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ABSTRACT 

The global prevalence of diabetes continues to rise concomitantly increasing the 

number of diabetes patients at risk of developing cardiovascular complications, such as 

atherosclerosis and ischaemic heart disease. Incomplete fatty acid oxidation and subsequent 

accumulation of fatty acid intermediates, long-chain acylcarnitines, are linked to the 

development of insulin resistance and cardiovascular diseases. Therefore, novel treatment 

strategies targeting fatty acid metabolism are needed to improve the clinical outcomes of 

patients with diabetes and its cardiovascular complications. The aim of the thesis was to 

investigate the pharmacological mechanisms of action of an acylcarnitine concentration 

lowering drug methyl-GBB in experimental animal models of diabetes, cardiac 

ischaemia/reperfusion injury and atherosclerosis. This thesis describes the molecular 

mechanisms of excessive accumulation of long-chain acylcarnitines and their detrimental 

effects during the development of insulin resistance and in the ischaemia/reperfusion-induced 

damage. The protective effects of lowering long-chain acylcarnitine levels by methyl-GBB 

treatment in experimental models of diabetes and atherosclerosis are described. The results 

indicate that accumulation of long-chain acylcarnitines limits metabolic flexibility and 

accelerates hyperglycaemia and hyperinsulinemia during the fed state. Methyl-GBB 

treatment-induced decrease in long-chain acylcarnitine content improves insulin sensitivity 

and significantly reduces blood glucose and insulin levels in mice with insulin resistance and 

diabetes. The results demonstrate that long-chain acylcarnitines are the main fatty acid 

intermediates that induce ischaemia/reperfusion-related damage by inhibiting oxidative 

phosphorylation and subsequent mitochondrial membrane hyperpolarization and stimulated 

production of reactive oxygen species in cardiac mitochondria. The anti-atherosclerotic effect 

of methyl-GBB treatment is mediated by decreased amounts of long-chain acylcarnitines and 

decreased infiltration of macrophages and monocytes into the aortic lesions of the aortic root. 

During this study, it was confirmed that pharmacologically induced decrease in the content of 

long-chain acylcarnitines by methyl-GBB facilitates glucose metabolism, improves insulin 

sensitivity, protects cardiac mitochondria against ischaemia/reperfusion injury and attenuates 

the development of atherosclerosis, and therefore represents an effective strategy for the 

treatment of diabetes and its complications. 
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DARBA ANOTĀCIJA 

Diabēta prevalence pasaulē turpina pieaugt, vienlaikus pacientiem palielinot 

aterosklerozes un išēmiskās sirds slimības kā kardiovaskulāro komplikāciju risku. Nepilnīga 

taukskābju oksidācija un sekojoša taukskābju metabolītu, garķēžu acilkarnitīnu, uzkrāšanās ir 

saistīta ar insulīna rezistences un kardiovaskulāro slimību attīstību. Lai uzlabotu cukura 

diabēta un tā kardiovaskulāro komplikāciju pacientu klīnisko iznākumu, ir nepieciešamas 

jaunas ārstēšanas stratēģijas, kuru darbības mehānisms ietver taukskābju metabolisma 

izmaiņas. Promocijas darba mērķis bija pētīt jaunas acilkarnitīnu līmeni pazeminošas vielas 

metil-GBB ietekmi uz enerģijas metabolisma procesiem un noskaidrot tās iespējamos 

farmakoloģiskos darbības mehānismus cukura diabēta, aterosklerozes un sirds išēmijas-

reperfūzijas eksperimentālajos modeļos. Šajā darbā ir aprakstīti garķēžu acilkarnitīnu 

pārmērīgas uzkrāšanās molekulārie mehānismi un tās izraisīto bojājumu nozīme insulīna 

rezistences un išēmijas-reperfūzijas izraisītu bojājumu attīstībā. Ir aprakstīti metil-GBB 

terapijas izraisītā garķēžu acilkarnitīnu līmeņa samazinājuma aizsargājošie efekti 

eksperimentālajos diabēta un aterosklerozes modeļos. Rezultāti liecina, ka garķēžu 

acilkarnitīnu uzkrāšanās postprandiālā stāvokļa laikā ierobežo metabolisma elastīgumu un 

veicina hiperglikēmijas un hiperinsulinēmijas veidošanos. Metil-GBB terapijas izraisītā 

garķēžu acilkarnitīnu līmeņa samazināšanās uzlabo insulīna jutību un ievērojami samazina 

glikozes un insulīna līmeņus asinīs pelēm ar insulīna rezistenci un diabētu. Rezultāti liecina, 

ka garķēžu acilkarnitīni ir galvenie taukskābju metabolīti, kuri nosaka išēmijas-reperfūzijas 

izraistītos bojājumus, kavējot oksidatīvo fosforilēšanu un sekojoši izsaucot mitohondriju 

membrānas hiperpolarizāciju un stimulējot reaktīvo skābekļa formu veidošanās sirds 

mitohondrijos. Metil-GBB terapijas pretaterosklerozes mehānisms ir saistīts ar garķēžu 

acilkarnitīnu daudzuma samazinājumu vaskulārajos audos, kā arī makrofāgu un monocītu 

infiltrācijas kavēšanu aterosklerotiskajās pangās aortas sīnusā. Šī pētījuma laikā tika pierādīts, 

ka farmakoloģiski izraisīta garķēžu acilkarnitīnu līmeņa samazināšana ar metil-GBB veicina 

glikozes metabolismu, uzlabo insulīna jutību, aizsargā sirds mitohondrijus pret išēmijas-

reperfūzijas bojājumu un kavē aterosklerozes attīstību, un tādēļ tas ir pielietojams diabēta un 

tā komplikāciju ārstēšanā. 
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ABBREVIATIONS 

[3H]-DOG – 2-[1,2-3H]-deoxy-D-glucose 

[3H]-palmitate – [9,10-3H]-palmitate 

[3H]-palmitoylcarnitine – [9,10-3H]-palmitoylcarnitine 

ACBP – acyl-CoA-binding protein 

ACOX1 – acyl-CoA oxidase 1 

ACSL – long-chain fatty acid CoA synthetase 

ADP – adenosine diphosphate 

AMP – adenosine monophosphate 

AMPK – adenosine monophosphate-activated protein kinase 

ATP – adenosine triphosphate 

BSA – bovine serum albumin 

cDNA – complementary deoxyribonucleic acid 

CoA – coenzyme A 

COX-2 – Cyclooxygenase 2 

CPT1 – carnitine palmitoyltransferase 1, CPT1A (liver type) and CPT1B (muscle type) 

CPT2 – carnitine palmitoyltransferase 2 

CsA – cyclosporin A 

DMEM – Dulbecco’s Modified Eagle Medium 

FA – fatty acid 

FABP3 – fatty acid binding protein 3 

FADH2 – reduced flavin adenine dinucleotide 

GB – guanabenz 

GBB – γ-butyrobetaine 

GLUT – glucose transporter 

HDL – high-density lipoproteins 

HFD – high-fat diet 

IC50 – half maximal inhibitory concentration 

IL1β – interleukin 1 β 

iNOS – inducible nitric oxide synthase 

KH – Krebs–Henseleit 

LAD – left anterior descending coronary artery 

LDL – low-density lipoproteins 

LEAK state – respiration state induced by inhibition of adenine nucleotide translocator 
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LV – left ventricle 

Methyl-GBB – 4-[ethyl(dimethyl)ammonio]butanoate 

mRNA – messenger ribonucleic acid 

NAD – nicotinamide adenine dinucleotide 

NADH – reduced nicotinamide adenine dinucleotide 

O2k – Oxygraph-2k 

Omy A – oligomycin A 

OXPHOS – oxidative phosphorylation 

OXPHOS state – ADP-stimulated mitochondrial respiration 

P-Akt – phosphorylated protein kinase B 

PBS – phosphate buffer solution 

PC – palmitoylcarnitine 

PCoA – palmitoyl-CoA 

PDH – pyruvate dehydrogenase 

PDK4 – pyruvate dehydrogenase lipoamide kinase isozyme 4 

PGC1α – peroxisome proliferator-activated receptor-γ coactivator 1α 

PPARα – peroxisome proliferator activated receptor alpha 

ROS – reactive oxygen species 

RT-PCR – real-time polymerase chain reaction 

TFPD – Mitochondrial Trifunctional Protein deficiency 

TG – triglycerides 

TMAO – Trimethylamine N-oxide 

TMRM – tetramethylrhodamine methyl ester 

TNFα – tumor necrosis factor α. 

UPLC MS/MS – ultra-performance liquid chromatography tandem mass-spectrometry 

WB – western blot 
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INTRODUCTION 

The global prevalence of diabetes has been continuously increasing for the past three 

decades, rising in the adult population from 4.7 % to 8.5 % (NCD Risk Factor Collaboration 

(NCD-RisC), 2016). Diabetes accounts for approximately 2 million deaths every year and is 

the seventh leading cause of disability worldwide (Mathers and Loncar, 2006). The primary 

pathophysiology of type 2 diabetes mellitus (T2DM) is associated with the insufficient action 

of insulin (Kerner et al., 2014). The inability of insulin to stimulate glucose utilization in 

skeletal muscle and storage in adipose tissue results in increasing concentrations of blood 

glucose and other energy metabolism disturbances, which in long term increases the risk of 

developing a wide range of T2DM complications, including atherosclerosis and ischaemic 

heart disease (Defronzo, 2009; The Emerging Risk Factors Collaboration et al., 2010). 

Current treatments for T2DM are mainly based on several approaches intended to reduce the 

hyperglycaemia; however, these therapies possess limited efficacy and tolerability and 

significant mechanism-based side effects (Moller, 2001). Therefore, novel pharmacological 

targets and treatment strategies are needed to improve the clinical outcomes of patients with 

diabetes. 

It has been suggested that insulin resistance and disturbances in glucose metabolism 

are induced by excessive fatty acid (FA) flux which results in incomplete FA oxidation and 

the accumulation of various lipid metabolites, including free FA, diacylglycerols, ceramides, 

acyl-CoAs and acylcarnitines (Martins et al., 2012; Schooneman et al., 2013; van de Weijer et 

al., 2013). Among FA intermediates linked to insulin resistance are long-chain acylcarnitines 

(McCoin et al., 2015; Schooneman et al., 2013). Acylcarnitines are formed from activated 

FAs and L-carnitine to ensure transportation of long-chain FA into the mitochondrial matrix 

for further β-oxidation. Long-chain acylcarnitines are very active and they effectively inhibit 

pyruvate and lactate oxidation in mitochondria, thus, compromising glucose uptake and 

oxidation in models of isolated mitochondria (Makrecka et al., 2014), cell culture (Aguer et 

al., 2015) and isolated heart model (Makrecka et al., 2014). It was hypothesized that in 

physiological conditions long-chain acylcarnitines ensure the inhibition of glucose 

metabolism in order to avoid hypoglycaemia and gain energy from lipid stores (Makrecka et 

al., 2014). The plasma and skeletal muscle concentrations of long-chain acylcarnitines are 

modestly increased among individuals with insulin-resistance and T2DM (Adams et al., 2009; 

Mihalik et al., 2010). Recently, it was shown that during insulin stimulation plasma levels of 

long-chain acylcarnitines reflect age-related metabolic dysfunction (Consitt et al., 2016). 
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Thus, the accumulation of long-chain acylcarnitines could be a marker of incomplete 

mitochondrial FA metabolism and the role of acylcarnitines should be evaluated in the 

development of insulin resistance. 

T2DM is known to accelerate the development of atherosclerosis (Zeadin et al., 2013). 

Further progression of atherosclerosis leads to cardiovascular complications, which are the 

main reason for the high morbidity and mortality in people with diabetes. Patients with T2DM 

have a three to five times higher risk for mortality of ischaemic heart disease than nondiabetic 

subjects (Panzram, 1987; Stamler et al., 1993). Thus, therapeutic approaches that not only 

lower glucose, but also specifically address diabetic dyslipidaemia and atherosclerotic 

cardiovascular complications are critically needed. Previously, the accumulation of L-

carnitine and long-chain acylcarnitines has been observed in experimental animals developing 

atherosclerosis (Gillies and Bell, 1976). Furthermore, a link between the supplementation of 

L-carnitine and the accelerated development of atherosclerosis has been previously described 

(Koeth et al., 2013). Several previous studies have also noted accumulation of FA metabolites 

in cases of heart ischaemia/reperfusion (Corr et al., 1984; Ford et al., 1996; Idell-Wenger et 

al., 1978; Whitmer et al., 1978). In a recent study it has been shown that decreasing long-

chain acylcarnitine levels protects the heart against ischaemia/reperfusion-induced injury 

(Liepinsh et al., 2015). However, there is no direct evidence that an increase in long-chain 

acylcarnitine content in the heart tissues would induce detrimental effects on heart 

mitochondria (Ford, 2002). More studies are needed to determine whether decreasing the 

content of long-chain acylcarnitines could serve as a treatment option for atherosclerosis and 

whether the increase in acylcarnitine content represents an important pathological mechanism 

behind the mitochondrial damage during acute ischaemia/reperfusion in the heart.  

Thus, it has been hypothesized that the pharmacological reduction of acylcarnitine 

levels could be beneficial in patients with diabetes and cardiovascular complications of 

diabetes. Considering that long-chain acylcarnitines are produced from long-chain FAs and L-

carnitine, decreasing the pools of L-carnitine and its derivatives might present a way to 

attenuate the development of insulin resistance and diabetes-related cardiovascular diseases. 

