. In most studies, long-term high-fat feeding will increase left ventricular (LV) mass and

induce LV concentric hypertrophy [17;30–34]. The reported incidence of systolic and diastolic

Table 2. Left ventricular function assessed in isolated Langendorff perfused hearts from high-fat diet-fed mice

(HFD) and age-matched controls (Con).

Con (n = 12) HFD (n = 12)

Heart rate (BPM) 318 ± 11 307 ± 14

Coronary flow (mL/min) 3.2 ± 0.2 3.4 ± 0.4

Developed pressure (mmHg) 139 ± 8 139 ± 14

dP/dtmax (mmHg/sec) 5282 ± 367 5623 ± 552

dP/dtmin (mmHg/sec) -3610 ± 119 -3654 ± 292

RPP (mmHg x BPM) 44579 ± 3403 42238 ± 4366

Data are means ± SE. dP/dtmax and dP/dtmin; maximum positive and negative first-time derivative of left ventricular

(LV) pressure respectively. RPP; rate-pressure-product (the product of developed pressure and heart rate).

https://doi.org/10.1371/journal.pone.0204843.t002
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Fig 3. Body weight (BW), BW to tibia length (TL) ratio, blood glucose (fasted), plasma insulin (fasted), plasma

free fatty acids (FFA, fasted/re-fed) and insulin resistance from db/db mice and age-matched controls (Con). BW

and tibia lengths were obtained from 25–28 mice per group, while blood samples were obtained from 11 controls and 6

db/db mice. HOMA-IR; Homeostatic Model Assessment—Insulin Resistance. � p< 0.05 vs Con.

https://doi.org/10.1371/journal.pone.0204843.g003
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dysfunction is, however, inconsistent. Systolic dysfunction has been reported following feeding

regimes that varied from 4–6 [33;35] to 15–16 weeks [19;32;36], while the present study and

other studies report no evidence of systolic dysfunction after 20–24 weeks [15;27;31;37;38]. In

general, diastolic dysfunction is considered to advance prior to the development of systolic

dysfunction, and although some studies [17;27;34] support this by showing impaired diastolic

dysfunction without systolic dysfunction, the duration of HFD feeding required to evoke dia-

stolic impairments remains unclear. Additionally, as the functional modalities/techniques

have different sensitivities, lack of reported diastolic dysfunction by one modality/technique,

does not necessarily exclude its occurrence. In accordance with this, a recent study by Schnelle

and colleagues [28] shows how combining several ultrasound-based techniques of diastolic

function (including additional views and speckle tracking echocardiography) will not only

improve the detection of diastolic dysfunction in murine models, but also reveal the underly-

ing pathophysiology for this dysfunction.

The present study showed that while the echocardiographic parameters (obtained by M-

mode and Doppler) did not demonstrate diastolic dysfunction, ex vivo assessment (using per-

fused working hearts) confirmed previous reports of diastolic dysfunction [16;27]. This shows

how ex vivo assessment of function using the working heart mode represents a sensitive and

additional method for evaluation of diastolic dysfunction.

The cardiac phenotype in db/db mice

The db/db mouse represents a type 2 diabetic mouse model, as indicated by obesity, insulin

resistance, hyperglycaemia and hyperlipidaemia. These hearts show an age-dependent increase

in LV mass and wall thickness [5;11;39;40], but the literature is not consistent with regard to

the development of cardiac dysfunction. Semeniuk and colleagues [4] were the first to describe

echocardiographic examination of the db/db mice in 2002, where they reported reduced frac-

tional shortening (FS) and E/A in 12 but not 5-week-old mice. Consistent with this, studies

Table 3. Left ventricular function assessed by transthoracic echocardiography of db/db mice and age-matched

controls (Con).

Con (n = 8) db/db (n = 10)

Heart rate (BPM) 454 ± 10 464 ± 10

LVPW;d (mm) 0.76 ± 0.03 0.81 ± 0.02

LVID;d (mm) 3.83 ± 0.05 4.00 ± 0.04 �

LV mass (mg) 86 ± 4 100 ± 3 �

LVEDV (μL) 63 ± 2 70 ± 2 �

LVESV (μL) 23 ± 2 21 ± 1

SV (μL) 41 ± 2 49 ± 2 �

EF (%) 64 ± 2 70 ± 1 �

FS (%) 35 ± 2 39 ± 1 �

Volume/LV mass (μL/mg) 0.74 ± 0.02 0.71 ± 0.03

E/A 1.6 ± 0.1 1.6 ± 0.1

E/E’ 30 ± 1 41 ± 1 �

DT (ms) 26 ± 1 31 ± 2 �

Data are means ± SE. LVPW;d and LVID;d, left ventricular (LV) posterior wall thickness and internal diameter in

diastole, respectively; EDV and ESV, end-diastolic and end-systolic volumes; SV, stroke volume; EF, ejection

fraction; FS, fractional shortening; E/A; ratio of velocities of early to late ventricular filling, E/E’; ratio of velocity of

early ventricular filling to early diastolic mitral annular velocity, DT; deceleration time.

�p < 0.05 vs Con.

https://doi.org/10.1371/journal.pone.0204843.t003
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Fig 4. Left ventricular function assessed in isolated perfused working hearts from db/db mice (n = 10) and age-

matched controls (Con, n = 7). dP/dtmax and dP/dtmin; maximum positive and negative first-time derivative of left

ventricular (LV) pressure respectively, left ventricular end-diastolic pressure (LVEDP), Tau; LV relaxation time

constant calculated by the Weiss method. � p< 0.05 vs Con.

https://doi.org/10.1371/journal.pone.0204843.g004
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from our laboratory later reported that ex vivo working hearts from 12, but not 5-6-week-old

mice, showed severe dysfunction [25;41–45]. We were therefore surprised to find that echocar-

diographic examination in the present study only revealed a mild diastolic impairment with

no (or even improved) systolic dysfunction. The literature on echocardiographic examination

of db/db mice (14–18 weeks of age), have reported both reduced [8], unaltered [9;11], and

increased systolic function [10]. Although this inconsistency could be due to differences in the

severity of the diabetic phenotype caused by using different background strains in these mice

[46], it may also reflect the lack of sensitivity of conventional echocardiography.

Accordingly, Yue and colleagues [5] reported normal function in young (5-week-old) mice,

but reduced FS and increased end-diastolic volume at an age of 9–13 weeks when using MRI.

Interestingly, despite decreased FS, they found a slight (although not significant) increase in

cardiac output at all ages. Again, the literature is inconsistent, as other studies (using the same

modality) have not reported the same changes [6;47]. It should be noted that Stuckey et al.
reported impairments in contractility and diastolic function in 12-week-old mice when analys-

ing data from high-temporal resolution MRI, despite finding no functional changes when

using standard MRI [6]. Interestingly, maintained systolic function in 12-week-old mice was

supported both by a recent study by Li et al. [48] using both STE and conventional echocardi-

ography. In this study only STE revealed a dysfunction when these mice were 16 weeks old

[48], which suggests that conventional echocardiography lacks the sensitivity to capture subtle

variations in left LV performance.

The very first functional assessment of the db/db hearts was not in vivo but performed using

the isolated perfused working heart. In this study, Belke and colleagues measured intraventric-

ular pressure (using a fluid-filled catheter) and demonstrated a higher end-diastolic pressure,

as well as reduced cardiac output and cardiac power in hearts from 10-14-week-old mice [49].

Impaired ex vivo systolic function was later confirmed in 12-week-old mice [25;41;50]. In

accordance with previous studies [29;44], the present study confirmed both diastolic and sys-

tolic dysfunction, using intraventricular pressure-volume recordings, which allow more accu-

rate assessment of a range of load-dependent and -independent functional parameters.

It should be noted that when these hearts were perfused in the Langendorff mode, there

were no detectable changes in parameters of LV function at neither 12 (present study) nor 24

weeks [47]. Thus, although the Langendorff mode is a suitable ex vivo mode for vascular reac-

tivity studies and acute studies of changes in contractility following drug or ischemic damage,

the present study reinforces that this mode is less suitable for detailed functional assessment,

particularly in models of diastolic dysfunction.

Table 4. Left ventricular function assessed in isolated Langendorff perfused hearts from db/db mice and age-

matched controls (Con).

Con (n = 8) db/db (n = 10)

Heart rate (BPM) 292 ± 26 269 ± 22

Coronary flow (mL/min) 2.7 ± 0.2 2.3 ± 0.2

Developed pressure (mmHg) 133 ± 13 123 ± 8

dP/dtmax (mmHg/sec) 4793 ± 672 4844 ± 446

dP/dtmin (mmHg/sec) -3362 ± 335 -3271 ± 234

RPP (mmHg x BPM) 36778 ± 4954 30683 ± 2690

Data are means ± SE. dP/dtmax and dP/dtmin; maximum positive and negative first-time derivative of left ventricular

(LV) pressure respectively. RPP; rate-pressure-product (the product of developed pressure and heart rate).

https://doi.org/10.1371/journal.pone.0204843.t004
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The cardiac phenotype obtained in vivo vs ex vivo
The functional capacity of the in vivo heart is determined by the endogenous working capacity

of the myocardium, coronary perfusion and changes in systemic factors known to influence

the myocardial function, such as loading conditions and neurohormonal status. Thus, the

functional phenotype of the diabetic heart may be altered due to pathological alterations in the

myocardium itself and/or systemic changes representing compensatory or pathophysiological

alterations.

In the present study, as well as in previous reports, there seems to be a discrepancy between

the in vivo and ex vivo function in db/db hearts, when comparing parameters obtained by con-

ventional echocardiography and the isolated perfused working hearts. As the mechanical func-

tion of the hearts ex vivo is examined under identical loading and neurohormonal conditions,

it could be argued that favourable load-dependent and/or load-independent changes may have

contributed to improve in vivo function. Haemodynamic measurements using LV in vivo cath-

eterization in db/db hearts have supported this notion, first by showing impaired load-indepen-
dent parameters of diastolic dysfunction (increased slope of the end-diastolic pressure-volume

relationship) [5;51–53] and contractility (diminished preload recruitable stroke-work index

and end-systolic elastance) [5;51]. On the other hand, load-dependent parameters of systolic

function (dP/dtmax and cardiac output) were reported to be elevated [50;51], strongly support-

ing changes in the pre- and/or after-load. The increased LVEDP [50–52] and decreased arterial

elastance in these mice [51;53] (both load-dependent parameters), have been argued to signify

increased preload and decreased afterload, respectively [51], further supporting the notion of

compensated haemodynamic conditions in db/db hearts.

Neurohormonal changes (as a compensatory mechanism) may also affect cardiac function

in vivo. Discrepancy between the in vivo and ex vivo heart function has also been reported after

a genetic impairment of SERCA2 function in the heart. While isolated cardiomyocytes from

these hearts showed impaired cell shortening and reduced Ca2+-transient amplitude [54], and

isolated perfused working hearts displayed severe heart failure [55], echocardiographic exami-

nation showed a near normal in vivo function [54]. In support of this, Land et al. [56] demon-

strated, using computational whole-organ simulation, the important role of the compensatory

systemic changes to maintain in vivo function. They showed that the model would only be able

to match the reported in vivo function if they included the effect of β-adrenergic stimulus i.e.

the enhanced Ca2+-transient amplitudes, and increased venous return with its subsequent

Frank-Starling effect [56]. The fact that cardiomyocytes from the db/db hearts also show

impaired SERCA2 function and an accompanying decrease in Ca2+-transient amplitude and

cell shortening [57;58], further supports that compensatory systemic changes can contribute to

sustain in vivo cardiac function in these mice.