Recently, a series of compounds that inhibit the biosynthesis and transport of L-carnitine were 

synthesised and characterised (Liepinsh et al., 2014a; Tars et al., 2014). The synthesised 

compounds effectively decreased the L-carnitine pools in the plasma and heart tissues and 

possessed marked cardioprotective activities (Liepinsh et al., 2014a, 2015). The best 

cardioprotective effect in the rat experimental heart infarction model was observed after 

treatment with 4-[ethyl(dimethyl)ammonio]butanoate (methyl-GBB), a methyl-derivative of 

γ-butyrobetaine (GBB) that effectively inhibits GBB dioxygenase (IC50 2.8 μM) and organic 
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cation transporter 2 (IC50 3.0 μM) (Liepinsh et al., 2015). It is not yet known whether methyl-

GBB treatment attenuates the development of insulin resistance and is beneficial for the 

treatment of diabetes. 

Overall, further studies are necessary to clarify the role of acylcarnitine accumulation 

in the development of insulin resistance and cardiovascular complications of diabetes, and 

whether treatment with methyl-GBB serves as an effective strategy for the treatment of 

diabetes and its complications. 

AIM OF THE STUDY 

To investigate the pharmacological mechanisms of action of an acylcarnitine 

concentration lowering drug methyl-GBB in experimental animal models of diabetes, cardiac 

ischaemia/reperfusion injury and atherosclerosis. 

OBJECTIVES OF THE STUDY 

1. To study the molecular mechanisms of excessive accumulation of long-chain 

acylcarnitines in the accelerated development of insulin resistance. 

2. To determine whether decreasing long-chain acylcarnitine content with methyl-GBB 

alone or in combination with exercise intervention induces antidiabetic effects in 

experimental mice models of insulin resistance. 

3. To study the pathological mechanism and damaging effects of an increased long-chain 

acylcarnitine content on cardiac mitochondria during acute ischaemia/reperfusion injury. 

4. To evaluate the impact of decrease in long-chain acylcarnitine content by methyl-GBB 

treatment on the development of atherosclerosis. 

HYPOTHESIS OF THE STUDY 

Pharmacologically induced decrease in the content of long-chain acylcarnitines by 

methyl-GBB facilitates glucose metabolism, improves insulin sensitivity, protects the heart 

mitochondria against ischaemia/reperfusion injury, attenuates the development of 

atherosclerosis and therefore represents an effective strategy for the treatment of diabetes and 

its complications. 
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SCIENTIFIC NOVELTY OF THE STUDY 

Within the framework of the research, the role of long-chain acylcarnitines in the 

regulation of energy metabolism was evaluated and protective effects of methyl-GBB 

treatment in experimental models of diabetes and its cardiovascular complications were 

studied. The current study resulted in following novel findings: 

1. In the presence of glucose long-chain acylcarnitines facilitate insulin release to stimulate 

the transition from the fasted to fed state. The accumulation of long-chain acylcarnitines 

during the fed state limits metabolic flexibility and accelerates hyperglycaemia and 

hyperinsulinemia. 

2. The protective effects of methyl-GBB treatment in experimental models of diabetes are 

described for the first time. Methyl-GBB administration-induced decrease in acylcarnitine 

content improves insulin sensitivity and significantly reduces blood glucose and insulin 

levels in mice with insulin resistance and diabetes.  

3. Long-chain acylcarnitines are the main FA intermediates that induce 

ischaemia/reperfusion-related damage. Acylcarnitine accumulation during ischaemia leads 

to inhibited oxidative phosphorylation, thus inducing mitochondrial membrane 

hyperpolarization and stimulating the production of reactive oxygen species in cardiac 

mitochondria. 

4. For the first time, the protective effects of methyl-GBB treatment on the development of 

atherosclerosis in apoE−/− mice have been demonstrated. The anti-atherosclerotic 

mechanism of methyl-GBB treatment is mediated by decreased amounts of long-chain 

acylcarnitines and decreased infiltration of macrophages and monocytes into the aortic 

lesions of the aortic root. 
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1 LITERATURE 

1.1 Energy metabolism in muscle and heart 

1.1.1 Fatty acid uptake and cellular handling 

FAs are a major fuel for the body and their oxidation is particularly important during 

fasting, sustained aerobic exercise and stress. The myocardium and resting skeletal muscle 

utilise long-chain FAs (Table 1.1) as a major source of energy. In particular, in the fasted 

state, up to 95 % of ATP production in myocardium is generated from FA oxidation in 

mitochondria (Liepinsh et al., 2014b). 

 

Table 1.1 

 Classification of fatty acids by chain length 

FA carbon chain length Example 

Short (< C4) 
 

Butyric acid (C4) 

Medium (C6 – C12) 
 

Lauric acid (C12) 

Long (C14–C18)  
Palmitic acid (C16) 

 

Circulating concentrations of plasma free FAs are determined predominantly by the 

release of adipocyte triglyceride stores by lipolysis, involving three enzymes (Figure 1.1): 

adipose triglyceride lipase (EC 3.1.1.31), hormone-sensitive lipase (HSL, EC 3.1.1.79) and 

monoacylglycerol lipase (EC 3.1.1.23) (Stillwell, 2016). Adipose triglyceride lipase 

selectively performs the first step hydrolysing triacylglycerols to generate diacylglycerols and 

free FAs (Zimmermann et al., 2004). Hormone-sensitive lipase is capable of hydrolysing a 

variety of acylesters including triacylglycerol, diacylglycerol, and monoacylglycerol and it is 

tightly controlled by hormones that are regulated by the metabolic status (Stanley et al., 

2005). The main hormones involved in the regulation of HSL activity are catecholamines and 

______________________ 
1 For enzyme classification, the nomenclature recommended by The International Union of Biochemistry is used. 

Information obtained from The BRENDA enzyme database www.brenda-enzymes.org 
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insulin. During conditions such as fasting, when blood glucose is low, catecholamines lead to 

activation of HSL to promote hydrolysis of triglycerides to free FAs. By contrast, in the fed 

state insulin inactivates HSL and inhibits lipolysis (Stanley et al., 2005). Monoglyceride 

lipase catalyses the last step in the lipolysis, where it efficiently cleaves monoacylglycerol 

into glycerol and free FAs (Karlsson et al., 1997).  

 

 

Figure 1.1 Hydrolysis of triglycerides 
ATGL – Adipose triglyceride lipase; HSL – Hormone-sensitive lipase; MGL - Monoglyceride lipase. 

 

Most of free FAs that are delivered to target tissue cells arise from hydrolysis of 

triglycerides, which are transported in plasma in chylomicrons or very-low-density lipoprotein 

(VLDL) particles, and the remainder FAs circulate in the non-esterified form bound to serum 

albumin. Plasma free FAs levels can increase in healthy individuals due to adrenergic 

stimulation brought on by exercise, stress, fasting, ischemia, or diabetes. The release of free 

FAs from chylomicrons or VLDL by lipoprotein lipases in these situations also increases 

plasma concentration of free FAs (Stanley et al., 2005). After FAs are taken up by target 

tissues, they can be esterified into triglycerides, diglycerides, or phospholipids; converted to 

sphingolipids; or oxidized for energy (Chavez and Summers, 2010). Free FAs are transported 

across the plasma membrane by either passive diffusion or transport proteins (Holloway et al., 

2008). The main proteins involved in the transfer of FAs across the plasma membrane are:  

1. FA translocase (FAT/CD36 (Abumrad et al., 1993));  

2. a family of FA transport proteins (FATP 1 to 6 (Schaffer and Lodish, 1994)); 

3. plasma membrane–associated FA binding protein (FABPpm (Stremmel et al., 1985)). 

In the muscle and heart tissue FAT/CD36 and FABPpm both appear to be the key 

transporters of FAs thus they are expected to regulate the uptake of FAs (Figure 1.2). 

Inhibition of FAT/CD36 decreases cardiac FA uptake by more than 50 % (Glatz et al., 2001; 

Ibrahimi and Abumrad, 2002). FAT/CD36 also facilitates the uptake of FAs derived from 

VLDLs, but is not involved in FA uptake from chylomicrons (Bharadwaj et al., 2010). 

However, not only FAT/CD36 but also other FA transporters could play significant roles in 

regulating FA uptake in the cells. For example, it is shown that forced overexpression of 

FATP1 in the heart leads to increased FA uptake and metabolism (Chiu et al., 2005). 

Free FAs are hydrophobic molecules and thus require immediate further usage in the 

cell to avoid possible toxic effects. FA-binding proteins (FABPs) are located in the cytosol 
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and with high affinity reversibly bind hydrophobic ligands, such as saturated and unsaturated 

long-chain FA (Figure 1.2, Smathers and Petersen, 2011). The FABP family consists of at 

least nine ~15 kDa members with different biological functions (Coe and Bernlohr, 1998). 

FABPs traffic their ligands between various intracellular compartments, which includes 

transporting FAs to the mitochondria, activation to acyl-CoAs by long-chain acyl-CoA 

synthase and β-oxidation, or transfer to the endoplasmic reticulum for glycerolipid synthesis. 

In the heart and muscles, the most characteristic FA binding protein is FABP3. It is worth 

noting that the FABPpm does not belong to the same FABP family, it is structurally different 

and thought to be responsible for FA transport across plasma membrane (Glatz et al., 2010).  

 

 

Figure 1.2 Fatty acid uptake and metabolism in the cell 
ACBP – acyl-CoA binding protein; ACS – acyl-CoA synthetase; ATP – adenosine triphosphate; β-ox – β-
oxidation; CPT1 – carnitine palmitoyltransferase 1; FABP – fatty acid binding protein; FAT/CD36 – FA 

translocase; FATP – FA transport protein; VLDL – very-low-density lipoproteins 

 

In the cytosol, free FAs are activated before mitochondrial β-oxidation. This ATP-

dependent reaction takes place at the outer membrane of the mitochondria, where it is 

catalysed by acyl-CoA synthetase (ACS, EC 2.3.1.86), producing a fatty acyl-CoA ester 

(Figure 1.2 and Figure 1.3). As the long-chain acyl-CoAs are highly reactive intermediates, in 

all cells these intermediates are bound to the acyl-CoA-binding protein (ACBP, Figure 1.2), 

and only minor diffusion of free acyl-CoA is detectable. In addition, acyl-CoA hydrolase (EC 

3.1.2.18) catalyses hydrolysis of unbound acyl-CoAs into less reactive non-esterified FAs and 

CoAs (Hunt et al., 2014). In contrast, similar protective mechanisms have not been identified 
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in the case of acylcarnitines, suggesting that increased content of acylcarnitines is more 

harmful to the heart and mitochondrial function. Previous studies have evaluated the role of 

FABPs in metabolic and immune response pathways as well as their potential as therapeutic 

targets for a range of associated disorders, including obesity, diabetes and atherosclerosis 

(Maeda et al., 2003; Makowski et al., 2001). However, the importance of FABPs in protective 

mechanisms against the detrimental effects of acyl-CoAs and acylcarnitines has yet to be 

characterized. 

1.1.2 Fatty acid transport into mitochondria and fatty acid β-oxidation 

Mitochondrial β-oxidation is the major pathway for FA oxidation and obtaining 

energy by utilizing mostly short- and medium-chain FA (Rustaeus et al., 1999). Long-chain 

FA can be β-oxidized in both mitochondria and peroxisomes. The inner mitochondrial 

membrane is impervious to FAs, therefore, at first they are activated to acyl-CoAs and then 

the mitochondrial uptake of acyl-CoAs is mediated by a protein complex using L-carnitine as 

a shuttle mechanism (Murthy and Pande, 1984). L-carnitine can be obtained through the diet 

or synthesised in the liver and kidneys from its precursor γ-butyrobetaine (GBB) by GBB 

dioxygenase (EC 1.14.11.1) (Pekala et al., 2011; Strijbis et al., 2010). The long-chain acyl-

CoA esters are converted into acylcarnitines by carnitine palmitoyltransferase 1 (CPT1, EC 

2.3.1.21, Figure 1.3) at the outer membrane of mitochondria. CPT1 is a mitochondrial 

transmembrane enzyme believed to be rate limiting for transporting long-chain FAs in 

mitochondria for β-oxidation (Kim et al., 2000; Stephens et al., 2007). There are three known 

CPT1 isoforms encoded by different genes (Ramsay et al., 2001). CPT1A is expressed in the 

liver and most other abdominal organs, as well as in human fibroblasts. CPT1B is highly 

expressed in skeletal and cardiac myocytes, adipose tissue, and testis (Adams et al., 1998; 

Brown et al., 1997). CPT1C is expressed only in the endoplasmic reticulum of neurons in the 

brain (Sierra et al., 2008). CPT1 is inhibited by malonyl-CoA which is synthesized from 

acetyl-CoA by acetyl-CoA carboxylase (ACC, EC 6.4.1.2) during stimulated glycolysis in the 

fed state. Malonyl-CoA decarboxylase (MCD, EC 4.1.1.9) catalyses the conversion of 

malonyl-CoA to acetyl-CoA and restores the activity of CPT1. ACC is expressed in two 

isoforms. ACC1 plays a role in the biosynthesis of FA. ACC2 is involved in the regulation of 

FA oxidation and is localized at the outer mitochondrial membrane (Abu-Elheiga et al., 

2000). In the fasted state, activated AMP-activated protein kinase (EC 2.7.11.31) inhibits 

ACC, leading to a drop in malonyl-CoA levels, which results in higher CPT1 activity and thus 

stimulated FA oxidation. After acylcarnitines are generated by CPT1, they are transported 
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into the mitochondrial matrix by the mitochondrial inner membrane transporter carnitine-

acylcarnitine translocase (CACT, Figure 1.3). 