As the β-adrenergic drive also influences heart rate (HR), a lower HR in db/db hearts ex
vivo [25;44;50] but not in vivo [39;48;51], supports that the neurohormonal status is altered in

db/db mice. Although we cannot fully exclude that the reduced ex vivo HR in db/db hearts

could have contributed to the reduced function, decreased contractility and impaired relaxa-

tion have also been reported in studies where HR was not significantly different in isolated per-

fused db/db hearts [29;45].

Limitations

The present study, cannot fully exclude the presence of in vivo systolic or diastolic dysfunction.

Here we used the M-mode and Doppler images, as these are the most widely used images, and

are regarded as suitable approaches for assessment of heart disease where the structural

remodelling develop in a uniform manner [21]. It should be noted, however, that a recently
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published guideline for measuring cardiac physiology in mice [21] recommends that detection

of subtle systolic changes requires the use of other imaging modalities or techniques, to give a

comprehensive and full description of cardiac function.

Oxygen delivery/supply can limit the function of an ex vivo heart, as demonstrated by

altered function in rabbit hearts perfused with a buffer that had increased oxygen carrying

capacity [59]. To what extent this also relates to smaller hearts (such as the mouse heart) is not

known, and whether a resulting decrease in myoglobin oxygen saturation will have an impact

on oxidative phosphorylation, remains unresolved [59]. In addition, it is not clear whether the

function of the diabetic heart is more sensitive to mild hypoxia, and thus we do not know to

what extent this may have influenced the systolic dysfunction observed ex vivo, but not in vivo,

in diabetic hearts.

Conclusion

Although continued advances in in vivo imaging will provide access to new and more sensitive

modalities for cardiac phenotyping, this study demonstrates that the isolated heart preparation

remains a valuable tool for assessment of the myocardial function per se, and by that may

bridge in vitro assays and in vivo approaches.
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Abstract 

An acute supply of high fatty acid (FA) levels to the normal heart is known to induce unfavorable 

effects, such as myocardial oxygen wasting, mechanical inefficiency and oxidative stress. Chronic 

supply of high FAs contributes in the development of obesity-/diabetes-related cardiomyopathy, 

however it is not clear how an acute FA load affects these hearts.  

Feeding C57Bl/6J mice an obesogenic diet for 20 weeks, resulted in an obese model with insulin 

resistance and a mild cardiac dysfunction. In isolated hearts, the effects of high (1.8 mM) and low 

(0.4 mM) FA levels on left ventricular (LV) function, myocardial oxygen consumption (MVO2), 

mechanical efficiency, oxidative stress, mitochondrial respiration and protein acetylation was 

assessed in hearts from control (CON) and diet-induced obese (DIO) mice. Finally, LV functional 

recovery and infarct size was determined following ischemia-reperfusion in hearts from CON and DIO 

mice.  

In CON hearts, high FAs induced oxygen wasting and mechanical inefficiency. High FA also elevated 

ROS content, reduced mitochondrial OxPhos and enhanced mitochondrial protein acetylation. DIO 

hearts on the other hand, tolerated the high FA load, as they did not display unfavorable changes. In 

addition we found that high FA perfusion increased functional recovery and reduced infarct size in 

these hearts.  

This study therefore highlights that there are marked differences in the response to an acute high FA-

load in normal and obese hearts, which suggests that obese/diabetic hearts undergo adaptive 

changes that make them able to handle an acute FA load. 

Keywords: heart perfusion, pressure-volume, oxygen consumption, cardiac efficiency, acetylation, 
mitochondrial respiration 
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1. Introduction

Obesity is closely associated with the development of type 2 diabetes and cardiovascular diseases. 

Both obesity and diabetes are known to increase the risk of developing a specific form of cardiac 

dysfunction, independent of coronary artery disease and hypertension. This cardiomyopathy is likely 

induced by the hormonal and metabolic derangements associated with obesity, where chronic 

dyslipidemia and long-term exposure to high circulating fatty acid (FA) levels contribute to the 

progression of cardiac dysfunction. 

A chronic high FA supply leads to metabolic remodeling with changes in myocardial substrate 

utilization, making the heart more reliant on FA oxidation for energy production. This metabolic shift 

is complex and includes translational changes and allosteric control of FA transport proteins and 

enzymes, as well as post-translational modifications of enzymes. With regard to the latter, recent 

studies have also identified changes in protein lysine acetylation as an important contributor to these 

metabolic alterations [1]. If the FA uptake exceeds FA oxidation rate, myocardial lipotoxicity, with 

myocardial lipid and lipid metabolite accumulation, will occur. In addition, high FAs can be associated 

with increased reactive oxygen species (ROS) production. These changes will account for cardiac 

myocyte apoptosis, myocardial fibrosis [2] and perturbed mitochondrial function [3]. In addition, 

obese and diabetic hearts are known to be less efficient, as they show an increase in myocardial 

oxygen consumption (MVO2) [4-6]. This elevated MVO2 is likely linked to impaired mitochondrial 

energetics and altered Ca2+ handling [7].  

Obesity and diabetes are known to worsen the long-term outcome of ischemic heart disease in 

patients [8]. This can be linked to impaired myocardial reperfusion (due to vascular dysfunction), 

reduced coronary reserve and/or decreased myocardial ischemic tolerance. Although higher 

myocardial susceptibility to ischemic injury has been described in pre-clinical models, there are also 

studies reporting unchanged or even enhanced ischemic tolerance [9-12]. This may partly be due to 

differences in the severity of the metabolic disease in these models. In addition, obesity and diabetes 

are complex disorders associated with changes in circulating hormonal and substrate levels, which 

may also influence the ischemic outcome. Accordingly, variation in experimental conditions may also 

contribute to the reported inconsistencies in myocardial ischemic tolerance when studied in vitro 

[13, 14].  

Acute myocardial infarction is accompanied by increased circulating FAs, due to an adrenergic 

activation of lipolysis in adipose tissue [15]. Therefore, an ischemic heart will not only be challenged 

by myocardial hypoxia, but also by an acute high FA load. In normal hearts, high levels of FAs have 

been reported to induce oxygen wasting with subsequent mechanical inefficiency [16]. High FAs also 
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enhance mitochondrial ROS production and impair redox balance, and can alter Ca2+ homeostasis 

[17, 18]. These FA-mediated changes could all potentially aggravate ischemia-reperfusion injury. 

Accordingly, several experimental studies report that exposing normal hearts to high levels of FAs 

can reduce post-ischemic functional recovery [19-23]. To what extent an acute increase in FA 

concentration affects obese or diabetic hearts is, however, less clear. In 1997 Dennis Paulson 

suggested that the presence of FAs increased the degree of ischemic injury in type 1 diabetic hearts 

[13]. Regardless of this, and despite the increasing use of obese and type 2 diabetic preclinical 

models, glucose is still commonly used as the sole substrate, and only a few in vitro studies have 

added high levels of FAs to the perfusate. Desrois and co-workers reported unchanged ischemic 

tolerance in glucose-perfused hearts from Goto-Kakizaki diabetic rats when they were compared to 

controls [24], while when high FA levels were present during ischemia, diabetic hearts showed a 

lower tolerance than their controls [25]. In support of this, a direct comparison of hearts from DIO 

rats perfused in the absence and presence of high FAs suggested a FA-mediated reduction in 

ischemic tolerance following obesity [19]. Notably, these studies compared high FAs to conditions 

where FAs were totally absent. Thus, to our knowledge, this is the first study that aims to examine 

the effects of high FAs on ischemia-reperfusion in a model of pre-diabetes, by comparing it to a 

condition with lower FAs.  

We hypothesized that cardiac metabolic remodeling following obesity may alter the tolerance to an 

acute high FA load, and by comparing the effects of a high FA exposure in isolated hearts from 

normal and obese mice, the finding in this study indicated that obese hearts are less vulnerable to 

disadvantageous FA-mediated changes. The study also contributes to increase our awareness of how 

experimental conditions influence the ischemic tolerance, which is crucial in order to foster our 

understanding within this field.  
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2. Materials and methods

2.1 Animals  

C57BL/6J male mice (5-6 weeks) were purchased from Charles River Laboratories (Germany). Obesity 

and insulin resistance were induced by feeding mice an obesogenic diet for 20 weeks (diet-induced 

obese, DIO), as previously described [26, 27]. Age-matched mice fed a regular chow diet served as 

controls (CON). All mice were housed in a room with a constant temperature of 23°C and 55% 

humidity, with a 12:12-h reversed light:dark-cycle, and were given ad libitum access to water and 

their respective diets. To evaluate insulin resistance, plasma glucose (glucometer, FreeStyle Lite, 

Alameda, CA), and insulin (commercial kits from DRG Diagnostics, Marburg, Germany) was 

determined in blood samples obtained from the saphenous vein from fasted (4 hours) mice . 

Homeostatic model assessment (HOMA) was calculated from fasting blood glucose and insulin levels. 

Plasma free fatty acids were determined in blood samples taken from the saphenous vein of fed 

animals prior to euthanasia, using commercial kits from Wako Chemicals (Neuss, Germany).  Animal 

experiments were approved by the Norwegian National Animal Research Authority, which conforms 

to the National Institute of Health guidelines (NIH publication No. 85-23, revised 1996) and European 

Directive 2010/63/EU. 

2.2 Assessment of left ventricular (LV) function, fatty acid oxidation and oxygen consumption  

Left ventricular (LV) function, fatty acid (FA) oxidation rate and myocardial oxygen consumption 

(MVO2) were assessed in isolated perfused hearts. All hearts were perfused in a recirculating mode, 

with a modified Krebs-Henseleit bicarbonate buffer  supplemented with glucose (5 mM) and 

palmitate (bound to 3% BSA) with either low (0.4 mM) or high (1.8 mM) FA concentration. LV 

pressure and volume was assessed in working hearts using a conductance catheter (1 F) inserted 

through the apex [16]. FA oxidation rates were also assessed in working hearts using [9,10-3H] 

palmitate prebound to albumin [28]. MVO2 was assessed using fiber-optic oxygen probes (FOXY-

AL300; Ocean Optics, Duiven, Netherlands) inserted into the perfusion line just above the aortic 

cannula and into the pulmonary artery to obtain the arterial-venous difference in PO2. Mechanical 

efficiency was defined as the ratio between cardiac work (calculated as cardiac power) and MVO2 in 

working hearts. Work-independent MVO2 was also assessed by changing to Langendorff perfusion 

mode and inserting a vent through the apex. Under these conditions the hearts were paced (7 Hz), 

and MVO2 was measured before and after KCl-induced cardiac arrest, representing O2 cost for 

unloaded hearts (MVO2 unloaded ) and for basal metabolism (MVO2 BM), as previously described [29]. 
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Oxygen cost for processes associated with excitation-contraction coupling (MVO2ECC) was calculated 

as the difference between MVO2 unloaded and MVO2 BM. 

2.3 Mitochondrial respiration 

Mitochondrial respiration was assessed in isolated cardiac mitochondria from Langendorff perfused 

hearts subjected to a low or high FA load for 30 minutes. Respiration was determined by high-

resolution respirometry using an oxygraph (O2-k, Oroboros Instruments, Austria). Pyruvate (5mM) 

and malate (2mM) or palmitoyl-CoA (25µM), L-carnitine (5mM) and malate (2mM) served as 

substrates. Uncoupled respiration (V0 ) was assessed in the presence of substrates but without ADP. 

Coupled respiration (Vmax, OxPhos) was defined as the peak respiration after adding 100 µmol/L 

ADP. Respiration rates were adjusted to total protein, and respiratory control ratio (RCR) was 

calculated as the ratio between Vmax and V0. A rate-independent coupling parameter, based on the 

ratio of molecules of ADP phosphorylated to each oxygen molecule consumed (ADP/O), was also 

calculated. 

2.4 Mitochondrial protein acetylation 

Mitochondrial proteins were lysed in buffer containing: 75mM Tris-HCL, 3.8% SDS, 4M Urea and 

cOmplete™ Protease Inhibitor Cocktail (Sigma-Aldrich). Laemmli buffer was added and samples were 

boiled (95°C, 5 minutes). Protein (20 μg) was loaded onto a 4-15% Criterion gel (Bio-Rad) and 

transferred onto a nitrocellulose membrane (GE Healthcare) following electrophoresis. Membranes 

were blocked (5% milk, 1 hour), followed by incubation with acetylated-Lysine antibody or VDAC 

antibody (Cell Signalling Technology) overnight at 4°C, and thereafter washed and incubated with 

anti-Rabbit antibody for 1 hour. Immunopositive bands were developed in Chemoluminescent 

Peroxidase Substrate-3 (Sigma) for Acetylated-Lysine and LumiGlo (Cell Signalling Technology) for 

VDAC, and visualized using a GE ImageQuant LAS 4000 (GE healthcare). Densitometry of bands was 

performed using Image Studio Protein Lite (LI-COR Biosciences) and load was normalized using VDAC 

as a loading control. 

2.5 Myocardial ROS 

Following 30 minutes of Langendorff perfusion, LV tissue was embedded in O.C.T. compound, frozen 

in cooled isopentane and stored at -70°C. The samples were cryo-sectioned, stained with 

dihydroethidium (DHE) for evaluation of superoxide generation, and evaluated under an 

epifluorescence microscope [26]. 10-15 images from each heart were obtained for quantification 

using Image J software. 
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2.6 Susceptibility to ischemic injury 

Ischemic tolerance was examined in Langendorff perfused hearts. LV function was recorded using an 

intraventricular fluid-filled balloon connected to a pressure transducer [27]. The volume of the 

balloon was adjusted to give an end-diastolic pressure of 5–10 mmHg. After 20 minutes of 

stabilization, the hearts were subjected to global ischemia followed by 90 min reperfusion. At the 

end of reperfusion, hearts were frozen at -20°C, prior to slicing and staining using a 1% 2,3,5-

triphenyl-2H-tetrazolium chloride solution. Infarct size was determined using ImageJ software 

(National Institutes of Health, Bethesda, MD). 

2.7 Statistical analysis  

Data are presented as means ± SE. Differences between two groups were analyzed using an unpaired 

Student’s t-test. Multiple comparisons were performed by two-way analysis ANOVA followed by 

Holm-Sidak method as the post hoc test. Differences of P <0.05 were considered significant. 
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3. Results

Diet-induced obese (DIO) mice exhibited higher body weight and increased perirenal fat deposits 

(Table 1), elevated free fatty acids (FAs) plasma levels, and a moderate increase in fasted blood 

glucose. These mice also showed marked insulin resistance, as indicated by increased HOMA-IR, 

which was primarily due to higher insulin levels (Table 1).  

Table 1. Animal characteristics of control (CON) and diet-induced obese (DIO) mice. 
CON DIO 

n 71 73 
Body weight (g) 31.7 ± 0.3 47.0 ± 0.5 #  
Tibia length (mm) 18.3 ± 0.1 18.1 ± 0.1 
Perirenal fat mass (g) 0.34 ± 0.03 1.46 ± 0.06 # 
Liver weight (g) 1.17 ± 0.02 2.05 ± 0.10 # 
Blood glucose fasted  (mmol/L) 5.7 ± 0.2 6.9 ± 0.2 # 
Plasma insulin fasted  (µg/L) 0.9 ± 0.1 3.2 ± 0.3 # 
HOMA-IR 5.5 ± 0.5 25.2 ± 2.3 # 
Plasma free FA (µmol/L) 371 ± 32 571 ± 37 # 
Heart weight (mg) 155 ± 2 157 ± 2 
Heart weight/tibia length 8.5 ± 0.1 8.7 ± 0.1 

Data are means ± SE. Number of animals used for assessment of blood glucose, plasma insulin and the 
calculation of the homeostatic model assessment (HOMA-IR) was 49 and 43 in CON and DIO, respectively.  
Number of animals used for assessment of free fatty acids (FA) in non-fasted animals was 31 and 25 in CON and 
DIO, respectively. #P < 0.05 vs. CON. 

3.1 Left ventricular function 

Left ventricular (LV) function was assessed in isolated perfused working hearts (Table 2). When 

perfused with a low FA concentration, hearts from DIO mice are characterized by diastolic 

dysfunction, as indicated by elevated LV end-diastolic pressure, reduced LV relaxation (Tau), and 

augmented end-diastolic pressure-volume relationship (EDPVR). These hearts developed a mild 

systolic dysfunction, with a small reduction in cardiac output and cardiac work (assessed as 

calculated cardiac power), but without change in prerecruitable stroke work index (PRSWi) (Table 2 

and Figure 1A). Subjecting CON and DIO to a high FA load (a 6-fold increase in FA concentration), did 

not alter cardiac function in either CON or DIO hearts (Table 2 and Figure 1A). 
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Table 2. Left ventricular function assessed in isolated perfused working hearts from control (CON) and diet-
induced obese (DIO) mice, perfused with low and high fatty acid (FA) levels.  

CON 
Low FA 

CON 
High FA 

DIO 
Low FA 

DIO 
High FA 

n 9 8 11 11 
Heart rate (bpm) 432 ± 9 461 ± 9 * 423 ± 9 412 ± 9 
Cardiac output (mL/min) 16.7 ± 0.8 15.5 ± 0.8 14.1 ± 0.7 # 14.1 ± 0.7 
Coronary flow (mL/min) 3.8 ± 0.2 4.5 ± 0.2 3.9 ± 0.2 3.7 ± 0.2 # 
LVEDP (mmHg) 6.7 ± 0.5 5.6 ± 0.5 9.0 ± 0.5 # 10.1 ± 0.5 # 
LVDP (mmHg) 66.8 ± 1.4 67.2 ± 1.5 65.0 ± 1.4 62.9 ± 1.4 
dP/dtmax (mmHg/sec) 4923 ± 226 4657 ± 119 4457 ± 252 4642 ± 126 
dP/dtmin (mmHg/sec) -4069 ± 241 -3828 ± 96 -3718 ± 243 -3531 ± 99 
Tau Glanz (mesc) 16.9 ± 0.6 15.7 ± 0.4 19.0 ± 0.7 # 20.0 ± 0.6 # 
EDPVR  (mmHg/mL) 0.15 ± 0.03 0.15 ± 0.03 0.30 ± 0.03 # 0.33 ± 0.04 # 
PRSWi 66.8 ± 1.4 67.2 ± 1.5 65.0 ± 1.5 62.8 ± 1.4 

Data are means ± SE. Steady state parameters were obtained in hearts perfused with a preload and afterload of 
10 and 50 mmHg respectively. All hearts were paced at 10% higher than their intrinsic heart rate, and 
intraventricular pressure (LV) was assessed using a conductance catheter inserted through the apex. dP/dtmax 
and dP/dtmin; maximum positive and negative first-time derivative of LV pressure, LVED; LV end-diastolic 
pressure, LVDP; LV developed pressure, Tau; LV relaxation time constant. Load-independent parameters were 
assessed as from a family of pressure-volume loops created by a temporary preload occlusion in 7-10 unpaced 
hearts from each group: EDPVR; end-diastolic pressure-volume relationship, PRSWi, and prerecruitable stroke 
work index. *P < 0.05 vs low FA. #p < 0.05 vs. CON in the same perfusion group. 
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Figure 1. A: Cardiac power, myocardial oxygen consumption (MVO2) and mechanical efficiency (ratio between 
cardiac power and MVO2) measured in isolated perfused working hearts from control (CON) and diet-induced 
obese (DIO) mice. Hearts were perfused with a low (open bars) or high FA concentration (closed bars). Cardiac 
power was calculated from cardiac output and developed pressure (see Table 2). B: Myocardial oxygen 
consumption (MVO2) in electrically paced (7 Hz) Langendorff perfused hearts prior to and after KCl-induced 
cardiac arrest, representing the oxygen cost of the heart in a unloaded condition (MVO2 unloaded) and for basal 
metabolism (MVO2 BM), respectively. The oxygen cost for excitation-contraction coupling (MVO2 ECC) was 
calculated from the difference between MVO2 unloaded and MVO2 BM. Data are means  ±  SE. *p < 0.05 vs. low FA. 
#p < 0.05 vs. CON in the same perfusion group. 

3.2 Myocardial FA oxidation rate, oxygen consumption and mechanical efficiency 

Myocardial FA oxidation rates were higher in DIO hearts compared to CON hearts under low FA 

conditions (0.41 ± 0.02 vs 0.19 ± 0.02 in DIO (n=8) and CON (n=7), respectively). As expected, an 

elevation of the FA concentration increased FA oxidation rates in both CON (0.50 ± 0.04, p<0.05 vs. 

low FA, n=10) and DIO hearts (0.54 ± 0.04, p<0.05 vs. low FA, n=11).  

Under low FA conditions, DIO hearts displayed higher myocardial oxygen consumption (MVO2) 

compared to CON hearts. Thus, along with the lower cardiac power, these hearts have reduced 
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mechanical efficiency (Figure 1A). Elevated MVO2 was also observed when hearts where subjected to 

an unloaded condition (Figure 1B) which illustrates an obesity-induced elevation of the O2 cost for 

non-mechanical processes. This increased O2 cost was associated with processes related to basal 

metabolism (MVO2 BM) as well as the excitation-contraction (EC) coupling (MVO2 ECC) (Figure 1B).  

The high FA load markedly increased MVO2 in CON hearts. As this was not associated with any 

change in cardiac function, mechanical inefficiency was due to FA-induced oxygen wasting  (Figure 

1A). High FAs also increased unloaded MVO2 in CON, which was due to higher O2 cost for both BM 

and EC coupling. In contrast to CON hearts, the high FA load did neither alter MVO2 under working 

conditions (Figure 1A) nor unloaded conditions (Figure 1B) in DIO hearts. Thus, in these hearts high 

FAs do not induce oxygen wasting or affect mechanical efficiency  (Figure 1A).  

3.3 Mitochondrial respiration  

Mitochondrial respiration was assessed using pyruvate (and malate) or palmitate and L-carnitine 

(and malate) as substrates for respiration. Mitochondria from DIO hearts perfused with a low FA 

concentration showed reduced coupled respiration (Vmax) compared to controls both when pyruvate 

and palmitate served as substrate (Figure 2). Under the same conditions, uncoupled respiration (V0), 

was also significantly reduced, such that the respiratory control ratio (RCR) was not different 

between CON and DIO , regardless of substrate. Correspondingly, the ADP/O ratio was not different 

between CON and DIO (pyruvate; 2.23 ± 0.06 vs. 2.37 ± 0.06; palmitate; 2.08 ± 0.06 vs. 2.09 ± 0.04, in 

CON and DIO, respectively). 

Figure 2. Mitochondrial respiration measured in cardiac mitochondria isolated from control (CON, n=5-6) and 
diet-induced obese (DIO, n=7-8) hearts perfused with a low (open bars) or high FA concentration (closed bars) 
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prior to the isolation procedure. The respiratory medium contained either pyruvate (5mM) and malate (2mM) 
or palmitoyl-CoA (25µM), L-carnitine (5mM) and malate (2mM). V0 respiration is defined as the respiratory 
state before ADP is added and Vmax is defined as the respiration peak after adding 100 µmol/L ADP. Respiratory 
control ratio (RCR) was calculated as the ratio between Vmax and V0. Mitochondrial respiration rates were 
normalized to protein. Data are means  ±  SE . *p < 0.05 vs. low FA. #p < 0.05 vs. CON in the same perfusion 
group. 