 

 

Figure 1.3 Fatty acid transport into the mitochondria 
ACC – acetyl-CoA carboxylase; ACS – long-chain acyl-CoA synthase; ADP – adenosine diphosphate; 

AMPK – AMP-activated protein kinase; ATP – adenosine triphosphate; β-ox – β-oxidation; CACT – carnitine 
translocase; CPT1 – carnitine palmitoyltransferase 1; CPT2 – carnitine palmitoyltransferase 2; MCD – Malonyl-

CoA-decarboxylase 

 

Finally, carnitine palmitoyltransferase 2 (CPT2, EC 2.3.1.21) converts acylcarnitines 

back to free carnitine and long-chain acyl-CoAs, which can then be oxidized through FA β-

oxidation by the sequential action of the enzymes acyl-CoA dehydrogenase (EC 1.3.8.1, EC 

1.3.8.7-1.3.8.9), enoyl-CoA hydratase (EC 4.2.1.17), 3-L-hydroxyacyl-CoA dehydrogenase 

(EC 1.1.1.35, and 3-ketoacyl-CoA thiolase (EC 2.3.1.16). 

1.1.3 Glucose uptake and metabolism 

The transport of glucose across the plasma membrane is mediated by a group of 

structurally related enzymes, the facilitative glucose transporters (GLUTs, Figure 1.4). At 

least 12 GLUTs have been described (Joost et al., 2002). In skeletal muscle and adipose 

tissue, GLUT1 mediates basal glucose transport, whereas GLUT4 is responsible for insulin-

mediated glucose uptake (Tordjman et al., 1989). Insulin increases glucose uptake mainly by 

enriching the concentration of GLUT4 proteins at the plasma membrane (Figure 1.5), rather 

than by increasing the intrinsic activity of the transporter (Furtado et al., 2002). Upon insulin-
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mediated uptake of glucose into the cell, glucose is converted to glucose-6-phosphate by 

hexokinase (EC 2.7.1.1, Figure 1.4) in heart, skeletal muscle, and adipose tissue. There are 

several possible metabolic pathways where glucose-6-phosphate can be further utilized in the 

cell, but the two primary ones are glycolysis for energy production and glycogen for storage, 

both of which are augmented by insulin signalling.  

 

 

Figure 1.4 Glucose uptake and metabolism in the cell 
ATP – adenosine triphosphate; GLUT – glucose transporter; LDH – lactate dehydrogenase; MPC – 

mitochondrial pyruvate carrier; PDH – pyruvate dehydrogenase 

 

Glycolysis is the biochemical process that converts glucose to lactate under anaerobic 

conditions or to pyruvate under aerobic conditions. The next step in glycolysis takes place in 

the cell and it is the isomerization of glucose-6-phosphate to fructose-6-phosphate followed 

by latter phosphorylation to fructose-1,6-bisphosphate. Then fructose-1,6-bisphosphate is split 

into glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, EC 1.2.1.12) is the first enzyme of the ATP generating 

stage of glycolysis and it is involved in the oxidation and phosphorylation of glyceraldehyde 

phosphate coupled to the production of NADH from NAD+ (Depré et al., 1998). Under 

anaerobic conditions, NADH then is reoxidized back to NAD+ by the enzyme lactate 

dehydrogenase (LDH, EC 1.1.1.27), which converts pyruvate to lactate (Figure 1.4). 

Conversely, under aerobic conditions the reoxidation of NADH to NAD+ occurs via the 

malate/aspartate shuttle and the electron transport system in the mitochondria, generating 

ATP. Pyruvate oxidation requires pyruvate transport into the mitochondria via a 
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monocarboxylate carrier (Poole and Halestrap, 1993). In the mitochondrial matrix, pyruvate 

can be either oxidized into acetyl-CoA by pyruvate dehydrogenase (PDH, EC 1.2.4.1) or 

carboxylated to oxaloacetate by pyruvate carboxylase. 

 

 

Figure 1.5 Insulin signalling pathway 
AKT2 - protein kinase B beta; GLUT – glucose transporter; GS – GSK3 – glycogen synthase kinase 3; IRS1 – 
insulin receptor substrate 1; PDK1 – pyruvate dehydrogenase kinase 1; PI3K – phosphatidylinositol 3-kinase; 

PKC – protein kinase C 

 

In heart and oxidative skeletal muscle, oxidation by the PDH is the predominant fate 

for mitochondrial pyruvate. The PDH complex consists of PDH itself, dihydrolipoamide 

acetyltransferase (EC 2.3.1.12) and dihydrolipoamide dehydrogenase (EC 1.8.1.4), and is 

regulated both by its substrates and products and by covalent modification (Harris et al., 

2002). 

1.1.4 Insulin signalling pathway 

Insulin-stimulated GLUT4 translocation requires a cascade of protein phosphorylation 

events and involves multiple pathways, each compartmentalized in discrete domains. The 

activation of insulin receptor catalyses the tyrosine phosphorylation of a number of signal 

transducing proteins. One family of these are the insulin receptor substrate proteins, which 

initiate activation of the phosphatidylinositol 3-kinase (PI3K, EC 2.7.1.137) pathway, 

resulting in stimulation of protein kinases such as Akt (protein kinase B, EC 2.7.11.1) and 

atypical protein kinase C (EC 2.7.11.13, Figure 1.5). Akt is one of the serine/threonine 

kinases downstream of PI3K. Akt is expressed in three isoforms: Akt1, Akt2 and Akt3, all of 
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which are abundantly found in different tissues. Previous research has identified distinct roles 

for each isoform: Akt1 is associated with cell survival, Akt2 with cell-substrate metabolism 

(Stein et al., 2000), and Akt3 with brain development (Hawley et al., 2005). Hyperglycaemia 

and reduced glucose transport in muscle is present in knockout Akt2 mice (Garofalo et al., 

2003), but is not apparent with deletion of the Akt1 and Akt3 isoforms. Mice lacking Akt1 

isoform had no deleterious effect on insulin sensitivity; however, their growth was severely 

compromised (Chen et al., 2001). In turn, mice lacking Akt2, a predominant isoform 

expressed in skeletal muscle and fat, exhibited hyperglycaemia, hyperinsulinemia and glucose 

intolerance (Cho et al., 2001; Garofalo et al., 2003). Also insulin-mediated glucose uptake 

was reduced in soleus and extensor digitorum longus muscles from Akt2-deficient mice 

compared to their wild-type controls (Cho et al., 2001; Garofalo et al., 2003). These studies 

indicate that the Akt2 is essential for normal glucose homeostasis; however, possible 

underlying mechanisms causing damaging effects in Akt pathway responsible for induced 

insulin insensitivity are not fully characterized yet. Several in-vitro studies have noted 

detrimental effects of long-chain acylcarnitines on insulin signalling pathway. Treatment with 

C4, C14, and C16 acylcarnitines resulted in 20–30 % decrease in insulin response at the level 

of Akt phosphorylation and/or glucose uptake (Aguer et al., 2015). A different study by 

Koves et al. reported impairments of glucose metabolism in L6 myotubes that were pre-

treated for 24 h with BSA complexed with FAs in the presence of carnitine. Taking into 

account these effects induced by long-chain acylcarnitines on Akt phosphorylation, an 

increase in long-chain acylcarnitine content could be considered as a feedback inhibition 

mechanism of insulin action. In this way, insulin- and AMPK-mediated regulation of CPT1 

activity would have physiological meaning, and long-chain acylcarnitines would emerge as 

active metabolites important for the regulation of energy metabolism. Further studies using in 

vivo models are necessary to prove the role of long-chain acylcarnitines as active metabolites 

important for the regulation of energy metabolism and insulin sensitivity. 

1.2 Regulation of energy metabolism and metabolic flexibility in muscles and cardiac 

tissue 

The ability of skeletal muscle and heart tissue to switch between the substrates necessary 

for energy production is defined as metabolic flexibility. Free FA oxidation is particularly 

important during starvation, prolonged exercise, and pregnancy. However, under postprandial 

conditions skeletal muscle tissue prefer glucose oxidation for energy generation. In the 

postprandial state, insulin promotes carbohydrate uptake at skeletal muscle and liver and 

prompts the conversion of carbohydrates and protein to lipids, which store calories more 
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efficiently. By contrast, obesity-related cardiometabolic diseases are increasingly recognized 

as disorders of metabolic inflexibility, in which nutrient overload and heightened substrate 

competition result in mitochondrial indecision, impaired fuel switching, and energy 

dysregulation. 

 

 

Figure 1.6 Randle cycle or the glucose-fatty acid cycle 
Adapted from Randle et al. 1963 

 

Randle and colleagues (1963) were the first to find evidence that the cardiac and skeletal 

muscles have mechanisms that allow these tissues to easily switch between carbohydrates and 

fats as sources of energy, depending on the presence of free FA. This theory became known 

as the glucose-FA cycle or the Randle cycle (Figure 1.6). Their experiments showed that 

increased supply and oxidation of FA leads to reduced carbohydrate uptake in isolated 

perfused rat heart and hemi-diaphragm (Randle et al., 1963). Briefly, increased availability of 

free FA in circulation increases the amount of intramuscular acetyl-CoA and citrate, which 

leads to inhibition of PDH and phophofructokinase-1 (EC 2.7.1.11), which in turn reduces 

glucose oxidation and glycolysis. A subsequent increase in the concentration of intracellular 

glucose-6-phosphate inhibits the activity of hexokinase II, which leads to an increase of 

intracellular glucose concentration and a decrease in glucose uptake in muscles (Randle et al., 

1963).  

Recent studies have shown also other possible mechanisms contributing to metabolic 

flexibility. Previous findings have identified protein acetylation as a novel regulatory 

mechanism for mitochondrial FA oxidation with sirtuins (SIRTs), NAD+-dependent 

deacetylases, playing an important role in this mechanism of the regulation of metabolism 

(Ahn et al., 2008; Hirschey et al., 2010; Jing et al., 2011, 2013; Michan and Sinclair, 2007). 

SIRT3 (EC 2.4.2.B15) is one of seven members of this protein family and is localized in 

mitochondrial matrix (Cooper and Spelbrink, 2008). In skeletal muscles, SIRT3 expression is 

upregulated by fasting and caloric restriction, as well as exercise training, and the protein 
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expression is decreased by high-fat diet (Hokari et al., 2010; Palacios et al., 2009). Numerous 

studies have confirmed that mitochondrial SIRTs are uniquely positioned to regulate energy 

metabolism via protein deacetylation. These studies have showed different effects on lipid 

metabolism, reactive oxygen species production, oxidative stress response, and cell survival 

different caused by altered SIRT3 expression (Bell et al., 2011; Hirschey et al., 2010; Qiu et 

al., 2010; Yang et al., 2007). In fasted SIRT3-/- mice, long-chain acylcarnitines, but not 

medium- or short-chain acylcarnitines, were shown to accumulate in both the plasma and the 

liver, suggesting incomplete oxidation of long-chain FAs (Hirschey et al., 2010). The same 

study also reported reduced palmitate oxidation in SIRT3-/- mice liver. Another study 

suggested that SIRT3 contributes to regulation of skeletal muscle metabolic flexibility by 

targeting the enzymatic deacetylation of PDH E1α (Jing et al., 2013). During fed state, SIRT3 

deacetylation promotes PDH activity and postprandial glucose metabolism. On contrary, 

during fasted state, SIRT3 protein expression decreases in skeletal muscle, leading to 

hyperacetylation of PDH E1α and a metabolic switch occurs from glucose to FAs as a 

predominant substrate (Jing et al., 2013). The obtained evidence demonstrates the role of 

acetylation in the inhibition of the insulin-stimulated glucose uptake in heart and skeletal 

muscle, and the importance of SIRTs in switching substrate utilization between glucose and 

lipid oxidation and flexibility of energy metabolism. 

Insulin resistance is a key component of the metabolic inflexibility that can develop in 

many tissues and organs. The cellular mechanisms for insulin resistance have been studied 

extensively. It has been suggested that insulin resistance and disturbances in glucose 

metabolism is induced by excessive FA flux which results in incomplete FA oxidation and the 

accumulation of various lipid metabolites, including free FA, diacylglycerols, ceramides, 

acyl-CoAs, and acylcarnitines. Among FA intermediates linked to insulin resistance are long-

chain acylcarnitines (McCoin et al., 2015; Schooneman et al., 2013). In previous studies 

disturbances in glucose metabolism have been associated with the increased availability of 

acylcarnitines (Koves et al., 2008; Mihalik et al., 2010). Generally, the role of acylcarnitines 

is limited to transport functions. However, similarly to lactate, acylcarnitines may accumulate 

and have detrimental effect on energy metabolism in mitochondria. Thus far, accumulation of 

long-chain acylcarnitines has been seen as marker of incomplete mitochondrial metabolism of 

FA without any consequences on energy metabolism. However, increased availability of 

activated FAs could be an indicator of metabolic inflexibility. Long-chain acylcarnitines are 

very active and effectively inhibit pyruvate and lactate oxidation in mitochondria, thus, 

compromising glucose uptake and oxidation in models of isolated mitochondria (Makrecka et 

al., 2014), cell culture (Aguer et al., 2015), and isolated heart tissue (Liepinsh et al., 2016; 
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Makrecka et al., 2014). It was hypothesized that long-chain acylcarnitines ensure the 

inhibition of glucose metabolism in order to avoid hypoglycaemia and gain energy from 

unlimited lipid stores (Makrecka et al., 2014). However, no direct evidence has been provided 

on whether long-chain acylcarnitines are only reflecting or also inducing insufficient glucose 

metabolism and insulin resistance. Thus, considering long-chain acylcarnitines as important 

players in metabolism, it is worthwhile to study their role in the development of insulin 

resistance and evaluate energy metabolism processes under different concentrations of long-

chain acylcarnitines. 

1.3 Diabetes and cardiometabolic complications  

In the past decades, there has been a significant rise in diabetes and obesity not only in 

industrialized nations but also in developing countries with emerging economies (Malik et al., 

2013; NCD Risk Factor Collaboration (NCD-RisC), 2016). Concomitantly with the escalation 

of obesity and diabetes there has been a rise in the incidence and prevalence of 

cardiometabolic complications (May et al., 2012; Skinner et al., 2015; Twig et al., 2016). 