When exposing the CON hearts to a high FA load prior to mitochondrial isolation, Vmax was 

significantly reduced, accompanied by a small but not significant reduction in V0. As the reduction in 

Vmax was more pronounced than V0, RCR was lowered in mitochondria from hearts perfused with 

high FAs (palmitate; p<0.05, pyruvate; p=0.067) (Figure 2), while ADP/O was unchanged (2.32 ± 

0.03 and 2.16 ± 0.02, pyruvate and palmitate, respectively).  In contrast to CON, high FA load did 

not impair either coupled (Vmax) or uncoupled (V0) respiration in mitochondria from DIO hearts, 

regardless of substrate conditions, leaving RCR unaltered (Figure 2). Nor was ADP/O altered by high 

FAs in DIO (2.32 ± 0.06 and 2.11 ± 0.04, pyruvate and palmitate, respectively). 

3.4 Mitochondrial protein acetylation and myocardial ROS content 

The effect of different FA concentrations on the lysine acetylation of mitochondrial proteins was also 

examined. In these experiments, we included hearts perfused with the same BSA-containing buffer, 

but without FA (NoF). Mitochondria from DIO hearts showed a near 2-fold higher protein acetylation 

than those from CON hearts, when perfused in absence of FAs (Figure 3A). Increasing FA 

concentration in the perfusate, resulted in a dose-dependent increase in protein acetylation in CON 

hearts (Figure 3B). However, the presence of FAs did not alter acetylation in DIO hearts. Gene 

expression analysis of tissue from these hearts revealed that perfusion with high FA load did not 

alter the mRNA expression of sirtuin 3 or GCN5L1 (data not shown). 

Under low FA conditions we found elevated ROS levels in LV tissue from DIO compared to CON 

hearts (Figure 3C). However, subjecting hearts to the high FA load significantly increased ROS levels 

in CON hearts, whilst DIO hearts showed a resistance to FA-induced increase in ROS.  
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Figure 3. Overall mitochondrial protein lysine-acetylation and myocardial ROS content in control (CON) and 
diet-induced obese (DIO) mouse hearts. A: Protein acetylation in mitochondria isolated from CON and DIO 
hearts perfused without fatty acids (NoF, n=6). B: Protein acetylation in mitochondria isolated from hearts 
following perfusion without fatty acids (NoF, hatched bars, n=6), with low fatty acid (LF, open bars, n=6) or high 
fatty acid (HF, closed bars, n=6) concentration. C: Myocardial ROS content (n=6-7) in CON and DIO hearts was 
assessed as fluorescence intensity in left ventricular cryosections with dihydroethidium staining, and the data 
was normalized to low FA-perfused CON hearts. Data were normalized to NoF. Data are means  ±  SE. *p < 0.05 
vs.low FA. #p < 0.05 vs. CON in the same perfusion group. 

3.5 Susceptibility to ischemic injury 

Ischemic tolerance was examined in Langendorff perfused hearts, as this perfusion mode is a robust 

technique for examining myocardial ischemic tolerance. It should be noted, however, that this mode 

is less sensitive for picking up LV functional changes [30]. Accordingly, using this perfusion mode we 

did not find differences in pre-ischemic function between CON and DIO hearts when perfused under 

low FA conditions (Table 3), even though dysfunction was evident in DIO hearts in the working mode. 

On the other hand, a significantly lower heart rate was observed in high FA-perfused DIO hearts 

when compared to CON. However, as the lower heart rate was accompanied by higher LV developed 

pressure (LVDP), the resulting pre-ichemic rate-pressure product (RPP) was similar to the other 

experimental groups (Table 3).  
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Table 3. Pre- and post-ischemic left ventricular function in isolated Langendorff perfused hearts from control 
(CON) mice and diet-induced obese (DIO) mice, perfused with low and high fatty acid (FA) levels. 

CON Low FA  
(n=14) 

CON High FA 
(n=14) 

pre-ischemia post-ischemia %recovery pre-ischemia post-ischemia %recovery 
Heart rate (bpm) 296 ± 8 284 ± 9 96 ± 3 320 ± 10 256 ± 17 89 ± 4 
CF (mL/min) 3.0 ± 0.2 2.0 ± 0.2 65 ± 4 3.1 ± 0.2 2.0 ± 0.2 63 ± 4 
LVDP (mmHg) 134 ± 7 76 ± 5 58 ± 4 126 ± 7 61 ± 8 49 ± 6 
dP/dtmax (mmHg/sec) 4847 ± 340 2764 ± 283 58 ± 4 4416 ± 333 2301 ± 367 53 ± 7 
dP/dtmin (mmHg/sec) -3377 ± 160 -1969 ± 159 59 ± 4 -3132 ± 133 -1617 ± 217 51 ± 6 
RPP (mmHg*bpm) 39702 ± 2486 20968 ± 1638 55 ± 1 40123 ± 2409 17979 ± 2192 45 ± 5 

DIO Low FA 
(n=15) 

DIO High FA 
(n=12) 

pre-ischemia post-ischemia %recovery pre-ischemia post-ischemia %recovery 
Heart rate (bpm) 293 ± 10 261 ± 15 89 ± 5 279 ± 12 # 292 ± 11 * # 106 ± 4 * # 
CF (mL/min) 3.5 ± 0.2 2.6 ± 0.2 # 74 ± 5 3.5 ± 0.2 2.4 ± 0.2 70 ± 4 
LVDP (mmHg) 147 ± 11 64 ± 10 42 ± 6 152 ± 7 # 80 ± 6 53 ± 6 
dP/dtmax (mmHg/sec) 5413 ± 483 2259 ± 388 41 ± 6 5514 ± 420 2899 ± 161 55 ± 7 
dP/dtmin (mmHg/sec) -3712 ± 237 -1641 ± 225 42 ± 5 -3878 ± 251 # -2019 ± 116 54 ± 6 
RPP (mmHg*bpm) 42034 ± 3465 16528 ± 2661 38 ± 6 # 42042 ± 2414 23069 ± 1226  56 ± 3 * 

Data are means ± SE. Left ventricular (LV) function was assessed using a fluid-filled balloon where the end-
diastolic pressure was adjusted to be between 5 and 10 mmHg. Post-ischemic functional recovery is calculated 
as % of pre-ischemic values. CF; coronary flow, LVDP; LV developed pressure, dP/dtmax and dP/dtmin; maximum 
positive and negative first-time derivative of LV pressure, respectively, RPP; rate-pressure product (LVDP x 
heart rate). *P < 0.05 vs low FA. #p < 0.05 vs. CON in the same perfusion group. 

The hearts were subjected to 25 minutes of no-flow ischemia followed by reperfusion, with post-

ischemic LV function assessed until maximum recovery. Functional recovery (expressed as % of the 

pre-ischemic values) showed that under low FA conditions, DIO hearts exhibited impaired recovery of 

RPP (Figure 4, Table 3), which was mainly due to a lower recovery of LVDP (Table 3). Corroborating 

this, infarct size was also greater in DIO hearts under these conditions.  

Exposing CON hearts to high FA levels did not significantly impair functional recovery, nor was infarct 

size increased (Figure 4, Table 3). In contrast, and to our surprise, FA load was found to significantly 

improve post-ischemic recovery in DIO hearts, which was evident both due to a significant 

improvement in heart rate, as well as RPP. In line with an improved post-ischemic functional 

recovery, infarct size was also reduced following the high FA load in DIO hearts (Figure 4). Notably, 

although DIO hearts showed lower ischemic tolerance when compared to CON hearts when perfused 

under low FA conditions, there were no significant differences both with regard to post-ichemic 

functional recovery and infarct size between DIO and CON under high FA-perfusion (Figure 4). 
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Figure 4. Rate-pressure product (RPP), the calculated post-ischemic recovery (% of pre-ischemic RPP values) 
and infarct size in isolated perfused hearts from control (CON) and diet-induced obese (DIO) mice. Hearts were 
subjected to perfusion with a low (open circle and bars) or high FA concentration (closed circle and bars). Data 
are means  ±  SE of 12-15 in each group. *p < 0.05 vs. low FA. #p < 0.05 vs. CON in the same perfusion group. 

4. Discussion

As both physiological and pathophysiological stresses can lead to high circulating levels of fatty acids 

(FAs), we examined how a high, compared to a low, FA exposure affected hearts from normal and 

diet-induced obese (DIO) mice. While high FA load increased myocardial reactive oxygen species 

(ROS), reduced mitochondrial function and augmented mitochondrial protein acetylation in normal 

hearts, these effects were not found in obese hearts. We also found that FA-mediated oxygen 

wasting and mechanical inefficiency was present in normal hearts, but not in hearts from obese 

mice. Finally, while high FAs did not affect ischemic tolerance in controls, we found, to our surprise, 

increased ischemic tolerance when DIO hearts were exposed to high FAs. These findings clearly show 

that a high FA load affects normal and obese hearts differently, which may suggest that dyslipidemia 

and the chronic FA exposure may render DIO hearts less vulnerable to the disadvantageous effects of 

an acute FA load.  
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4.1 High FA load in normal hearts 

In normal hearts, elevation of FAs has been reported to be associated with a range of cardiac effects. 

High FA supply decreases mechanical efficiency, due to an increase in myocardial oxygen 

consumption (MVO2) [5, 16, 31]. This FA-mediated oxygen wasting is commonly attributed to the 

obligatory increase in myocardial FA oxidation, as the oxidation of FAs requires more oxygen for the 

same amount of ATP produced, compared to glucose. There is, however, evidence that the increased 

O2 cost for FA oxidation per se is negligible, as inhibition of myocardial FA oxidation does not abolish 

the increase in MVO2 when hearts are perfused with high FAs [31, 32]. The FA-mediated increase in 

MVO2 is primarily linked to increased work-independent MVO2 [16, 31], due to an increase in the O2 

cost of both excitation-contraction (EC) coupling and basal metabolism (BM) [31]. Accordingly, FA-

mediated O2 wasting is likely linked to changes in mitochondrial energetics and/or changes that 

increase the energy expenditure for processes associated with EC coupling.  

In cardiomyocytes, FAs have been shown to decrease the amplitude and decay rate of the Ca2+ 

transients [17]. This is likely due to modifications of Ca2+ handling proteins such as the ryanodine 

receptor (RyR) and sarcoplasmic Ca2+ATPase (SERCA). FAs also increase ROS production and alter the 

redox balance [17, 33]. Thus, as the majority of energy used in EC coupling is related to myocardial 

Ca2+ homeostasis, the higher O2 cost of EC coupling following high FAs, is likely mediated by a redox-

linked modification of Ca2+ handling proteins [18], although the exact underlying mechanisms remain 

to be uncovered. 

We demonstrate that high FAs increased mitochondrial protein acetylation. As this occurred despite 

an increase in FA oxidation rate, the augmented acetylation is likely driven by a mismatch between 

the supply and oxidation of FAs, causing an accumulation of acetyl-CoA. Increased lysine acetylation 

has been associated with Complex I impairment [34], which could explain the FA-mediated decrease 

in oxidative phosphorylation (OxPhos). In support of this, Boudina et al. reported that skinned 

cardiac fibers from hearts perfused with high FAs (when compared to no FAs), showed reduced 

OxPhos when pyruvate (but not when palmitate) served as substrate [6]. The present study shows 

that perfusion with a high FA concentration (compared to low) decreased both pyruvate- and 

palmitate-driven OxPhos, and reduced the mitochondrial coupling efficiency.  

4.2 High FA load in DIO hearts 

The diet-induced obese (DIO) mice used in the present study resemble a pre-diabetic state that is 

typically characterized by obesity, elevated circulating free FA levels and insulin resistance [26, 27, 

30]. In accordance with our previous studies, left ventricular (LV) pressure-volume recordings 

revealed that these hearts primarily develop diastolic dysfunction [26, 27, 30]. Under normal/low FA 
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conditions they also display mechanical inefficiency, due to an increased MVO2, which is also present 

when they are perfused in an unloaded condition [26, 27].  

The increased O2 consumption may be related to a range of factors, such as altered substrate 

utilization, lipotoxicity, altered mitochondrial energetics and increased oxidative stress, as well as 

structural remodeling and inefficient Ca2+ transport, which has been reviewed in detail by Hafstad et 

al. [35]. Accordingly, DIO hearts showed increased ROS, higher FA oxidation rates and impaired 

mitochondrial respiration, together with augmented O2 cost for EC coupling and BM. Although some 

of the changes induced by chronic FA exposure seem to resemble effects caused by the acute high 

FA load in normal hearts, they are not comparable, as long-term exposure to high circulating lipid 

levels causes a metabolic remodeling, making these heart uniquely adapted to handle high FAs, as 

discussed in the following section. 

Although a high FA load neither improved nor impaired the LV function of perfused DIO hearts when 

compared to a low FA condition, there are reports showing that FAs improve cell shortening and Ca2+ 

transients in cardiomyocytes from obese and type 2 diabetic mice when compared to conditions 

where FAs are absent [17, 33]. Likewise, increased LV function has also been reported when FAs 

were added to the perfusate in isolated hearts from experimental models of diet-induced obesity 

[36] and type 2 diabetes [33]. This effect was particularly evident in hearts and cardiomyocytes 

subjected to metabolic (hyperglycemia) and/or adrenergic stress, where the improved function was 

linked to a FA-mediated increase in the content of reduced glutathione (GSH) and augmented 

mitochondrial ROS scavenging capacity [33, 37]. These findings suggest that FAs may be crucial in 

order to ensure a sufficient supply of reducing equivalents to prevent unfavorable ROS production 

and impaired energetics [33], and that the metabolic inflexibility in obese/diabetic hearts may render 

them energy starved when omitting FAs in experimental settings of increased work [38].  

In accordance with a study by Cole et al. [5] using hearts from DIO rats, high FAs (compared to low 

FAs) did not alter LV mechanical efficiency in DIO mice in the present study. We have also shown that 

high FAs neither altered unloaded MVO2 nor the O2 cost for EC coupling and BM in DIO hearts, in 

accordance with a previous study on hearts from type 2 diabetic db/db mice [29]. Contrary to control 

hearts, high FAs did not increase mitochondrial protein acetylation in DIO hearts. This suggests that 

DIO hearts have higher capacity to handle the increase in acetyl-CoA that follows the sudden 

increase in FA load, and may have contributed to preserve mitochondrial respiration and coupling 

efficiency in high FA-perfused DIO hearts. Additionally, we did not find high FAs to exacerbate 

myocardial ROS accumulation, which corroborates findings in cardiomyocytes from ob/ob hearts, 

showing a resistance to a FA-mediated increase in mitochondrial ROS emission [17].  
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4.3 The effect of acute FA load on ischemic tolerance in normal and obese hearts 

Acute myocardial infarction is reported to be accompanied by increased circulating FA levels [15], 

which is due to a hyper-adrenergic state, leading to increased lipolysis in white adipose tissue. Thus, 

the exposure to an acute high FA load poses an additional challenge in the hypoxic state, where FA-

mediated O2 wasting could be particularly detrimental. Accordingly, high FA-perfused rat hearts have 

been reported to have impaired post-ischemic functional recovery when compared to hearts 

perfused without FAs [19-23]. Similarly, a recent study, which also used normal rat hearts, showed 

that increasing the FA concentration from 0.4 to 1.2 mM, reduced post-ischemic function and 

increased infarct size [20]. In contrast to this, high FAs did not exacerbate ischemic injury in normal 

hearts in the present study. Although the reason for this discrepancy is not clear, it may be related to 

differences in species, or more likely the severity of the ischemic insult. As the aim of this study 

primarily was to examine the effects of high FA load in obese hearts, the duration of ischemia may 

have been too short to unmask the disadvantageous effects of high FA levels in the control hearts. 

Although clinical evidence indicates that obesity/diabetes sensitizes the human heart to ischemia-

reperfusion injury, in vivo studies on myocardial ischemic tolerance in preclinical models remain 

somewhat  ambiguous. It should be noted that despite the fact that FAs are the preferred substrate 

for the heart, the majority of in vitro studies using diabetic or DIO models have used glucose as the 

sole substrate, and decreased [39-41], unchanged [42-44] and even increased [45-48] ischemic 

tolerance have been reported. Although this inconsistency has been linked to the severity of the 

model [44, 47, 49], it does not seem to be the sole explanation as the divergence remains in older or 

long-term fed animals [43, 45, 50, 51]. The present and previous studies have reported decreased 

ischemic tolerance when obese and/or diabetic hearts are perfused with low levels of FAs [27, 28], 

which suggests that under these conditions, these hearts have higher susceptibility to ischemic 

injury. On the other hand, and to our surprise, the present study also shows that high FA levels did 

not worsen, but rather improved the ischemic outcome in DIO hearts. This contrasts du Toit et al., 

reporting decreased ischemic tolerance with high FAs in DIO rat hearts when compared to a 

condition of no FAs [19]. On the other hand, hearts from type 1 diabetic rats have been reported to 

show improved post-ischemic functional recovery when high levels of FAs are present as compared 

to absent [52]. The present study is, to our knowledge, the first to examine the effect of high FAs on 

ischemic tolerance in hearts from obese mice, by comparing this to a more physiological condition 

with low FA levels. Our findings and the conflicting previous observations, highlight a need for more 

awareness and focus on experimental conditions in order to foster our understanding within this 

field. In addition, due to metabolic inflexibility and high dependence on FA oxidation, we should 
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question when or if omitting FAs in experiments is justifiable, when studying obesity/diabetes related 

cardiac disease.  

4.4 Concluding remarks 

Several physiological and pathophysiological conditions are known to be associated with increased 

circulating levels of FAs. Under physiological conditions, FA-induced ROS and acetylation may have 

signaling roles in the adaptation, whereby the FA oxidation capacity is enhanced and the 

mitochondrial machinery changed, so that it can match the shift to the high FA supply. Although this 

gives rise to an increase in MVO2 (due to reduced mitochondrial efficiency and/or enhanced energy 

expenditure), it does not necessarily have any functional consequences, unless these hearts are also 

challenged by pathophysiological stress, such as myocardial infarction, as summarized in Figure 5.  

Figure 5. Fatty acid (FA)-mediated changes in normal 
and obese hearts. Under an acute physiological or 
pathophysiological stress, such as myocardial 
infarction, the heart will be subjected to an acute FA-
load (red arrows), due to adrenergic activation of 
hormone-sensitive lipase (HSL) and subsequent 
increased lipolysis in white adipse tissue (WAT). In 
normal hearts, this high FA load is considered 
unfavorable due to FA-mediated changes in myocardial 
oxygen consumption (MVO2), mechanical efficiency, 
ROS production and mitochondrial (mt-) energetics. In 
obesity and insulin resistance, a lack of the insulin-
induced inhibition of the HSL in WAT, leads to 
sustained elevation in circulating FA levels (green 
arrows). The sustained high FA concentration will 
contribute to metabolic remodeling of these hearts, 
which we propose also will lead to adaptive changes, 
making these hearts capable of handling an acute FA-
load without the subsequent FA-mediated alterations. 
Finally, while high FA load can reduce ischemic 
tolerance in normal hearts, the high FAs will not 
represent an additive stress in obese hearts.  

In obesity and type 2 diabetes, dyslipidemia is likely to induce similar myocardial changes, however, 

as FA load is persistent, adaptive changes may eventually become maladaptive and contribute to the 

development of cardiomyopathy. Nevertheless, emerging data suggests that in these hearts, FAs are 

crucial for maintaining redox status and providing reducing equivalents, and hence are central in 

redox regulation of mitochondrial energetics and calcium handling. We suggest that this metabolic 
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remodeling makes these hearts capable of handling an acute FA load, so that upon myocardial 

infarction, the accompanying high FAs will not represent an additive stress (Figure 5). Although the 

therapeutic potential of targeting FAs remains to be determined, this study points towards a need of 

focusing on the importance of FAs as being more than just substrate to the heart. It also indicates 

that in contrast to in normal hearts, an acute FA load does not cause an aggravation of injury in 

obese hearts, and that other factors might contribute to the worsened ischemic outcome in obese 

patients. 

5. Conclusion

In conclusion, this study confirms that exposure of normal hearts to high (as compared to low) FA 

levels, not only increases FA oxidation rate, but also induces oxygen wasting, mechanical inefficiency, 

increased ROS content, hyper-acetylation and reduced oxidative phosphorylation. However, hearts 

from diet-induced obese mice showed a resistance to these FA-mediated changes. In addition, we 

found that high FA levels do not impair, but rather increase functional recovery and reduce infarct 

size, normalizing ischemic tolerance in these hearts. We therefore suggest that although chronic 

dyslipidemia may have a causative role in diabetes-/obesity-mediated cardiomyopathy, these hearts 

undergo adaptive changes that make them able to handle an acute FA load.   
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Abstract 

Although angiotensin II (AngII)-induced heart failure has been extensively studied 

preclinically, the effect of AngII on cardiac energetics and substrate utilization is less known. 

Hence, the present study aimed to examine the effects of treatment with a low (slow-pressor) 

dose of AngII on cardiac substrate utilization, myocardial oxygen consumption and 

efficiency. AngII is a known activator of NOX2, thus in addition to normal (wild type, WT) 

male mice, we also examined male and female mice with a cardiac-specific overexpression of 

NOX2 (TG). Methods. Mice were treated with saline or AngII (400 ng/kg/min) using micro-

osmotic pumps for 2 weeks. Blood pressures (plethysmography) and in vivo cardiac function 

(echocardiography) were measured at baseline, 1 week and/or 2 weeks. Ex vivo cardiac 

function, myocardial substrate utilization and cardiac mechanical efficiency (cardiac 

power/MVO2) was assessed in isolated perfused working hearts. Results. Both WT and TG 

male mice developed elevated systolic blood pressure and cardiac hypertrophy following 

AngII treatment. While left ventricular (LV) function was preserved in AngII-treated WT 

male mice, cardiac-specific overexpression of NOX2 caused an AngII-induced decrease in 

ejection fraction and fractional shortening, as well as increased E/E’, signifying systolic and 

diastolic heart failure. Male TG mice also displayed a shift in cardiac metabolism, showing an 

increased glucose oxidation compared to WT. Female TG mice displayed increased systolic 

blood pressures after 2 weeks of AngII treatment, however neither WT nor TG female mice 

displayed pathologic traits following AngII treatment, i.e. no hypertrophy, cardiac 

dysfunction or shift in substrate utilization. Conclusion. A slow-pressor dose of 400 

ng/kg/min of AngII causes hypertrophy with preserved function, cardiac substrate utilization 

and oxygen consumption in WT males. NOX2 overexpression exacerbates the pathology, 

with TG males showing cardiac failure and a shift in substrate utilization. Females seem to be 

protected from the detrimental effects of AngII and NOX2 overexpression.  
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Introduction 

Activation of the renin-angiotensin system and subsequent increased levels of angiotensin II 

(AngII) is associated with the development of heart failure. AngII causes sodium and water 

retention, vasoconstriction, and therefore hypertension, but it also has a direct effect on 

cardiomyocytes, affecting fibrosis, cell growth, hypertrophy, apoptosis and autophagy [1-3]. 

Therefore, AngII plays an important role in cardiac remodelling and the development of 

cardiac dysfunction through both systemic and local processes.  