Cardiometabolic complications are a clustering of disorders including abdominal adiposity, 

hypertension, dyslipidaemia, hyperinsulinemia and glucose intolerance. There is a wide range 

of risk factors developing these diseases including diet, lifestyle, also genetic and epigenetic 

factors. T2DM is among the major causes of cardiometabolic complications. Patients with 

diabetes have a two to fourfold increase in risk of incident coronary heart disease, ischemic 

stroke and a 1.5 to 3.6-fold increase in mortality than people without diabetes (Haffner et al., 

1998; Lehto et al., 2000; The Emerging Risk Factors Collaboration et al., 2010). The inability 

of insulin to stimulate glucose utilization in skeletal muscle and storage in adipose tissue 

results in increasing concentrations of blood glucose (Defronzo, 2009). Thus, the main 

treatment strategy for diabetes involves the maintenance of glycaemic levels within a target 

range; however, it has been questioned whether glucose lowering is enough to decrease the 

risk of cardiovascular complications (Mannucci et al., 2013). Prompt intervention, with 

significant changes in lifestyle and implementation of appropriate pharmacotherapy would be 

necessary.  

Previously it has been suggested that diminishing intake of saturated FAs reduces the 

risk of cardiovascular disease (Joint WHO/FAO Expert Consultation, 2003; Lichtenstein et 

al., 2006). It has been found that plasma and skeletal muscle concentrations of long-chain 

acylcarnitines are modestly increased among individuals with insulin resistance and T2DM 

(Adams et al., 2009; Mihalik et al., 2010). More recently, it was shown that during insulin 

stimulation, plasma levels of long-chain acylcarnitines reflect age-related metabolic 
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dysfunction (Consitt et al., 2016). Thus, it might be more important to develop 

pharmacological compounds that target FA metabolism. Limited FA flux is also considered to 

be cardioprotective as state of limited FA oxidation is known to facilitate glucose oxidation in 

heart and skeletal muscle. To stimulate glucose oxidation, both genetic models and FA 

metabolism regulating pharmacological compounds have been used (Horowitz et al., 2010; 

Keung et al., 2013; Liepinsh et al., 2009, 2015; Nagendran et al., 2013). It must be noted that 

limited FA flux and a low oxidation rate usually result in decreased acyl-CoA and 

acylcarnitine content as well. The accumulation of L-carnitine and acylcarnitines has been 

observed also in experimental animals developing atherosclerosis (Gillies and Bell, 1976). 

The effects of administering of L-carnitine or its short-chain FA derivative, propionyl-L-

carnitine, on the development of atherosclerosis in experimental models have been widely 

studied. It was shown that the administration of L-carnitine to rabbits that received 

cholesterol-enriched diet attenuated the development of atherosclerosis, but the administration 

of D-carnitine accelerated the development of vascular lesions (Sayed-Ahmed et al., 2001). 

Thus, it was suggested that a deficiency or depletion in L-carnitine should be viewed as a risk 

factor for atherosclerosis (Sayed-Ahmed et al., 2001). Similarly, treating hypercholesteraemic 

rabbits with propionyl-L-carnitine decreased the amount of atherosclerotic lesions (Spagnoli 

et al., 1995). Although the results linking L-carnitine and the development of atherosclerosis 

are still contradictory, the latest studies have concluded that decreasing of the pools of L-

carnitine and its derivatives might present a way to attenuate the development of 

atherosclerosis. Therefore, pharmacological interventions that target acylcarnitine 

accumulation are a possibility for the development of novel treatment strategies to improve 

the clinical outcomes of patients with diabetes. 

1.3.1 Physical exercise as a treatment option for cardiometabolic diseases 

Numerous studies indicate that increase in low to moderate physical activity result in 

significant health gains, including the prevention of cardiovascular disease and the prevention 

of diabetes. ADA and EASD guidelines state that changes in lifestyle including increased 

physical activity are an integral part of type 2 diabetes therapy (Inzucchi et al., 2012). Indeed, 

exercise training results not only in improved insulin sensitivity and decreased glucose levels 

in patients with type 2 diabetes or obesity/insulin resistance (MacLeod et al., 2013; Malin et 

al., 2013) but also reduces coronary heart disease risk and improves exercise capacity 

(Blomster et al., 2013; Di Loreto et al., 2005; Sacre et al., 2014). However, for various 

reasons, exercise training often does not reach diabetes treatment endpoints (De Feo and 

Schwarz, 2013). In addition, results of a combination of lifestyle changes with antidiabetic 
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drug treatments have been inconsistent, and current strategies to combine physical activity 

with medication have not led to the expected outcomes in clinical practice (Boulé et al., 2013; 

Hansen et al., 2015; Malin et al., 2012). Therefore, novel strategies to improve effectiveness 

of physical activity and the induced effects of drug treatment are necessary. Interestingly, 

physical activity leads to a significant increase in medium- to long-chain acylcarnitines 

(Huffman et al., 2014), while a similar tendency towards short- to medium-chain acylcarnitine 

accumulation has been observed in obese patients on a high fat diet (Boyle et al., 2011). This 

implicates the acylcarnitines in the regulation of metabolic responses to physical activities and 

diet depending on changes in the levels of acylcarnitines of various chain lengths. 

1.3.2 Pharmacological regulators for cardiometabolic diseases 

1.3.2.1 Meldonium 

Meldonium (3-(2,2,2-trimethylhydrazinium)propionate) is a clinically used 

cardioprotective drug whose biochemical mechanism of action is based on diminishing the 

availability of L-carnitine (Dambrova et al., 2002, 2016) by inhibiting its biosynthesis, 

reabsorption and transport into tissues (Figure 1.7). Cardioprotective effects of meldonium 

have been reported in a series of studies (Hayashi et al., 2000a; Liepinsh et al., 2006; Rupp et 

al., 2002; Sesti et al., 2006; Vilskersts et al., 2009). Meldonium has been used in combination 

therapy for post-infarction chronic heart failure in patients with T2DM (Statsenko et al., 

2007). 

A significant reduction of the infarct size was shown experimentally ex vivo in an 

isolated rat heart infarction model (Liepinsh et al., 2006), and in vivo in a rat heart infarction 

model (Sesti et al., 2006). Furthermore, meldonium anti-infarction effect was asserted also in 

diabetic Goto-Kakizaki rats, where chronic administration of meldonium diminished the 

infarct size by 30 % (Liepinsh et al., 2009). In addition, in an experimental mouse model of 

atherosclerosis, it was demonstrated that the administration of meldonium decreased the 

amount of L-carnitine in vascular tissues and simultaneously attenuated the development of 

atherosclerosis (Vilskersts et al., 2009). In several studies meldonium was shown to decrease 

the levels of long-chain acylcarnitines in plasma or heart tissue (Asaka et al., 1998; 

Simkhovich et al., 1988; Zaugg et al., 2003). Furthermore, in an isolated rat heart model, 

meldonium prevented the accumulation of long-chain acylcarnitines induced by ischemia 

(Hayashi et al., 2000b). This suggests that one of cardioprotective mechanisms of meldonium 

may be decreasing the long-chain acylcarnitine content in heart. 

Pharmacological effects of meldonium are not limited to cardioprotective effects only. 

Meldonium decreased glucose concentration in blood plasma of Wistar rats, stimulated 
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glucose uptake and glucose metabolism-related gene expression in mouse heart (Degrace et 

al., 2007; Liepinsh et al., 2008), suggesting the use of meldonium in the treatment of diabetes. 

Indeed, further studies showed that meldonium treatment improved glucose tolerance, 

prevented the development of diabetic neuropathy, diabetes-related endothelial dysfunction 

and the loss of pain sensitivity in different animal models of diabetes (Liepinsh et al., 2009, 

2011, Sokolovska et al., 2011b, 2011a). 

1.3.2.2 Trimetazidine 

Trimetazidine is an anti-ischemic pharmacological compound widely used for the 

treatment of coronary artery disease. It inhibits 3-ketoacyl-CoA thiolase in the mitochondria, 

resulting in reduction of mitochondrial FA oxidation and consequent stimulation of glucose 

oxidation which requires less oxygen per ATP produced (Figure 1.7). Unlike conventional 

drugs, trimetazidine does not have a significant effect on coronary flow, contractility, blood 

pressure, or heart rate, therefore, it is often combined with conventional pharmacotherapy of 

coronary artery disease and also used as substitution therapy when conventional drugs are not 

tolerated (Michaelides et al., 1997; Task Force Members et al., 2013).  

 

 

Figure 1.7 Mechanisms of action of fatty acid metabolism altering compounds 
3-KAT – 3-ketoacyl-CoA thiolase; β-ox – β-oxidation; CPT1 – carnitine palmitoyltransferase 1 

 

Recently, in meta-analysis it was reported that adjunctive trimetazidine therapy has a 

beneficial effect upon total major adverse cardiac events in acute myocardial infarction 

patients (Li et al., 2016). Addition of trimetazidine to standard treatment significantly 

improved exercise tolerance in patients with ischemic heart disease (Zhao et al., 2016). It had 

also been shown that short-term treatment with trimetazidine of patients with diabetes and 
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ischemic cardiomyopathy improved left ventricular function, glucose metabolism, and 

endothelial function (Fragasso et al., 2003; Rosano et al., 2003). 

Interestingly, it was observed that ischemia-induced increase in acylcarnitine levels 

significantly decreased with acute trimetazidine treatment along with a lower reduction in the 

intracellular pH during ischemia (El Banani et al., 1998). A possible direct effect on CPT1 

activity was hypothesised but disapproved as trimetazidine had a relatively low potency to 

inhibit myocardial CPT1 (Kennedy and Horowitz, 1998). 

1.3.2.3 CPT1 inhibitors 

FA oxidation pathway inhibition has been widely studied as a possible drug target in 

the case of genetic disorders involving long-chain FA oxidation defects. Recently, a study 

showed that pharmacological inhibition of CPT1 restores mitochondrial oxidative 

phosphorylation in human trifunctional protein deficient fibroblasts (Lefort et al., 2017). 

Mitochondrial Trifunctional Protein deficiency (TFPD) is a rare genetic disorder 

characterized by altered energy metabolism and subsequent accumulation of long-chain 

acylcarnitines in blood and tissues. Mitochondrial trifunctional protein is an enzyme that 

catalyses the three final steps of mitochondrial FA β-oxidation. Accumulation of long-chain 

acylcarnitines plays a major role in the pathophysiology of TFPD, reducing oxidative 

phosphorylation capacities (Lefort et al., 2017). Different clinical presentations of TFPD are 

observed in patients, one of few described as a severe neonatal form with high rate mortality 

due to cardiomyopathy and Reye's syndrome (den Boer et al., 2003). Cardiac disorders are 

common in long-chain FA oxidation defects and is often the cause for mortality (Baruteau et 

al., 2013; Vockley et al., 2015). The only currently available treatment is a diet limited in 

long-chain FA to prevent the accumulation of long-chain acylcarnitines, and enriched in 

carbohydrates and medium-chain triglycerides to ensure sufficient energy production 

(Spiekerkoetter et al., 2009). Unfortunately, this diet does not stop the disease progression 

suggesting that besides the reduced energy supply from long-chain FA, oxidative 

phosphorylation capacities may be impaired, possibly due to a toxic effect of long-chain 

acylcarnitines accumulated upstream the enzyme deficiency. Lefort et al. reported that CPT1 

inhibition with etomoxir not only reduced the production of long-chain acylcarnitines but also 

restored mitochondrial oxygen consumption and maximal ATP production rate (Lefort et al., 

2017). This evidence confirms that the long-chain acylcarnitine accumulation has a distinct 

role in the pathological mechanism of cardiomyopathy and suggests possible their 

involvement in development of other cardiovascular disorders. Several studies have proposed 

that CPT1 inhibitors could have a beneficial effect in ischemic heart (Bergman et al., 1980; 
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Korb et al., 1984), limiting the progression of heart failure (Lionetti et al., 2005; Schmidt-

Schweda and Holubarsch, 2000) and the treatment of diabetes (Conti et al., 2011; Keung et 

al., 2013). Mostly oxfenicine and etomoxir have been evaluated for these purposes (Figure 

1.7). 

Oxfenicine is an effective inhibitor of cardiac and muscle type CPT1 that was initially 

developed for the treatment of chronic stable angina (Bergman et al., 1980). It was also shown 

that oxfenicine reduced the accumulation of long-chain acylcarnitine in the ischemic 

myocardium after coronary artery occlusion and reduced the myocardial infarct size (Vik-Mo 

et al., 1986). However, oxfenicine is not available for human use due to its cardiac toxicity in 

the form of hypertrophy (Bachmann and Weber, 1988; Greaves et al., 1984). In recent 

publication oxfenicine was used to evaluate CPT1 inhibition as a drug target for treating non-

insulin-dependent diabetes mellitus. Treatment of mice with oxfenicine improved whole-body 

glucose tolerance and insulin sensitivity in a diet-induced insulin resistance model (Keung et 

al., 2013). 

Etomoxir is an irreversible inhibitor of CPT1 that has been developed primarily for 

treatment of diabetes mellitus (McGarry et al., 1989; Wolf and Engel, 1985). Etomoxir 

treatment has been shown to improve glucose tolerance in diabetic patients (Hübinger et al., 

1997). Possible use of etomoxir in the treatment of heart failure was showed, as etomoxir 

improved left ventricular performance in rats with pressure overload-induced cardiac 

hypertrophy (Turcani and Rupp, 1997). Even though the initial clinical trial with etomoxir in 

patients with heart failure showed positive results, the subsequent placebo-controlled trial was 

stopped prematurely due to hepatotoxicity in patients taking etomoxir (Holubarsch et al., 

2007; Schmidt-Schweda and Holubarsch, 2000).  