In experimental studies of AngII-mediated heart failure, the AngII dose and treatment 

protocols are highly variable. High doses (i.e. pressor doses of >1000 ng/kg/min) typically 

cause an overt hypertension and hypertrophy [4-6], creating severe models of heart disease 

and possibly cachexia. Lower doses (particularly those of ≤ 500 ng/kg/min), will cause an 

initial prehypertensive period characterized by autopotentiation to AngII, and subsequent 

development of hypertension, depending on the duration of treatment [7; 8]. Consequently, 

the doses are labelled depending on their ability to induce a pressor response. Although the 

phenotypic changes are easily studied in models using pressor doses, lower doses (no-, sub- or 

slow-pressor doses) are required in order to study the initial effect of AngII, without 

introducing confounding disease factors that may mask the direct effects of AngII. 

Additionally, although the suppression of the renin-angiotensin system is an important 

medical therapy in heart failure patients, there is still progression of failure, even in optimally 

treated patents. Thus, investigating the development of early AngII-induced disease can be an 

important step in order to discover relevant treatment options and novel therapies.  

Altered substrate metabolism and loss of metabolic flexibility is a common trait in heart 

failure. In addition, decreased cardiac efficiency is an early hallmark of the failing heart, often 

preceding development of severe cardiac dysfunction [9; 10]. Although it is well known that 

AngII alters structural remodelling in the cardiomyocyte, its effect on the cardiac metabolic 

remodelling is less clear. There is evidence showing that the prevention of metabolic 

alterations in the failing heart is beneficial [11], thus studying the metabolic adaptations and 

possible maladaptations in early AngII-induced disease could provide important insight into 

the therapeutic potential.  

A common mediator of AngII-induced processes is production of reactive oxygen species 

(ROS) [3]. Although there are several sources of ROS in cardiomyocytes, studies have 

confirmed that nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase 2 (NOX2) is 



3 
 

a crucial contributor to AngII-induced ROS production in the pathogenesis of heart failure 

[12-14].  

The aim of the present study was therefore to examine the effects of a slow-pressor dose of 

AngII (400 ng/kg/min) on cardiac function, substrate utilization and efficiency. Additionally, 

in order to examine the role of NOX2 in the AngII-induced cardiac changes, we also included 

mice with cardiac-specific NOX2 overexpression. As there are sex differences in heart failure, 

transgenic mice of both sexes were included in this study.  

Materials and methods  

In the present study we used 11-week-old male C57BL/6J mice (Charles River Laboratories, 

Germany), in addition to age-matched male and female wild type (WT) and transgenic mice 

(TG) with a cardiac-specific overexpression of nicotinamide-adenine dinucleotide phosphate 

(NADPH) oxidase 2 (NOX2) (csNOX2, obtained from King’s College in London). TG mice 

were created on a C57BL/6J background by cloning a 1.8 kb human NOX2 cDNA 

downstream of the myosin light chain-2 (MLC-2v) promoter, prior to injection into fertilized 

oocytes [14]. The expression of the NOX2 protein is approximately five times higher in 

csNOX2 TG mice than in WT, however basal NOX2 activity and cardiac phenotype is 

unaltered [14].  

All mice were acclimatized to the animal facilities for one week and kept on a 12:12 hour 

reversed light: dark cycle, in a room with a constant temperature of 21⁰C and 55 % humidity. 

The animals were given ad libitum access to a normal chow diet and water, and were 

otherwise treated in accordance with the guidelines on accommodation and care of animals 

given by the European Convention for the Protection of Vertebrate Animals for Experimental 

and Other Scientific Purposes. Experiments were done in our laboratory at the University of 

Tromsø – The Arctic University of Norway, and were approved by the Animal Welfare 

Committee at the university and the Norwegian Food Safety Authority (FOTS id: 7435).  

Following acclimatisation, the C57BL/6J were divided into two groups of 10 mice; one group 

was treated with 400 ng/kg/min angiotensin II (AngII) (A9525, Sigma Aldrich), which is 

considered to be a slow-pressor dose [7; 15], and the other group was treated with saline 

(vehicle). Micro-osmotic pumps (Model 1002, Alzet, California, USA) were inserted 

subcutaneously and the treatment lasted for 2 weeks. Animals were given a standard volume 

of 100 µl of saline or AngII according to body weight. Prior to pump implantation, animals 
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were given buprenorphine as an analgesic. In the follow up study, WT mice (6 males and 6 

females) and csNOX2 TG mice (6 males and 6 females) were treated using the same AngII 

treatment regimen.  

Echocardiography and blood pressure measurements. Echocardiographic measurements 

were done at baseline and repeated after two weeks. Animals were lightly anaesthetized with 

isoflurane (1.5-2% isoflurane), while lying in a supine position on a heated platform [16]. 

Measurements were obtained and analysed from parasternal short-axis M-mode (study 1), 

and, for a more comprehensive examination, apical four-chamber Doppler images (study 2), 

as previously described [16]. A blinded operator imaged all mice and performed the 

subsequent analyses.  

Blood pressures were obtained using tail-cuff plethysmography (Coda High Throughput Non-

Invasive Blood Pressure System, Kent Scientific, Connecticut, USA) on alert animals. Blood 

pressures were measured after two weeks of treatment (study 1) or weekly, in order to follow 

the development of hypertension (study 2).  

Isolated heart perfusions. The day after the final echocardiographic and blood pressure 

measurements, animals were given an intraperitoneal injection of pentobarbital and heparin, 

and hearts were excised prior to being perfused in an isolated working heart mode, to assess 

left ventricular function, and measure myocardial substrate utilization, myocardial oxygen 

consumption (MVO2) and mechanical efficiency (defined as the ratio between cardiac power 

and MVO2). The animals were all weighed before being euthanized, and the heart weight was 

registered after perfusions were completed. Tibias were collected from all the animals, and 

samples for mRNA isolation and quantification were taken from the left ventricle after the 

perfusions.  

A modified Krebs-Henseleit buffer containing 5 mM of glucose and 0.4 mM of palmitate was 

used. The buffer also contained 14C-labelled glucose and 3H-labelled palmitate prebound to 

albumin in order to measure fatty acid and glucose oxidation rates [17]. Preload and afterload 

pressures were kept at a constant standardized level throughout the protocol (10 mmHg and 

55 mmHg respectively). A pressure catheter (Codman Microsensor, DePuy Synthes Co, 

Massachusetts, USA) was placed in the aortic line close to the heart, measuring pressure 

development in the ejected buffer. Data was obtained and analysed using LabChart 7Pro 

software (ADInstruments, Bella Vista, Australia). 
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Fibre-optic O2 sensors (FOXY-AL 300; Ocean Optics, Duiven, Netherlands) were placed in 

the buffer flow above the aorta (i.e. in the buffer entering the coronary vessels) and in the 

pulmonary trunk (in the buffer leaving the heart), to obtain the arterial-venous difference in 

PO2, in order to measure MVO2 [18].  

Real-time quantitative PCR. Left ventricular tissue from perfused hearts was immersed in 

RNAlater (Qiagen, Hilden, Germany), and total RNA was extracted according to the RNeasy 

Fibrous Tissue kit Protocol (Qiagen Nordic, Norway). Real-time qPCR analysis was 

performed on tissue samples using an ABI PRISM 7900 HT Fast real-time thermal cycler as 

previously described [19]. Details about primer/probes sequences are given in supplemented 

data.  

Statistics. The results are presented as means ± standard error of means in tables, line charts 

and column bar graphs. In order to compare differences between groups or individuals, 

unpaired and paired Student’s t-tests were performed, respectively. 
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Results 

Study 1 

Hypertrophy and in vivo cardiac function. Two weeks of angiotensin II (AngII) treatment 

(400 ng/kg/min) did not alter body weight in C57BL/6J males (24.3 ± 0.4 vs 24.4 ± 0.3 g in 

vehicle and AngII, respectively). Echocardiographic examination revealed that AngII 

treatment induced an increase in left ventricular (LV) mass and wall thickness, indicating 

AngII-induced cardiac hypertrophy. This was confirmed by a higher heart weight and an 

increase in the mRNA expression of brain natriuretic peptide (bnp) and atrial natriuretic factor 

(anf) in the AngII group (Figure 1).  

Figure 1. Heart weight, hypertrophic gene 

expression and echocardiographic left 

ventricular mass and wall thickness in 

hearts from C57BL/6J mice treated with 

saline (vehicle, n=7-10) or angiotensin II 

(AngII, n=7-10) for 2 weeks. HW/TL: 

heart weight to tibia length ratio, bnp/hprt: 

brain natriuretic peptide to hypoxanthine 

guanine phosphoribosyl transferase ratio, 

anf/hprt: atrial natriuretic factor to hprt 

ratio, LVPW;d and LVPW;s: left 

ventricular posterior wall in diastole and 

systole respectively. Data are means ± 

SEM. # p < 0.05 compared to vehicle. 

 

In vivo echocardiography revealed an increase in diastolic LV internal diameter (LVID;d), 

and subsequently end-diastolic volume (EDV) was also increased. However, AngII treatment 

was not found to alter in vivo LV function, and ejection fraction (EF) and fractional 

shortening (FS) were unaltered (Table 1).  
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Table 1. In vivo left ventricular function assessed by transthoracic echocardiography in mice 

treated with angiotensin II (AngII) or saline (vehicle) for 2 weeks. 

 
Vehicle AngII 

Baseline 2 weeks Baseline 2 weeks 

n 7 7 7 7 

Heart rate (BPM) 460 ± 21 451 ± 13 470 ± 9 458 ± 19 

LVID;d (mm) 3.7 ± 0.1 3.9 ± 0.1 3.7 ± 0.1 4.0 ± 0.1* 

LVEDV (μL) 57 ± 3 65 ± 4 59 ± 3 69 ± 2 * 

FS (%)  37 ± 1 36 ± 1 36 ± 1 36 ± 2 

EF (%) 67 ± 1 67 ± 2 66 ± 2 66 ± 3 

Data are means ± SEM. LVID;d, left ventricular (LV) internal diameter in diastole; EDV and ESV, 

end-diastolic and end-systolic volumes; FS, fractional shortening; EF, ejection fraction. * p < 0.05 

compared to baseline. 

 

Substrate utilization and myocardial oxygen consumption. AngII treatment did not alter 

myocardial oxygen consumption (MVO2) or mechanical efficiency (Figure 2). Also, 

myocardial glucose and fatty acid (FA) oxidation was not altered by AngII treatment (Figure 

2). This was supported by unchanged gene expression of markers of metabolic 

reprogramming, such as peroxisome proliferator-activated receptor α (pparα), cd36, protein 

pyruvate dehydrogenase kinase 4 (pdk4) and hexokinase (hk) (Table S1).  
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Figure 2. Myocardial oxygen consumption, mechanical efficiency and substrate utilization assessed in 

isolated perfused working hearts from C57BL/6J mice treated with saline (vehicle, n=6-7) or 

angiotensin II (AngII, n=9) for 2 weeks. MVO2; myocardial oxygen consumption, GlucOx; glucose 

oxidation, FAox; fatty acid oxidation. Data are means ± SEM. 

Taken together, 2 weeks of treatment with a slow-pressor dose of AngII induced hypertrophy 

with preserved left ventricular function and unaltered myocardial metabolism in heart from 

normal male mice.  
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Study 2 

As AngII activation of NADPH oxidase 2 (NOX2) has been demonstrated to be central in the 

progression of several forms of heart failure [3], we also treated cardiac-specific NOX2 

overexpressing (csNOX2 TG) male and female mice, to accelerate the development of AngII-

induced cardiac dysfunction. Prior to AngII treatment, these animals show similar body 

weight, blood pressure, cardiac morphology and function to wild type (WT) mice in both 

sexes. AngII treatment did not cause any differences in body weight gain between WT and 

TG males (27.2 ± 0.8 vs 27.0 ± 0.7 g in WT and TG, respectively) or females (21.3 ± 0.3 vs 

20.6 ± 0.3 g in WT and TG, respectively). 

Blood pressure, hypertrophy and in vivo cardiac function. Two weeks of AngII treatment 

increased systolic blood pressure (SBP) in both WT and in TG males (Figure 3), however, the 

pressure increase was significant already after the first week treatment in the TG mice. The 

AngII treatment also caused an increase in the mean blood pressure (MBP) in the male TG 

(71.9 ± 1.6 to 89.7 ± 3.8 mmHg at baseline and 2 weeks respectively, p<0.05), but not in WT 

(77.2 ± 3.0 to 86.0 ± 2.6 mmHg). Notably, systolic and mean pressures did not differ 

significantly between groups after two weeks of treatment. 
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Figure 3. Heart weight, echocardiographic left ventricular (LV) mass and wall thickness, and systolic 

blood pressure in male (A) and female (B) wild type (WT) and cardiac-specific NOX2 transgenic (TG) 

mice prior to (baseline) and following 2 weeks of angiotensin II treatment (AngII-2W). HW/TL; heart 

weight to tibia length ratio, LV mass/BW; LV mass to body weight ratio, LVPW;d; left ventricular 

posterior wall in diastole, SBP; systolic blood pressure. Data are means ± SEM of n=4-6. * p < 0.05 

compared to baseline, # p < 0.05 compared to WT.  
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In TG females SBP also increased after 2 weeks of AngII treatment. In contrast, AngII 

treatment did not alter SBP in the WT female mice (Figure 3). MBP was unaltered in both 

WT and TG female mice (87.4 ± 1.1 to 84.9 ± 2.0 mmHg in WT and 86.1 ± 4.9 to 99.1 ± 7.0 

mmHg in TG). 

In line with study 1, AngII treatment induced cardiac hypertrophy in WT and in TG male 

mice, as there was an increase in LV wall thickness, LV mass and LV mass adjusted to body 

weight (Figure 3). Although female mice also displayed elevated LV wall thickness and LV 

mass, this was attributed to an overall increase in body weight, resulting in unaltered LV 

mass/body weight ratio (Figure 3). 

NOX2 overexpression in the heart did not exacerbate the AngII-induced hypertrophy (Figure 

3), as indicated by unchanged heart weights (Figure 3) and gene expression of bnp and anf 

(Table S2). Moreover, there was no difference in LV wall thickness either (Figure 3). 

However, the ratio between end-diastolic volume and LV mass was elevated in TG male mice 

(0.59 ± 0.05 vs 0.74 ± 0.04 µl/mg in WT and TG, respectively, p < 0.05), signifying an 

eccentric hypertrophy with dilation and increased intracardial volume. Thus, although 

hypertrophy was not exacerbated per se, the hypertrophic phenotype was aggravated, 

signifying progression of disease in the transgenic males. In female mice, on the other hand, 

the volume/LV mass ratio did not differ between the two groups (0.73 ± 0.02 vs 0.76 ± 0.02 

µl/mg in WT and TG, respectively), indicating a sex-dependent difference of the AngII-

induced cardiac effects following NOX2 overexpression in the heart. 

AngII treatment increased the systolic LV internal diameter (LVID;s) in TG but not WT male 

mice. This led to a decrease in FS in TG mice (Figure 4). Similarly, only TG male mice 

showed an increase in end-systolic volume (ESV) (Figure 4), resulting in a decreased EF 

(Table 2). Similar changes were not found in females (Figure 4 and Table 3), suggesting that 

females are less sensitive to the NOX2-mediated aggravation of AngII-induced systolic 

dysfunction.  
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Figure 4. In vivo left ventricular 

function assessed by transthoracic 

echocardiography in male (A) and 

female (B) wild type (WT) and cardiac-

specific NOX2 transgenic (TG) mice at 

baseline and following 2 weeks of 

angiotensin II treatment (AngII-2W). 

ESV; end-systolic volume, FS; 

fractional shortening, E/E’; ratio of 

velocity of early ventricular filling to 

early diastolic mitral annular velocity. 

Data are means ± SEM of n=4-6. * p < 

0.05 compared to baseline, # p < 0.05 

compared to WT. 

 

AngII was also found to increase the E/E’ ratio by 18.5 % in male TG mice (Figure 4). As 

elevation of the E/E’ ratio indicates increased LV filling pressure and decreased compliance, 

these data suggest a more advanced disease state in TG males. There were no differences in 

diastolic function when comparing WT and TG females (Figure 4 and Table 3).  

Table 2. In vivo left ventricular function assessed by transthoracic echocardiography in male 

wild type (WT) and cardiac-specific NOX2 transgenic (TG) mice prior to (baseline) and after 

2 weeks of angiotensin II (AngII) treatment. 

Males - AngII WT TG 

Baseline 2 weeks Baseline 2 weeks 

n 4 6 6 5 

Heart rate (BPM) 491 ± 12 530 ± 22 479 ± 6 515 ± 13 * 

LVID;d (mm) 4.06 ± 0.05 3.98 ± 0.14 4.17 ± 0.06 4.31 ± 0.17 

LVEDV (μL) 72 ± 2 70 ± 6 78 ± 3 84 ± 8 

EF (%) 62 ± 2 58 ± 3 58 ± 2 50 ± 2 #* 

E/A 1.29 ± 0.08 1.48 ± 0.16 1.35 ± 0.04 1.44 ± 0.15 

Deceleration time (ms) 24 ± 1 20 ± 2 23 ± 2 19 ± 2 

Data are means ± SEM. LVID;d, left ventricular (LV) internal diameter in diastole; EDV, end-

diastolic volume; EF, ejection fraction; E/A; ratio of velocities of early to late ventricular filling, DT; 

deceleration time. * p < 0.05 compared to baseline, # p < 0.05 compared to WT. 
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Table 3. In vivo left ventricular function assessed by transthoracic echocardiography in 

female wild type (WT) and cardiac-specific NOX2 transgenic (TG) mice prior to (baseline) 

and after 2 weeks of angiotensin II (AngII) treatment. 

Females - AngII WT TG 

Baseline 2 weeks Baseline 2 weeks 

n 6 6 6 6 

Heart rate (BPM) 515 ± 10 519 ± 11 484 ± 9 519 ± 10 * 

LVID;d (mm) 3.70 ± 0.11 3.81 ± 0.09 3.80 ± 0.07 3.97 ± 0.04 

LVEDV (μL) 58 ± 4 63 ± 4 62 ± 3 69 ± 2 

EF (%) 61 ± 2 57 ± 2 56 ± 2 55 ± 2 

MV E/A 1.76 ± 0.11 1.75 ± 0.08 1.83 ± 0.17 1.97 ± 0.19 

MV Deceleration time (ms) 18 ± 2 18 ± 1 16 ± 2 15 ± 1 

Data are means ± SEM. LVID;d, left ventricular (LV) internal diameter in diastole; EDV, end-

diastolic volume; EF, ejection fraction; E/A; ratio of velocities of early to late ventricular filling, DT; 

deceleration time. * p < 0.05 compared to baseline.  

 

Substrate utilization and myocardial oxygen consumption. NOX2 overexpression did not 

affect the MVO2 in neither males nor females (Figure 5). As these hearts showed similar ex 

vivo function, there was no change in mechanical efficiency (Figure 5). On the other hand, the 

NOX2-mediated progression of heart failure in males was associated with a shift in 

myocardial substrate utilisation in the TG mice, as glucose oxidation rates were increased 

(Figure 5). Accordingly, there was a tendency for decreased FA oxidation rates in the AngII-

treated TG (p=0.149) when compared to WT hearts (Figure 5). A similar metabolic switch 

was not present in female hearts (Figure 5).  

Finally, a NOX2-mediated metabolic reprogramming was also evident by a significant 

increase in pdk4 mRNA levels in TG males compared to WT, which was not present in 

csNOX2 TG females. Other markers of metabolic reprogramming (pparα, cd36, ldh and hk) 

were not different between WT and csNOX2 TG hearts following AngII treatment (Table S2). 
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Figure 5. Myocardial oxygen consumption, mechanical efficiency and substrate utilization assessed in 

isolated perfused working hearts from male (A) and female (B) wild type (WT) and cardiac-specific 

NOX2 transgenic (TG) mice treated with angiotensin II for 2 weeks. MVO2; myocardial oxygen 

consumption, GlucOx; glucose oxidation, FAox; fatty acid oxidation. Data are means ± SEM of n= 3-

6. # p < 0.05 compared to WT. 

In summary, 2 weeks of treatment with a slow-pressor dose of AngII in TG males aggravated 

the hypertrophic phenotype and blood pressure increase, induced systolic and diastolic failure 

and caused a metabolic shift. Treatment in TG females led to an increase in blood pressure, 

however, they did not show signs of hypertrophy, dysfunction or metabolic alteration.  

Discussion 

The present study shows that a slow-pressure dose of angiotensin II (AngII) induces cardiac 

hypertrophy, without affecting ventricular function or myocardial metabolism in normal male 

mice. Cardiac overexpression of nicotinamide-adenine dinucleotide phosphate (NADPH) 

oxidase 2 (NOX2) causes deterioration of the AngII-mediated hypertrophy, and induces 

ventricular dysfunction and a metabolic shift towards increased glucose oxidation in male 

mice. Female mice, however, seem to be protected from the NOX2-mediated detrimental 

cardiac effects of AngII.  

While it is well documented that high doses of AngII lead to a rapid and overt pressor 

response accompanied by development of cardiac dysfunction [4-6], the functional effect of 

low doses has been less described. In the present study we have examined metabolic and 

functional changes in the hearts associated with treatment of mice using a slow-pressor dose 

of AngII (400 ng/kg/min, 2 weeks). This dose was used in order to mimic an early phase of 
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heart failure development, prior to the introduction of confounding effects that follow the 

complexity of overt hypertension. In accordance with previous studies using similar doses 

[15; 20-22], we found increased systolic blood pressure (SBP) in wild type (WT) males in this 

study. However, the increased blood pressure in this study was subtle compared to what was 

reported in the aforementioned studies (13% vs ~20-60%). Additionally, we could not detect 

an increase in the mean pressure (MBP) with this treatment. It should be recognized that there 

are possible limitations in sensitivity when using tail-cuff plethysmography, causing 

discrepancies compared to invasive pressure measurements. Nonetheless, the blood pressure 

changes reported in the present study were relatively minor, and it can be deduced that the 

impact of hypertension on overall cardiac health is of less importance, rather than if the 

elevation had been higher and detectable as both elevated systolic and mean pressures. 

Reduced diastolic function both with or without systolic dysfunction has been reported 

following treatment with low doses of AngII [4; 21]. In contrast to these studies, we could not 

detect any in vivo ventricular dysfunction in the AngII-treated WT mice in this study. The 

mice displayed a hypertrophic phenotype, which was confirmed both by increased wall 

thickness, heart weight/tibia length ratio and increased gene expression of bnp and anf. 

Interestingly, previous studies using sub-pressor doses (100-200 ng/kg/min for 2-4 weeks) 

have also reported cardiac hypertrophy, and found development of fibrosis [4; 12; 23; 24], 

which also supports the direct cardiac effect of AngII. Correspondingly, in a study using 

transgenic mice with cardiac-specific overexpression of angiotensinogen, mice that did not 

develop hypertension, displayed both hypertrophy and fibrosis, further confirming the direct 

local effect of AngII [2].  