Besides the previously mentioned widely studied CPT1 inhibitors, oxfenicine and 

etomoxir, several other inhibitors have been introduced (Figure 1.7). Perhexiline, inhibitor of 

cardiac and liver type CPT1, has been shown to protect against diastolic dysfunction during 

low-flow ischemia/reperfusion in the isolated rat heart (Kennedy et al., 1996, 2000). 

Additional mechanisms of perhexiline have been reported; however, limited knowledge of 

influence on cardiovascular function of those mechanisms is restricting the clinical 

application of perhexiline (Cappola, 2015). Antidiabetic activity was assessed for teglicar, an 

antihyperglycemic agent, which reduces gluconeogenesis and improves glucose homeostasis, 

in both in vitro and in animal models through the selective and reversible inhibition of the 

liver type CPT1 (Conti et al., 2011). 

Taken together, these findings suggest that therapeutic strategies aiming at reducing 

excessive FA oxidation in muscle and heart may improve insulin sensitivity and therefore 
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attenuate the development of diabetes and its cardiovascular complications. However, neither 

of these studies measured the content of acylcarnitines to verify their relationship to the 

progression of insulin resistance and the possible therapeutic effects of this treatment. 
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2 MATERIALS AND METHODS 

2.1 Animals and treatment 

Male CD-1 (8–12 weeks old, Envigo Netherlands (former Harlan Laboratories BV), 

Venray, Netherlands), C57BL/6 male mice (8–12 weeks old, Envigo Netherlands), male 

db/db mice (10 weeks old, Envigo Netherlands), non-diabetic db/Lean male mice (Envigo 

Netherlands), male Wistar rats (10–16 weeks, Laboratory of Experimental Animals, Riga 

Stradins University, Latvia), female apoE−/− mice (7 weeks old, Taconic, Ejby, Denmark) 

were used for the experiments. Animals were housed under standard conditions (21−23 °C, 12 

h light-dark cycle) with unlimited access to food (R70 diet, Lantmännen Lantbruk, Sweden) 

and water. All animals were adapted to local conditions for two weeks before the start of 

experiments. The experimental procedures were carried out in accordance with the guidelines 

of the European Community, local laws and policies and were approved by the Latvian 

Animal Protection Ethical Committee, Food and Veterinary Service, Riga, Latvia. All studies 

involving animals are reported in accordance with the ARRIVE guidelines (Kilkenny et al., 

2010; McGrath et al., 2010). 

To study the effects of long-chain acylcarnitines on glucose homeostasis, CD-1 mice 

were administered with palmitoylcarnitine intraperitoneally at a dose of 50 mg/kg. In the 

fasted state, glucose and insulin levels were measured 60 min after palmitoylcarnitine 

administration. In the fed state, after 30 min of PC administration, insulin (0.3 IU/kg) was 

administered subcutaneously, and glucose concentrations were measured 60 min after 

palmitoylcarnitine administration. In addition, to ensure a continuous dosing of 

palmitoylcarnitine, osmotic minipumps (ALZET®, USA) filled with palmitoylcarnitine (50 

mg/kg/day) were implanted subcutaneously in the mice for 24 h. In control animals osmotic 

minipumps loaded with saline (vehicle) were implanted. Glucose tolerance testing and 

metabolic phenotyping was performed during 24 h after the implantation of minipumps. To 

inhibit endogenous insulin release, guanabenz (i.p. 1 mg/kg), an α2-adrenoreceptor agonist 

(Saha et al., 2005), was used after the single-dose palmitoylcarnitine (50 mg/kg) 

administration. Mice were randomly separated into two experimental groups, guanabenz and 

guanabenz + palmitoylcarnitine. To determine the insulin-dependent effects of 

palmitoylcarnitine, insulin (0.3 IU/kg) was administered subcutaneously 1 h after the 

intraperitoneal injection of guanabenz or guanabenz + palmitoylcarnitine. 

To determine the effects of the long-term increased availability of long-chain 

acylcarnitines, CD1 mice were randomly separated into control and palmitoylcarnitine 
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groups. To ensure a continuous and long-term dosing of palmitoylcarnitine, osmotic 

minipumps (ALZET®, USA) filled with palmitoylcarnitine (10 mg/kg/day) were implanted 

subcutaneously in the mice for 28 days. In control animals, osmotic minipumps loaded with 

saline (vehicle) were implanted. At the end of the 28-day treatment, glucose and insulin 

tolerance tests were performed, and biochemical parameters were measured. 

To study the antidiabetic effects of pharmacological reduction of long-chain 

acylcarnitine levels and physical intervention, C57BL/6 mice were divided into 3 groups and 

db/db mice were divided into 4 groups as shown in Table 2.1. C57BL/6 mice were treated 

with normal chow or a high fat diet (HFD, Special Diets Services, UK) for 8 weeks to induce 

insulin resistance. Methyl-GBB phosphate (equivalent to 5 mg/kg of methyl-GBB) was 

administered with drinking water for 8 weeks. During the same time period, forced exercise 

was performed for db/db mice. For the exercise experiment, a 21-wheels forced 

exercise/walking wheel apparatus (PsymCon Model 35500, Lafayette Instrument, Lafayette, 

USA) was used. Before the experiment, mice were adapted to exercise for one week. For 

further experiment, mice walked five days a week, 60 min a day, at a speed of 5 m/min for 8 

weeks in total. The mean total number of steps performed in a 60-min test period was 3600 

steps (60 steps/min). Animals were weighed twice per week. The blood samples from fed and 

fasted animals were collected from the tail vein prior the start of insulin and glucose tolerance 

tests. After euthanasia by cervical dislocation, the organ samples were collected. The obtained 

plasma and tissue samples were stored at – 80 ºC until analysis. 

 

Table 2.1 

The design of the experiments with C57BL/6, db/Lean and db/db mice 

No Group 
Mice with impaired 
insulin sensitivity 

Mice with 
diabetes 

Treatment 

1 Non-diabetic control Normal chow db/Lean water 

2 Control with diabetes HFD db/db water 

3 Methyl-GBB HFD db/db Methyl-GBB1 

4 Exercise – db/db Ex2 

5 Methyl-GBB + Exercise – db/db Methyl-GBB1 + Ex2 
1 methyl-GBB once a day, p.o. 5 mg/kg; 2 Ex - forced walking five days a week, 60 min/day at a speed of 5 

m/min. 

 

To study the role of acylcarnitines in ischaemia/reperfusion damage, for the isolated 

heart experiments, Wistar rats were anaesthetized using sodium pentobarbital (60 mg/kg 

intraperitoneal injection) with the concomitant administration of heparin (1000 units/kg). For 

the isolated heart mitochondria experiments, rats were killed by decapitation. Anaesthesia 
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before decapitation was not used because chemical anaesthetics are known to affect 

mitochondrial functions (Agarwal et al., 2014; La Monaca and Fodale, 2012; Nouette-Gaulain 

et al., 2011). 

To evaluate the link between increased pools of plasma and tissue acylcarnitines and 

accelerated development of atherosclerosis and to study molecular anti-atherosclerotic 

mechanisms of methyl-GBB, apoE−/− mice were treated with methyl-GBB phosphate 

(equivalent to 10 mg/kg of methyl-GBB). Methyl-GBB was dissolved in the drinking water 

and control group received drinking water. For the progression of atherosclerosis, all the 

experimental animals at the age of 8 weeks were switched to a Western RD (P) diet that 

contained 21 % fat and 0.15 % cholesterol from Special Diets Services (Essex, Great Britain). 

After 4 months of treatment, the apoE−/− mice were intraperitoneally (ip) injected with 1000 

UI of heparin and sacrificed under anaesthesia (sodium pentobarbital, 60 mg/kg, ip). 

Afterwards, the thorax was longitudinally opened and the blood was collected from the right 

ventricle. The obtained plasma was stored at − 80 °C until further analysis. Piece of the heart 

muscle (~ 100 mg) from the apex of the heart was frozen in liquid nitrogen for the qRT-PCR 

analysis. 

2.2 Materials 

Palmitoylcarnitine hydrochloride was synthesized from L-carnitine and palmitoyl 

chloride as described in the literature (Nivet et al., 1991) with some modifications. Methyl-

GBB or its less hygroscopic form, methyl-GBB phosphate, were used as a source of methyl-

GBB. Both substances were provided by JSC Grindeks (Riga, Latvia). Acetonitrile and 

methanol were obtained from Merck (Darmstadt, Germany). Sodium pentobarbital (Dorminal 

20 %) solution was purchased from Alfasan (Woerden, Holland). Ketamine was from 

Vetoquinol Biowet (Poland). Heparin sodium was purchased from Panpharma (Fougeres, 

France). Coenzyme A and palmitoyl coenzyme A were from Larodan (Malmö, Sweden). 

Glucose and saline solution were from Fresenius Kabi (Warsaw, Poland). Magnesium 

chloride hexahydrate, L-Malic acid, calcium chloride dihydrate, sodium chloride, sodium 

hydrogenphosphate, potassium phosphate monobasic, potassium chloride, L-Carnitine, 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) were obtained 

from Acros Organics (Geel, Belgium). Guanabenz was purchased from Tocris Bioscience 

(Bristol, UK). FA free bovine serum albumin was from Europa Bioproducts Ltd (UK). Insulin 

was from Novo Nordisk (Denmark). Sodium palmitate was obtained from Tokyo chemical 

industry (Tokyo, Japan). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), ADP, 

aprotinin, ATP, DC260126, dithiothreitol, DMEM, ethylenediamine-tetraacetate sodium salt 
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(EDTA), glycerol 3-phosphate, glycine, Igepal CA 630, leupeptin, NAD, n-butanol, Oil Red 

O, oligomycin A, pepstatin, phenylmethanesulfonyl fluoride (PMSF), reduced glutathione, 

rotenone, sodium dodecyl sulfate, sodium fluoride, sodium lactate, sodium orthovanadate, 

sodium pyruvate, sodium succinate, subtilisin A, sucrose, TMPD, 4 % formaldehyde, Sudan 

IV were obtained from Sigma Aldrich (Schnelldorf, Germany). 2-[1,2-3H]-deoxy-D-glucose, 

[9,10-3H]-palmitate, [9,10-3H]palmitoylcarnitine, L-[N-methyl-3H]carnitine were from 

BIOTREND Chemikalien GmbH (Köln, Germany). 

2.3 Methods 

2.3.1 In vitro methods  

2.3.1.1 Evaluation of palmitoylcarnitine-induced effects on insulin signalling pathway in 

cell cultures 

To assess the effect of palmitoylcarnitine on insulin secretion in vitro, an insulin-

secreting cell line, RIN-5F (ATCC® Number: CRL-2058), was used and the insulin 

concentration in the culture medium was determined using a Sensitive Rat Insulin RIA kit 

(Millipore, Billerica, USA) after 1 h of incubation with palmitoylcarnitine at a dose of either 3 

or 10 μM under both basal and hyperglycaemic conditions, which contained 5.5 and 11 mM 

glucose, respectively. To differentiate the palmitoylcarnitine and palmitic acid-induced effects 

on insulin secretion, DC260126, a small-molecule antagonist of free FA receptor 1 

(FFAR1/GPR40), at a concentration of 5 μM was preincubated 1 h before the addition of 

palmitoylcarnitine at a concentration of 10 μM. 

To evaluate the palmitoylcarnitine-induced effect on Akt phosphorylation, C2C12 

(ATCC® CRL-1772™) mouse skeletal myoblasts were differentiated in DMEM containing 2 

% horse serum for 5 days. Then, the medium was replaced with serum-free DMEM and 

palmitoylcarnitine at doses of 5 and 10 μM; after an overnight incubation, the basal or insulin-

stimulated (10 nM for 15 min) level of Akt phosphorylation was determined by a western blot 

analysis. The medium was removed, and the cells were lysed in a buffer containing 100 mM 

Tris-HCl, pH 7.4, 10 mM EDTA, 5 mM MgCl2, 1 mM glycerol 3-phosphate, 1 mM NaF, 500 

μM Na3VO4, 1 mM DTT, phosphatase inhibitor cocktail I 1:100 (Alfa Aesar, United States), 

protease inhibitors (10 μM leupeptin, 1 μM pepstatin, 1 μM aprotinin, and 100 μM PMSF) 

and 1 % IGEPAL at 4 °C for 10 min. The lysates were centrifuged at 10000 rpm for 5 min at 

4 °C. The supernatants were stored at − 80 °C until analysis. 
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2.3.1.2 Western blot analysis of tissue lysates 

Muscle tissues were homogenized by an Ultra-Turrax® homogenizer (IKA, Germany) 

at a ratio of 1:10 (w/v) at 4 °C in a buffer containing 100 mM Tris-HCl, pH 7.4, 10 mM 

EDTA, 5 mM MgCl2, 1 mM glycerol 3-phosphate, 1 mM NaF and protease inhibitors (10 μM 

leupeptin, 1 μM pepstatin, 1 μM aprotinin, and 100 μM PMSF). The PAGE and western blot 

analysis of tissue lysates was performed as described previously (Liepinsh et al., 2014b). To 

detect the phosphorylation level of Akt at Ser473, membranes were incubated with anti-P-Akt 

(#sc-7985-R; Santa Cruz Biotechnology, CA, USA or #4060S; Cell Signaling Technology, 

Danvers, MA, USA) specific antibodies and the obtained data were normalized against total 

Akt (#sc-8312; Santa Cruz Biotechnology) protein expression. The blots were developed 

using chemiluminescence reagents (Merck, Germany). The western blot images were scanned 

and then analyzed using Gel-Pro Analyzer 6.0 software. 

2.3.1.3 mRNA isolation and quantitative RT-PCR analysis 

Total RNA from heart tissues was isolated using the TRI Reagent from Sigma (St. 

Louis, USA) according to the manufacturer's protocol. First-strand cDNA was synthesised 

using a High Capacity cDNA Reverse Transcription Kit from Applied Biosystems™ (Foster 

City, USA) following the manufacturer's instructions. 

Quantitative RT-PCR analysis for genes was performed by mixing synthesised cDNA, 

appropriate primers, and SYBR® Green Master Mix from Applied Biosystems™ (Foster 

City, USA) and run in the Applied Biosystems Prism 7500 according to the manufacturer's 

protocol. The transcript levels for the constitutive housekeeping gene product β-actin were 

quantitatively measured for each sample, and RT-PCR data were reported as the number of 

transcripts per number of β-actin mRNA molecules. 

2.3.1.4 Determination of the acylcarnitines, acyl-CoAs and CoAs in the plasma and 

tissue 

Determination of the acylcarnitine, acyl-CoA and CoA content in the samples (plasma, 

mitochondrial suspension, heart, aortic and muscle tissue) was performed by ultra-

performance liquid chromatography MS/MS (Makrecka et al., 2014). A Micromass Quattro 

Micro tandem mass spectrometer with an Acquity UPLC chromatographic system (Waters) 

was used to perform the analysis. The sample extraction was performed as previously 

described (Blachnio-Zabielska et al., 2011) with some modifications. Briefly, 200 μl of 

freshly prepared 100 mM potassium phosphate monobasic (KH2PO4, pH 4.9) and 250 μl of 

acetonitrile/2-propanol/methanol 3:1:1 (v/v/v) was added to 15 mg of aortic tissues, 50 mg of 
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other tissues or 50 μl of plasma. The sample was sonicated twice for 30 s and centrifuged at 

16000 g for 10 min. The supernatant was evaporated and lyophilised. The dry extract was re-

suspended in 500 μl of acetonitrile/methanol 3:1 (v/v), vortexed and centrifuged at 13000 g 

for 10 min. This supernatant was used for the UPLC/MS/MS analysis. The concentrations of 

acylcarnitines and acyl-CoAs were measured against a seven-point standard curve ranging 

from 10 to 1000 ng/ml for each analyte. 

2.3.1.5 Determination of methyl-GBB, L-carnitine, GBB and trimethylamine N-oxide 

levels in the plasma 

The determination of the L-carnitine, GBB, methyl-GBB and trimethylamine N-oxide 

(TMAO) concentrations in the plasma samples was performed using the UPLC/MS/MS 

method and a Quattro Micro triple-quadrupole mass spectrometer (Micromass, Waters, 

Milford, MA, USA) using electrospray ionisation in the positive ion mode as previously 

described (Dambrova et al., 2008, 2013). 

2.3.1.6 Determination of biochemical parameters in the plasma and blood samples 

For biochemical measurements, blood samples were collected from the tail vein in 

heparin-containing tubes. To obtain plasma, the samples were centrifuged at 1000 g for 10 

min at 4 °C. All samples were stored at − 80 °C until analysis. 

Glucose and lactate concentrations in plasma samples were measured by 

Instrumentation Laboratory (Milan, Italy) and Roche Diagnostics (Mannheim, Germany) 

enzymatic kits. Blood glucose was measured using a MediSense Optium (Abbott Diabetes 

Care, Maidenhead, UK) blood glucose meter and strips. The concentration of free FAs was 

measured using enzymatic kits from Wako (Neuss, Germany). The plasma insulin 

concentrations were determined using a Sensitive Rat Insulin RIA kit and a Rat/Mouse 

Insulin ELISA kit (Millipore, Billerica, USA). Concentrations of triglycerides (TG), HDL- 

and LDL-cholesterol and the activity of alanine aminotransferase (EC 2.6.1.2 ALT) and 

aspartate transaminase (EC 2.6.1.1 AST) in plasma samples were measured using kits from IL 

Laboratories (Lexington, USA). Concentration of tumour necrosis factor alpha (TNFα) in 

plasma was measured using TNFα ELISA Kit from Millipore. 

2.3.1.7 Isolation of cardiac mitochondria 

Mitochondria were isolated from the cardiac tissues as described previously (Kuka et 

al., 2012a), with certain modifications. Cardiac tissues were homogenized on ice in 1:10 (w/v) 

medium containing 180 mM KCl, 10 mM Tris-HCl and 1 mM EGTA (pH 7.7 at 4 °C) 

supplemented with subtilisin A (0.5 mg/ml) using a Teflon glass homogenizer. The 
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homogenate was centrifuged at 750 g for 5 min at 4 °C, and then the supernatant was 

centrifuged at 6800 g for 10 min at 4 °C. The obtained mitochondrial pellet was washed once 

(10 min at 6800 g) and resuspended in the buffer containing 180 mM KCl and 20 mM Tris-

HCl (pH 7.2 at 4 °C). Isolated heart mitochondria were stored on ice until use or were frozen 

until analysis. 

2.3.1.8 Determination of fatty acid accumulation in cardiac mitochondria during 

ischaemia/reperfusion 

To assess the accumulation of FAs and their derivatives in cardiac mitochondria 

during ischaemia, hearts were perfused as described recently (Liepinsh et al., 2014b), with 

certain modifications. In particular, hearts from fasted (starved) rats were perfused with 

Krebs–Henseleit (KH) buffer solution supplemented with 5 mM glucose, 1.2 mM sodium 

palmitate bound to 2 % BSA, 1 mM lactate, 0.1 mM pyruvate and 0.3 ng/ml insulin at a 

constant perfusion pressure of 9.33 kPa. During the adaptation period, the isolated rat hearts 

were perfused with non-labelled KH buffer solution for 10 min. The perfusate was then 

switched to radiolabelled ([9,10-3H]-palmitate ([3H]-palmitate), specific radioactivity, 60 

Ci/mmol) KH buffer solution for 10 min. Then, the hearts were switched back to the non-

labelled KH perfusion solution, and the left anterior descending coronary artery (LAD) was 

subsequently occluded for 30 min. Hearts were removed immediately after occlusion or 30 

min after reperfusion. To measure the accumulation of FAs during reperfusion, hearts from 

fasted rats were perfused for 20 min with KH buffer solution, as described above. The LAD 

was then occluded for 30 min. During the first 10 min of reperfusion, the perfusate was 

switched to the radiolabelled ([3H]-palmitate) KH buffer solution. The hearts were then 

switched back to the non-labelled KH perfusion solution and perfused for additional 20 min. 

At-risk and non-risk areas were separated, and mitochondria were isolated from both areas. 

2.3.1.9 Flow cytometry and FACS 

Mitochondria were incubated with the fluorescent dyes MitoTracker® Deep Red FM 

(M22426, Life Technologies) and JC-1 (T-3168, Life Technologies). MitoTracker® Deep 

Red is a far red-fluorescent dye (excitation ∼ 644 nm/emission 665 nm) that stains all 

mitochondria (Cottet-Rousselle et al., 2011), and JC-1 exhibits potential-dependent 

accumulation in mitochondria, as indicated by a fluorescence emission shift from green (∼ 

529 nm) to red (∼ 590 nm). JC-1 was used to detect the loss of mitochondrial membrane 

potential, as indicated by a decrease in the red and green fluorescence intensities, and healthy 

and damaged mitochondria were accordingly separated using a BD FACSAria II cell sorter 

(Becton Dickinson) (Lecoeur et al., 2004). Flow cytometry data obtained for 100000 events 
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were analysed using Flowing Software (Cell Imaging Core, Turku Centre for Biotechnology, 

Turku, Finland). To assess the association of [3H]-palmitate accumulation and mitochondrial 

damage, isolated rat hearts were subjected to 30 min of ischaemia, followed by 30 min of 

reperfusion. Approximately 2000000 mitochondria (MitoTracker®-positive) isolated from the 

at-risk area were sorted into healthy and damaged subpopulations according to JC-1 

fluorescence (Figure 2.1). 

 

 

Figure 2.1 Separation of healthy and damaged mitochondrial subpopulations by cell sorting 
according to JC-1 fluorescence 

 

The [3H]-palmitate content in each mitochondrial subpopulation was then determined 

by liquid scintillation. 

2.3.1.10  Determination of palmitoylcarnitine accumulation in mitochondrial fractions 

Isolated rat cardiac mitochondria were incubated with 5.6 nM labelled [9,10-3H]-

palmitoylcarnitine ([3H]-palmitoylcarnitine, specific radioactivity, 60 Ci/mmol; American 

Radiolabeled Chemicals) in the presence of 10 mM succinate, 1 μM rotenone and 1 mM ADP 

to ensure palmitoylcarnitine accumulation in mitochondria. The mitochondria were then 

washed, and mitochondrial fractions (intermembrane space, outer and inner mitochondrial 

membranes and mitochondrial matrix) were prepared. The separation of the outer 

mitochondrial membrane and intermembrane space was performed as described previously 

(Ryu et al., 2011). Briefly, mitochondria were incubated in hypotonic solution (5 mM sucrose, 

5 mM HEPES and 1 mM EGTA, pH 7.2) on ice for 5 min and then centrifuged at 14500 g for 

10 min. The obtained supernatant contained outer mitochondrial membrane and 

intermembrane space, whereas the obtained pellet contained inner mitochondrial membrane 

and matrix. The supernatant was centrifuged at 200000 g for 90 min to sediment the outer 

mitochondrial membrane, and the pellet was subjected to ten freeze-thaw cycles and 
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sonication (40 % for 20 s) to disturb inner mitochondrial membrane. The inner mitochondrial 

membrane and mitochondrial matrix were separated by centrifugation at 100000 g for 30 min. 

2.3.1.11  Mitochondrial respiration measurements 

FA β-oxidation was determined in mitochondria isolated from the area at risk and non-

risk area of the ischaemic hearts after 30 min of ischaemia using palmitoyl-CoA (2 μM) and 

carnitine (700 μM) as substrates in the presence of succinate (10 mM) and ADP (2.5 mM). 

Mitochondrial respiration rate measurements were performed in mitochondria isolated from 

the at-risk area and the non-risk area of ischaemic hearts in the presence of the respective 5 % 

supernatant obtained during the isolation process. 

The protective effects against FA derivative-induced mitochondrial toxicity were 

studied using recombinant ACBP, FABP3 and purified cytosol obtained from hearts from fed 

or fasted rats. To purify cytosol, hearts from fed or fasted rats were homogenized on ice in 

1:10 (w/v) medium containing 180 mM KCl, 10 mM Tris-HCl and 1 mM EGTA (pH 7.7 at 4 

°C) using a Teflon glass homogenizer. The homogenate was centrifuged at 6800 g for 10 min 

at 4 °C, and the obtained supernatant was centrifuged at 100000 g for 60 min at 4 °C. 

Centrifugation of the supernatant using an Amicon® Ultra 10K device (Millipore) was then 

performed to wash out the energy substrates and to concentrate the cytosol into the initial 

volume (1 g of cardiac tissues equivalent to 1 ml of purified cytosol). Mitochondrial 

respiration was measured using a Clark-type electrode (Microelectrodes) in buffer containing 

150 mM KCl, 2.25 mM MgCl2, 10mM Tris-HCl and 5mM KH2PO4 (pH 7.2 at 37°C). 

Titrations with palmitoyl-CoA and palmitoylcarnitine were performed in the oxidative 

phosphorylation (OXPHOS) state using succinate (10 mM) with rotenone (1 μM) and ADP (1 

mM) as substrates. 

To determine the palmitoylcarnitine-induced mitochondrial damage, high-resolution 

respirometry with simultaneous fluorimetry was performed using an Oxygraph-2k (O2k; 

Oroboros Instruments) combined with the O2k-Fluorescence LED2-Module. Succinate (10 

mM) with rotenone (1 μM) were used to determine complex II-linked respiration, and 

pyruvate and malate (5 mM and 0.5 mM respectively) with succinate (10 mM) were used to 

determine Complex I- and II-linked respiration. Measurements were performed in the 

OXPHOS state using 1 mM ADP. Oligomycin A (Omy A) at 10 μM was added to determine 

LEAKOmy-linked respiration. In addition, simultaneously with respiratory measurements, 

tetramethylrhodamine methyl ester (TMRM, LST668, Life Technologies) (2 μM) was used to 

determine the mitochondrial membrane potential, Calcium GreenTM-5N (C3737, Invitrogen) 

was used to determine mitochondrial calcium release, and H2O2 flux was measured using the 
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H2O2-sensitive probe Amplex® Ultra Red (A36006, Life Technologies), as described 

previously (Makrecka-Kuka et al., 2015). 

2.3.1.12 Measurement of CPT1 activity and CPT2-dependent β-oxidation 

CPT1 activity in intact isolated mitochondria was assayed as the formation of 

palmitoyl-[3H]-carnitine using palmitoyl-CoA and radiolabelled L-[N-methyl-3H]carnitine as 

described previously (Berthon et al., 1998) with some modifications. The final concentrations 

in the assay were 50 μM palmitoyl-CoA, 1.5pmol of L-[N-methyl-3H]carnitine (specific 

radioactivity, 85 Ci/mmol; Biotrend), 0.5 μM rotenone, 60 mM KCl, 150 mM sucrose, 1 mM 

DTT, 1 mg/ml FA free-BSA and 25 mM HEPES, pH 7.4. Mitochondria isolated from the at-

risk and non-risk areas of the ischaemic hearts after 30 min of ischaemia were diluted in the 

respective supernatant obtained during the isolation process. The reaction was performed at 

room temperature for 5 min and stopped by the addition of ice-cold 2 M perchloric acid. 