Pathological hypertrophy and heart failure is known to be associated with changes in 

myocardial substrate utilization [10]. Although changes in myocardial substrate utilization has 

been reported following chronic administration of AngII [11; 25-27], there are discrepancies 

in terms of substrate preference. Studies using pressor doses (>1000 ng/kg/min for 2 weeks), 

generally report systemic insulin resistance, with a subsequent increased cardiac preference 

for fatty acids and diminished glucose and lactate oxidation [26; 27]. Lower doses (< 800 

ng/kg/min for 2-4 weeks), however, seem to cause a reduction in fatty acid oxidation, with 

increased utilization of glucose [11]. Although the metabolic phenotype varies, the AngII-

treated mice in these studies all displayed ventricular dysfunction, suggesting that a metabolic 

shift is only evident after the onset of cardiac failure. Correspondingly, in a study using 

transgenic mice with a cardiac-specific overexpression of angiotensinogen, Pellieux and 
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colleagues divided mice into two groups depending on the presence of heart failure [25]. Here 

they only found a reduced fatty acid oxidation rate (with unaltered glucose oxidation) in the 

group of mice that developed heart failure (i.e. pulmonary congestion). Moreover, they also 

showed that myocardial oxygen consumption (MVO2) was elevated only in the hearts from 

mice with failure. In accordance with this, the present study shows that WT mice treated with 

the slow-pressor AngII dose, neither showed cardiac dysfunction nor changes in myocardial 

substrate utilization, MVO2 or mechanical efficiency, further supporting the notion that the 

metabolic alterations occur only when the AngII-induced pathological condition has 

progressed far enough to manifest as cardiac dysfunction.  

NOX2 and slow-pressor doses of AngII 

Generation of reactive oxygen species (ROS) and oxidative stress are known to be important 

in the pathogenesis of heart failure, and several of the reported downstream effects of AngII 

are likely facilitated by NOX-mediated ROS production [3]. Bendall and colleagues were 

among the first to elucidate the role of NOX in AngII-induced hypertrophy [12], describing 

that a low dose of AngII (~200 ng/kg/day for 2 weeks) only induced hypertrophy in WT and 

not in mice lacking the major subunit of NOX2 (gp91phox). The present study supports this by 

showing that cardiac overexpression of NOX2 causes an aggravated hypertrophic phenotype 

in male mice. The exacerbated effect of NOX2 following AngII treatment in the TG animals, 

also caused more rapid increase in blood pressures when compared to treated WT mice, which 

corroborates a previous study by Ebrahimian and co-workers, where the same AngII treatment 

regimen increased the SBP, which was associated with increased cardiac ROS production and 

NOX activity [20]. It should be noted, however, that the increase in blood pressures in the 

present study was subtle, even in the TG animals.  

Zhang and colleagues [14] have previously studied the effects of AngII treatment in csNOX2 

TG mice, using a lower dose of AngII (~200 ng/kg/day for 2 weeks). They report an 

aggravation of the hypertrophic response in TG mice compared to WT [14]. Notably, they 

saw an improved in vivo cardiac function in the TG mice, contrasting the present study, where 

we found that a slightly higher dose (400 ng/kg/day for 2 weeks) resulted in cardiac 

dysfunction in these mice. This discrepancy may be explained by a suggested transient 

NOX2-induced inotropic effect, causing increased contractility in the short term [14; 28]. The 

fact that Zhang et al. also demonstrated that when subjected to chronic stress (abdominal 

aortic banding), the TG mice displayed more severe dysfunction than WT mice [14], supports 
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that the negative effects of ROS outweigh the positive, when hearts are exposed to long-term 

treatment and/or higher doses of AngII [28].  

Hearts from TG male mice displayed increased glucose oxidation and a tendency for 

decreased FA oxidation. This corroborates the metabolic shift previously reported in animal 

models with AngII-induced heart failure [11; 25]. Interestingly, Pellieux and collaborators 

have reported that AngII treatment led to a nuclear factor-κB-mediated decrease in palmitate 

oxidation and downregulation of key regulatory proteins of FA oxidation in rodent 

cardiomyocytes, and that these effects was impeded by inhibition of ROS production [29]. 

This would then support the notion that AngII-mediated ROS production in the heart causes 

downregulation of FA oxidation. Accordingly, the overexpression and subsequent increase in 

ROS production following AngII treatment in the csNOX2 TG animals in this study, could 

mediate downregulation of regulatory proteins and cause the observed substrate shift through 

the same signalling pathways that were described by Pellieux and colleagues [29]. Although 

the increased PDK4 mRNA levels in the TG males is contradictory to the enhanced glucose 

oxidation, the overexpression of NOX2 is likely to have caused additional oxidative stress, 

thus altering the cellular milieu and possibly counteracting these changes. Accordingly, 

oxidative stress has been associated with induction of translocation of GLUT4 to the plasma 

membrane and deacetylation of the pyruvate dehydrogenase complex, and thus, enhanced 

glucose utilization [26; 30-32]. Furthermore, we should also stress that altered gene 

expression do not necessarily match changes in protein levels, and there are reports showing a 

similar dissociation between myocardial mRNA levels and protein expression of regulatory 

proteins following AngII [25; 29].   

Females and NOX2 

It is well known that there are differences between males and females in symptoms and 

frequency of heart failure [33], and sex hormones and different antioxidative capacities have 

been suggested to explain discrepancies in AngII-mediated cardiovascular disease [20; 34; 

35]. In this study we showed that in contrast to in WT male mice, WT females did not display 

AngII-induced blood pressure elevation nor heart failure development. We also showed that 

females were less sensitive to the NOX2-mediated aggravation of AngII-induced cardiac 

dysfunction, despite an AngII-induced hypertension.  

Several studies have reported sex differences in the manifestation of cardiac disease. In 

accordance with this, the present study, as well as other studies, have shown an augmented 
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increase in blood pressure following AngII treatment in males, when compared to females 

[20; 35; 36]. Moreover, while gonadectomy has been reported to attenuate the AngII-

mediated hypertension in males, the blood pressure was increased with ovariectomy in 

females [35], signifying that sex hormones greatly influence the hypertensive response. 

Oestrogen replacement therapy has also been shown to ameliorate heart failure in males and 

ovariectomized female rodents [37-39], and to lower the blood pressure in ovariectomized 

female rats [34]. Additionally, the lack of development of hypertrophy and cardiac 

dysfunction in females has been associated with decreased development of cardiac fibrosis 

and infarction [38; 40; 41], as well as a different and a more favourable geometric 

remodelling [33; 42; 43]. 

There is evidence of sex differences in ROS content, both in terms of their generation and the 

removal by antioxidants. Accordingly, female rodent hearts have been reported to have 

enhanced anti-oxidant capacity [20; 41]. Moreover, AngII-induced NOX-mediated increase in 

myocardial superoxide production is higher in ovariectomized female mice compared to in 

intact females [20]. In addition, the higher AngII-induced blood pressure in male rats has been 

associated with higher arteriolar production of superoxide, an effect that was attenuated by 

treating the animals with a NOX inhibitor [44], and males have increased arteriolar and 

cardiac protein expression of NOX2 subunits [36; 44]. Thus, protection from the AngII-

mediated effects in the female mice in the present study may well be due to an enhanced 

oestrogen-mediated ability to modulate ROS production. Further evaluation of the effects of 

low doses of AngII and NOX2 overexpression in intact and ovariectomized females is needed 

to fully elucidate the role of oestrogens in this context. 

Conclusion 

This study shows that a slow-pressor dose of AngII induces hypertrophy and hypertension in 

male mice, and that cardiac-specific overexpression of NOX2 further leads to cardiac 

dysfunction and metabolic reprogramming. It also demonstrates that female mice are 

protected from the AngII-mediated effects, both in wild type and transgenic mice, as females 

do not develop hypertrophy or failure.  
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Supplemented data 

Primers for real-time quantitative PCR 

mRNA expression of the genes of interest was adjusted to the housekeeping gene 

hypoxanthine guanine phosphoribosyl transferase (hprt). Forward and reverse primer and 

probe sequences (5’-3’): brain natriuretic peptide (bnp) – forward: CCA GTC TCC AGA 

GCA ATT CAA, reverse: GCC ATT TCC TCC GAC TTT T; atrial natriuretic factor (anf) – 

forward: CAC AGA TCT GAT GGA TTT CAA GA, reverse: CCT CAT CTT CTA CCG 

GCA TC; nicotinamide-adenine dinucleotide phosphate oxidase 2 (nox2) – forward: 

TGAATGCCAGAGTCGGGATTT, reverse: CCCCCTTCAGGGTTCTTGATTT; pyruvate 

dehydrogenase kinase 4 (pdk4) – forward: TTC ACA CCT TCA CCA CAT GC, reverse: 

AAA GGG CGG TTT TCT TGA TG; lactate dehydrogenase (ldh) – forward: CAT TGT 

CAA GTA CAG TCC ACA CT, reverse: TTC CAA TTA CTC GGT TTT TGG GA; 

peroxisome proliferator-activated receptor α (pparα) – forward: ACG ATG CTG TCC TCC 

TTG ATG, reverse: GTG TGA TAA AGC CAT TGC CGT; hexokinase (hk) – forward: GAA 

GGG GCT AGG AGC TAC CA, reverse: CTC GGA GCA CAC GGA AGT T; cluster of 

differentiation 36 (cd36) – forward: TTG TAC CTA TAC TGT GGC TAA ATG AGA, 

reverse: CTT GTG TTT TGA ACA TTT CTG CTT; hprt – forward: TCC TCC TCA GAC 

CGC TTT T , reverse: CCT GGT TCA TCA TCG CTA ATC.  

Table S1. mRNA expression of genes in cardiac tissue from C57BL/6J mice treated with 

angiotensin II (AngII) or saline (vehicle) for 2 weeks. 

  Vehicle AngII 

n 9-10 9-10 

pparα 1.00 ± 0.12 0.97 ± 0.05 

cd36 1.00 ± 0.06 0.96 ± 0.03 

pdk4 1.00 ± 0.13 0.73 ± 0.08 

ldh 1.00 ± 0.04 0.87 ± 0.03# 

hk 1.00 ± 0.03 0.96 ± 0.05 

nox2 1.00 ± 0.09 1.10 ± 0.11 

Data are means ± SEM. Pparα, peroxisome proliferator-activated receptor α; cd36, cluster of 

differentiation 36; pdk4, pyruvate dehydrogenase kinase 4; ldh, lactate dehydrogenase; hk, hexokinase; 

nox2, nicotinamide-adenine dinucleotide phosphate oxidase 2. # p < 0.05 compared to vehicle. 
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Table S2. mRNA expression of genes in cardiac tissue from male and female wild type (WT) 

and cardiac-specific NOX2 transgenic (TG) mice treated with angiotensin II for 2 weeks. 

  

  
Males Females 

WT  TG  WT TG 

n 4-6 5-6 4-6 5-6 

bnp 1.00 ± 0.11 0.86 ± 0.10 1.00 ± 0.09 0.92 ± 0.07 

anf 1.00 ± 0.20 0.72 ± 0.22 1.00 ± 0.36 0.62 ± 0.12 

pparα 1.00 ± 0.05 0.97 ± 0.03 1.00 ± 0.04 1.04 ± 0.07 

cd36 1.00 ± 0.04 0.98 ± 0.02 1.00 ± 0.05 0.99 ± 0.07 

pdk4 1.00 ± 0.07 1.57 ± 0.13# 1.00 ± 0.13 0.93 ± 0.09 

ldh 1.00 ± 0.05 0.93 ± 0.04 1.00 ± 0.05 1.01 ± 0.06 

hk 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.03 0.95 ± 0.06 

nox2 1.00 ± 0.06 33.51 ± 1.08 # 1.00 ± 0.12 30.28 ± 1.53# 

Data are means ± SEM. Bnp, brain natriuretic peptide; anf, atrial natriuretic factor; pparα, peroxisome 

proliferator-activated receptor α; cd36, cluster of differentiation 36; pdk4, pyruvate dehydrogenase 

kinase 4; ldh, lactate dehydrogenase; hk, hexokinase; nox2, nicotinamide-adenine dinucleotide 

phosphate oxidase 2. # p < 0.05 compared to WT. 

 