Samples were then centrifuged at 10000 g for 10 min at 4 °C. The obtained pellet was 

suspended in water and palmitoyl-[3H]carnitine was extracted with n-butanol by vigorously 

mixing samples for 1 min followed by centrifugation at 10000 g for 10 min at 4 °C. After 

centrifugation, an aliquot of the butanol phase was collected and the radioactivity was 

measured using a Wallac MicroBeta Trilux scintillation counter (PerkinElmer). The data were 

normalized to the mitochondrial protein content (determined using the Lowry method). 

To determine the CPT2-dependent β-oxidation, isolated mitochondria were sonicated 

(Cole Parmer 130-Watt ultrasonic processor set at 20 % for 20 s) and diluted in isolation 

buffer (180 mM KCl and 20 mM Tris-HCl, pH 7.2 at 4°C) or in respective supernatant from 

the at-risk and non-risk areas of the ischaemic hearts. The CPT2-dependent β-oxidation was 

determined as described previously (Demaugre et al., 1988) with some modifications. The 

incubation medium (200 μl) contained 115 mM Tris-HCl, pH 7.4, 70 mM KCl, 4.5 mM 

reduced glutathione and 20 μl of diluted mitochondria. After 2.5 min of pre-incubation, the 

reaction was initialized by the addition of 1.67 pmol of [3H]-palmitoylcarnitine in 50 μl. The 

reaction was performed at room temperature for 3 min and stopped with 50 μl of 6 M 

perchloric acid. Samples were then centrifuged at 10000 g for 10 min at 4°C. The obtained 

supernatant was vigorously mixed with n-butanol for 1 min and centrifuged at 10000 g for 10 

min at 4 °C. The radioactivity content in the aqueous phase was then determined by liquid 

scintillation. The data were normalized to the mitochondrial protein content. 

2.3.1.13 Binding of fatty acid derivatives to recombinant FABP and ACBP 

To determine the ability of palmitoylcarnitine to compete with palmitate and 

palmitoyl-CoA for binding to FABP and ACBP respectively, binding studies were performed 
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as described previously (Rasmussen et al., 1990; Vork et al. 1990). Recombinant human 

FABP3 was purchased from Cayman chemical (Batch No. 0450256-1). Recombinant ACBP 

was prepared in collaboration with Dr. Kaspars Tārs (Latvian Biomedical Research and Study 

Centre) as follows. A plasmid composed of synthetic cDNA corresponding to ACBP isoform 

3 (NCBI Reference Sequence NP_001073331.1) that was complemented at the 5’ end with 

6×His codons, a tobacco etch virus protease cleavage site and the T7 promoter was ordered 

from Integrated DNA Technologies. This plasmid was transformed into Escherichia coli 

strain BL21(DE3). The cells were grown in 2×TY medium until the D600 reached 0.8–1.0, 

induced by addition of IPTG to a concentration of 1 mM and harvested by centrifugation at 

1000 g after 4 h. The cells were then lysed by sonication, and the protein was purified by 

metal-affinity chromatography using a 1 ml HisTrap (GE Healthcare) column. 

2.3.1.14 Quantification of the atherosclerotic lesions in the aortic sinus 

After the blood was taken, the right ventricle was incised, and the heart was perfused 

with 10 ml of phosphate buffered saline through the apex of the left ventricle. Next, the heart 

and the whole aorta were cleaned from the surrounding fatty and connective tissues and 

dissected. Afterwards the heart was cut along a plane between the tips of 2 atria, and the top 

half was embedded in OCT Tissue-Tek embedding medium (Sakura, The Netherlands) and 

snap-frozen. Nine 10 μm thick cryosections were cut from the appearance of the aortic valves 

with 100 μm intervals. Sections were mounted on poly-L-lysine coated slides and dried. After 

fixation in neutral 4 % paraformaldehyde solution, sections were stained with Oil Red O 

(ORO). Finally, the ORO-stained sections were examined under a Leica DM IL microscope 

(Wetzlar, Germany) and used for quantitative evaluation. Images of the aorta were recorded 

using a Leica DFC490 digital camera (Wetzlar, Germany). The total area of the lesion was 

measured using Image-Pro Plus 6.3 software, as previously described (Liepinsh et al., 2013a). 

2.3.1.15 Quantification of the infiltration of macrophages and monocytes in the 

atherosclerotic lesions 

To determine the number of macrophages and monocytes in atherosclerotic lesions of 

the aortic sinus, 10 μm sections from aortic roots were prepared similarly as described before 

(Section 2.3.1.14). Sections were mounted on poly-L-lysine coated slides, air-dried and fixed 

in cold acetone. Following fixation, the sections were stained with rat anti-MOMA-2 

antibodies from Abcam (Cambridge, UK), as previously described (Hoyer et al., 2012). 
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2.3.1.16 Quantification of the atherosclerotic lesions in the aorta 

The aortas, from arch to bifurcation, were fixed in 4 % formaldehyde. Following 

fixation, the whole aorta was longitudinally opened, pinned onto silicone plates and stained 

for lipids with Sudan IV. Images of the aorta were captured using a Sony α77 digital camera, 

and the total area of the lesion was calculated using the Image-Pro Plus 6.3 software. The 

extent of atherosclerosis was expressed as a percentage of the aortic surface covered by 

lesions compared to the total aortic surface. 

2.3.2 Ex vivo and in vivo methods 

2.3.2.1 Determination of glucose and insulin tolerance tests 

To perform the glucose tolerance test, the mice were fasted overnight. Then, the 

glucose solution (0.5 or 1 g/kg of body weight) was administered intraperitoneally, and blood 

samples were drawn from the tail vein at 0 (fasting), 15, 30, 60, 120, 180 and 240 min. For 

the insulin tolerance test experiment, an insulin solution was administered intraperitoneally or 

subcutaneously (with the respective doses of 0.75 or 0.3–0.5 IU/kg) to the fed mice, and 

blood samples were drawn from the tail vein at 0 (fed), 30, 60, 120 and 240 min (additional 

blood sample at 24 hours was collected in the experiment with db/db mice). The blood 

glucose concentration was measured using a MediSense Optium Xceed blood glucose meter 

and strips. 

2.3.2.2 Measurements of glucose uptake and fatty acid metabolism in vivo 

To determine the glucose uptake or FA metabolism (uptake and oxidation) in vivo, 1 

μCi of 2-[1,2-3H]-deoxy-D-glucose ([3H]-DOG, specific activity, 60 Ci/mmol) or 1 μCi [9,10-
3H]-palmitate (specific activity, 60 Ci/mmol), respectively, were administered intravenously 

to the mice. After 10 min, the mice were sacrificed by cervical dislocation, and heart, skeletal 

muscle, liver and adipose tissue homogenates (1:5, w/v in MilliQ water) were prepared. To 

determine the palmitate metabolism in vivo, samples were treated as previously described 

(Liepinsh et al., 2015). The contents of [3H]-DOG or [3H]-palmitate in the tissue samples 

were determined by a liquid scintillation method. 

2.3.2.3 Isolated rat heart infarction study 

Infarction was induced according to the Langendorff technique, as described 

previously (Kuka et al., 2012a), with certain modifications. For the infarction studies, hearts 

were perfused with KH buffer solution at a constant perfusion pressure of 8 kPa. The isolated 

rat hearts were adapted for 20 min, and the LAD was subsequently occluded for 30 min, 



 

42 

followed by 120 min of reperfusion. Occlusion was confirmed by a 40 % fall in coronary 

flow. The infarct size (IS) was determined as described previously (Liepinsh et al., 2013a). 

Briefly, at the end of the reperfusion, the LAD was re-occluded, and the heart was perfused 

with 0.1 % Methylene Blue dissolved in KH buffer solution. Afterwards, the ventricles of the 

heart were transversely cut into 2-mm-thick slices and photographed. Computerized 

planimetric analyses of the photographs of the stained ventricle slices were performed using 

Image-Pro Plus v6.3 software (Media Cybernetics) to determine the area at risk (AAR) and 

the area of necrosis (AN), and each area was expressed as a percentage of the left ventricle 

(LV) area. The obtained values were then used to calculate the IS as a percentage of the AAR, 

according to the formula IS = (AN/AAR) × 100 %. 

2.3.2.4 Metabolic phenotyping 

The PhenoMaster system for mice (TSE, Germany), with automated food/liquid 

access control units and an indirect gas calorimetry system, was used to monitor 24 h changes 

in energy metabolism. Indirect gas calorimetry was used for the measurements of the animals’ 

oxygen consumption (VO2) and carbon dioxide production (VCO2) to estimate various 

metabolic parameters, including the respiratory exchange rate (RER) and fat and carbohydrate 

utilization for energy production. 

2.4 Statistical analysis 

Data are presented as the mean ± standard error of the mean (S.E.M.). Statistically 

significant differences in the mean values were evaluated using Student’s t-test, Chi-Square 

test or a one-way ANOVA with Tukey`s, two-tailed Student's t-test, Mann–Whitney U test or 

Dunnett’s post-tests. The differences were considered significant when P < 0.05. The data 

were analysed using Graph Pad Prism 5.03 software (Graph Pad Inc., La Jolla, USA). 
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3 RESULTS 

3.1 The effects of acute and long-term administration of palmitoylcarnitine on energy 

metabolism in mice 

To study the role of acylcarnitines in the development of insulin resistance, acute and 

long-term palmitoylcarnitine administration was used to induce an increase in long-chain 

acylcarnitine concentrations in mice. In vitro experiments in cell culture lines were performed 

to detail the molecular mechanisms of excessive accumulation of acylcarnitines during the 

accelerated development of insulin resistance. 

3.1.1 Effects of single-dose palmitoylcarnitine administration on glucose metabolism 

Administration of palmitoylcarnitine at a dose of 50 mg/kg induced only a 3-fold 

increase in the intramuscular content of long-chain acylcarnitines (Figure 3.1). In comparison, 

after overnight fasting skeletal muscle long-chain acylcarnitine content was 5-fold higher than 

long-chain acylcarnitine content in fed state (Figure 3.1). Thus, palmitoylcarnitine treatment-

induced effect on muscle long-chain acylcarnitine content is similar to short-term fasting. 
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Figure 3.1 The effect of acute administration of palmitoylcarnitine (PC, 50 mg/kg i.p. 1 h) on the 
concentrations of long-chain acylcarnitines in muscle tissues 

Each value represents the mean ± S.E.M. of 8 (Fed), 3 (Fed + PC) or 5 (fasted) animals. *Significantly different 
from the fed group (ANOVA following Tukey's test, P < 0.05). 

 

The single-dose administration of palmitoylcarnitine induced a significant increase in 

the blood glucose concentrations of fasted (Figure 3.2 A) and fed (Figure 3.2 B) mice. The 

administration of insulin significantly reduced blood glucose with and without the co-

administration of palmitoylcarnitine. This additional increase in insulin concentration could 

decrease the palmitoylcarnitine-induced effect on blood glucose, suggesting that higher 
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concentrations of insulin can overcome palmitoylcarnitine-induced effects on glucose 

metabolism. 
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Figure 3.2 The effects of acute administration of palmitoylcarnitine (PC, 50 mg/kg i.p. 1 h) on the 
concentrations of blood glucose in fasted (A) and fed (B) states 

Each value represents the mean ± S.E.M. of 5 animals. *Significantly different from the respective control 
group, # significantly different from the insulin control group (Student’s t-test or ANOVA following Tukey's 

test, P < 0.05). 

 

To test the 24 h effect of palmitoylcarnitine administration on glucose tolerance and 

energy metabolism balance in mice, palmitoylcarnitine (50 mg/kg/day) was administered by 

slow-release minipumps. In the glucose tolerance test, a significantly higher increase was 

observed in blood glucose in the palmitoylcarnitine group mice (Figure 3.3 A). In addition, 

the respiratory exchange ratio (RER) was decreased in mice with palmitoylcarnitine (Figure 

3.3 B). These results indicate that increased palmitoylcarnitine concentration delays the 

glucose metabolism transition from the fed to fasted state. 
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Figure 3.3 The effects of the administration of palmitoylcarnitine (PC, 50 mg/kg/24 h) with 
osmotic minipumps on glucose tolerance (A) and energy production (B) 

Each value represents the mean ± S.E.M. of 4 animals. *Significantly different from the respective 
control group (Student’s t-test, P < 0.05). 
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To determine whether acylcarnitines stimulate insulin secretion the effects of 

palmitoylcarnitine on insulin release were studied both in vitro and in vivo. Results showed 

that 3 and 10 μM concentrations of palmitoylcarnitine were sufficient to increase intracellular 

long-chain acylcarnitine contents within one hour and to stimulate insulin release from RIN-

5F cells (Figure 3.4). To evaluate whether palmitoylcarnitine acts by a different mechanism 

than FA, palmitoylcarnitine was incubated in the presence of DC260126, an inhibitor of FA 

targeted GPR40 (FFAR1) receptor in β-cells. The effect of 10 μM palmitoylcarnitine was not 

inhibited by DC260126 (Figure 3.4) indicating that observed palmitoylcarnitine effect on 

insulin release was not induced by palmitate action. 
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Figure 3.4 Insulin release in insulin-secreting cell line (RIN-5F) after 1 h incubation with 
palmitoylcarnitine (PC, 3 and 10 μM) and inhibitor DC260126 

Each value represents the mean ± S.E.M. of 5 animals. *Significantly different from the respective 
control group (ANOVA following Tukey's test, P < 0.05). 

 

To confirm this effect in vivo, a bolus palmitoylcarnitine was administered to fasted 

mice. The administration of palmitoylcarnitine induced a significant 5-fold increase in insulin 

concentration (Figure 3.5 A). Up to a 2-fold increase in insulin concentration was also 

observed after palmitoylcarnitine administration in fed mice (Figure 3.5 B). Overall, 

palmitoylcarnitine potentiates glucose-stimulated insulin release, thus suggesting that the 

long-chain acylcarnitine effect is important for the physiological transition from the fasted to 

fed state and that it induces hyperinsulinemia in the case of diabetes. 

For more detailed analysis of the palmitoylcarnitine effect on insulin release, another 

experimental method suitable for the evaluation of both insulin-dependent and insulin-

independent glucose homeostasis in vivo was used. To study the insulin-independent 

palmitoylcarnitine effects on plasma glucose, mice were administered the α2-adrenoreceptor 

agonist guanabenz, which inhibits endogenous insulin release (Angel et al., 1988; Saha et al., 
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2005). For the evaluation of insulin-dependent effects, guanabenz administration was 

followed by insulin administration (Figure 3.6).  
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Figure 3.5 The concentration of insulin in the plasma after the administration of 
palmitoylcarnitine (PC, 50 and 100 mg/kg) in fasted (A) and fed state (B) 

Each value represents the mean ± S.E.M. of 5 animals. *Significantly different from the respective 
control group (Student’s t-test or ANOVA following Tukey's test, P < 0.05). 

 

In the fed control mice, administration of guanabenz caused hypoinsulinemia (Figure 

3.6 A) and induced a marked increase in plasma glucose from 8.6 mM up to 17.7 mM, while 

the subsequent insulin administration increased insulin concentration (Figure 3.6 A) and 

significantly decreased the glucose concentration back to the initial level (Figure 3.6 B). The 

administration of palmitoylcarnitine in combination with guanabenz induced an increase in 

the plasma glucose concentration to 3 mM higher concentration than compared to the 

guanabenz group.  
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Figure 3.6 Insulin-independent palmitoylcarnitine (PC, 50 mg/kg i.p.) effects on the levels of 
plasma insulin (A) and glucose (B) 

Each value represents the mean ± S.E.M. of 8 animals. *Significantly different from the respective 
control group, $ significantly different from the baseline (Student’s t-test or ANOVA following Tukey's test, P < 

0.05). GB – guanabenz. 
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Palmitoylcarnitine also significantly diminished the insulin-induced blood glucose 

lowering effect (Figure 3.6 B). Thus, the blood glucose concentration in the 

palmitoylcarnitine group remained 5 mM higher than that in the control mice.  

These effects could be explained by a palmitoylcarnitine-induced significant decrease 

in insulin stimulated [3H]-DOG uptake in skeletal muscles (Figure 3.7 A). 
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Figure 3.7 The effects of acute administration of palmitoylcarnitine (PC, 50 mg/kg i.p. 1 h) with 
guanabenz (GB) and insulin on [3H]deoxyglucose uptake (A) and the uptake and metabolism of 

[3H]-palmitate (B) 
Each value represents the mean ± S.E.M. of 8 animals. *Significantly different from the respective 

control group (ANOVA following Tukey's test, P < 0.05). 

 

Importantly, the palmitoylcarnitine effect on blood glucose is partially masked by the 

significantly stimulated [3H]-DOG uptake in liver and adipose tissue (Figure 3.7 A). In 

addition, no effect of palmitoylcarnitine on [3H]-palmitate uptake and metabolism was 

observed (Figure 3.7 B). Overall, the palmitoylcarnitine administration limits insulin- related 

glucose uptake in muscles.  
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3.1.2 Mechanisms of palmitoylcarnitine action 

To assess whether palmitoylcarnitine has an impact on insulin signalling pathway the 

phosphorylation of Akt Ser-473 was evaluated in the C2C12 muscle cell line after incubation 

with palmitoylcarnitine (Figure 3.8).  
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Figure 3.8 The effect of palmitoylcarnitine (PC) with or without insulin on Akt (Ser-473) 
phosphorylation in C2C12 cells (overnight incubation of 5 or 10 μM PC, A) or in fed mouse 

muscle in vivo (50 mg/kg PC i.p. 1 h, B) 
Each value represents the mean ± S.E.M. of 5 animals. *Significantly different from the control group, 
#significantly different from the palmitoylcarnitine group (ANOVA following Tukey's test, P < 0.05). 

 

The overnight incubation of palmitoylcarnitine (5 or 10 μM) with or without insulin 

(10 nM for 15 min) decreased Akt phosphorylation in the C2C12 cell line (Figure 3.8 A). The 

increase in insulin concentration overcame the palmitoylcarnitine-induced inhibition of Akt 

phosphorylation (Figure 3.8 A). In the C2C12 cell line, incubation with palmitoylcarnitine in 

the presence of 100 nM insulin did not influence the phospho-Akt Ser-473 levels (Figure 3.8 

A). A similar effect on Akt phosphorylation was observed in mouse muscles after a single 

administration of palmitoylcarnitine (50 mg/kg) (Figure 3.8 B). Thus, palmitoylcarnitine 

induces the inhibition of Akt phosphorylation, while increases in insulin concentration up to a 

certain level can overcome the palmitoylcarnitine-induced effects on insulin signalling. 

It would be expected that administered palmitoylcarnitine competes with FA for 

uptake and oxidation in mitochondria. However, palmitoylcarnitine does not influence the FA 

uptake and metabolism rate in skeletal muscle tissue (Figure 3.7 B). Taking into account that 

FA metabolism was not influenced by palmitoylcarnitine, the inhibition of glucose 
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metabolism is also not related to the Randle cycle and excessive mitochondrial oxidation of 

palmitoylcarnitine. In addition, palmitoylcarnitine administration does not influence the 

expression of genes involved in muscle glucose transport and FA metabolism (Figure 3.9 AB) 

and genes related to inflammation (Figure 3.9 C).  
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Figure 3.9 Differences in the expression of genes involved in energy metabolism (A, B) and 
inflammation (C) in the muscle tissue from fasted and fed mice after acute administration of 

palmitoylcarnitine (PC, 100 mg, 1 h) 
Each value represents the mean ± S.E.M. of 5 animals. *Significantly different from the control group, 

$Significantly different from the fed control group (ANOVA following Tukey's test, P < 0.05). 

 

We observed significant differences in gene expression between the fed and fasted 

states; however, palmitoylcarnitine did not influence FA metabolism-related and 

inflammatory gene expression in either state. Overall, the inhibitory effect on Akt 

phosphorylation and related insulin signalling is an important mechanism of 

palmitoylcarnitine action. 

3.1.3 Effects induced by the long-term, slow-release administration of 

palmitoylcarnitine 

To ensure the long-term administration of palmitoylcarnitine, we used slow-release 

osmotic minipumps (ALZET®, USA). This experimental setup ensured a permanent increase 

in long-chain acylcarnitine content in muscles for 28 days. In the control mice minipumps 

loaded with saline (vehicle) were implanted. Palmitoylcarnitine administration at a dose of 10 
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mg/kg/day in muscles induced a substantial 2-fold increase in the content of 

palmitoylcarnitine and total long-chain acylcarnitine content (Figure 3.10 AB).  

 

*

*

*

*

0

1

2

3

4

5

6

C14 C16 C18:0 C18:1 C18:2L
on

g-
ch

ai
n

ac
yl

ca
rn

it
in

es
, 

nm
ol

/g
 m

us
cl

es
Control PC slow releaseA *

0

2

4

6

8

10

12

14

Control PC slow
releaseL

on
g-

ch
ai

n
ac

yl
ca

rn
it

in
es

, 
nm

ol
/g

 m
us

cl
es

B

 

*

*

0

3

6

9

12

0 15 30 60 120 180 240

G
lu

co
se

, m
M

Control PC slow releaseC

Time after glucose administration, min

*
*

*

0

2

4

6

8

10

12

0 0.5 1 2 4

G
lu

co
se

, m
M

Control PC slow releaseD

Time after insulin administration, h  

Figure 3.10 Effects induced by the long-term, slow-release administration of palmitoylcarnitine 
(PC, 10 mg/kg/day for 28 days) on the content of long-chain acylcarnitines in skeletal muscles in 

fed state (A, B), glucose (C) and insulin (D) tolerance 
Each value represents the mean ± S.E.M. of 10 animals. *Significantly different from the respective control 

group, (Student’s t-test, P < 0.05) 

 

A long-term increase in long-chain acylcarnitine content resulted in impaired glucose 

tolerance (Figure 3.10 C). The AUC calculated from the glucose tolerance test data in the 

palmitoylcarnitine group was significantly increased by 30 %. Palmitoylcarnitine 

administration by minipumps blocked the insulin-induced blood glucose lowering effect in 

the insulin tolerance test (Figure 3.10 D). In the control animals, insulin administration 

induced an approximate 3 mM decrease in blood glucose concentration, while in the 

palmitoylcarnitine group blood glucose was not changed during the 4 h test period. In 

palmitoylcarnitine-treated mice, plasma glucose concentrations were similar to that of the 

control mice; however, it is likely that glucose concentrations were not affected due to the 

2.8-fold increase in insulin concentration in the fed state (Figure 3.11 A). In addition, the 

palmitoylcarnitine-induced increase in lactate concentration suggests incomplete glucose 

oxidation (Figure 3.11 B). In contrast, palmitoylcarnitine administration did not influence 
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plasma triglyceride and FA concentrations (Figure 3.11 CD). Thus, the palmitoylcarnitine-

induced glucose intolerance is not related to changes in FA flux. 
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Figure 3.11 Effects induced by the long-term, slow-release administration of palmitoylcarnitine 
(PC, 10 mg/kg/day for 28 days) on the concentrations of biochemical components in plasma in 

the fed and fasted states 
Each value represents the mean ± S.E.M. of 10 animals. *Significantly different from the respective control 

group, (Student’s t-test, P < 0.05) 

 

Overall, the long-term increase in long-chain acylcarnitine content induced insulin 

resistance and hyperinsulinemia. 

3.2 The effects of methyl-GBB treatment combined with exercise on insulin sensitivity 

in experimental mice models of diabetes and insulin resistance 

To study the potential protective effects of pharmacological acylcarnitine 

concentration decrease in diabetes, administration of methyl-GBB alone or combined with 

physical intervention was used to diminish levels of acylcarnitines in the plasma and muscles 

in the experimental insulin resistance and diabetes models of db/db mice and HFD fed 

C57BL/6 mice. 
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3.2.1 Content of acylcarnitines in db/db mice plasma and muscles 

To evaluate whether acylcarnitines accumulate during diabetes, the acylcarnitine 

content was measured in the fed and fasted states (Table 3.1). 

Table 3.1 

Content of acylcarnitines in plasma and muscle tissues 

 Plasma acylcarnitines (pM) 

Group 
Metabolic 

state 
Short-chain Medium-chain Long-chain 

db/Lean 
Fasted 689 ± 32 248 ± 26* 5384 ± 721 

Fed 471 ± 39 ND 417 ± 65* 

db/db Control 
Fasted 656 ± 109 78 ± 12 3358 ± 710 

Fed 538 ± 30 29 ± 4 1413 ± 72 

db/db Methyl-GBB 
Fasted 32 ± 5* ND 646 ± 77* 

Fed 29 ± 4* ND 202 ± 15* 

db/db Exercise 
Fasted 668 ± 20 129 ± 7* 3305 ± 231 

Fed 545 ± 61 43 ± 6 1501 ± 132 

db/db Methyl-GBB 
+ Exercise 

Fasted 44 ± 5* ND 702 ± 39* 

Fed 37 ± 22* ND 290 ± 113* 

 Muscle tissue acylcarnitines (nmol/g) 

Group 
Metabolic 

state 
Short-chain Medium-chain Long-chain 

db/Lean 
Fasted 44.4 ± 3.6 3.5 ± 0.1 116.6 ± 14.9 

Fed 43.3 ± 1.1 0.6 ± 0.1* 12.3 ± 1.1* 

db/db Control 
Fasted 47.3 ± 7.3 4.3 ± 0.8 101.7 ± 17.9 

Fed 55.7 ± 5.6 2.4 ± 0.7 65.0 ± 14.6 

db/db Methyl-GBB 
Fasted 0.7 ± 0.1* 0.02 ± 0.02* 1.9 ± 0.6* 

Fed 1.1 ± 0.2* 0.04 ± 0.02* 1.7 ± 0.4* 

db/db Exercise 
Fasted 65.8 ± 7.3 3.5 ± 0.3 102.2 ± 7.6 

Fed 58.2 ± 3.0 2.5 ± 0.2 73.9 ± 4.4 

db/db Methyl-GBB 
+ Exercise 

Fasted 1.5 ± 0.2* ND 1.6 ± 0.4* 

Fed 0.8 ± 0.1* ND 1.3 ± 0.4* 

The results are average values ± S.E.M. of 5 animals. *Significantly different from db/db control group (one-
way ANOVA with Dunnett’s post-test P < 0.05). ND – not detected. 

 

In the fed db/Lean mice, the plasma concentrations of long-chain acylcarnitines were 

13-fold lower than in the fasted state. However, in db/db mice the difference drops to two-

fold, suggesting it as a possible indicator of metabolic inflexibility. Thus, in the fasted state, 

the plasma content of long-chain acylcarnitines in db/db mice was 37 % lower than in 

db/Lean mice (Table 3.1, Figure 3.12 A). However, in the fed state, plasma long-chain 

acylcarnitine concentration was 3.5-times higher in db/db mice than in db/Lean mice (Table 

3.1, Figure 3.12 A), resulting in less difference between the content of long-chain 

acylcarnitines in the fed and fasted states in db/db control mice. The acylcarnitine content in 
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the plasma fully reflects the acylcarnitine content in the muscles (Table 3.1, Figure 3.12 AB). 

In the muscles of fasted db/db and db/Lean mice, long-chain acylcarnitine contents were 

similar, while in fed db/db mice compared to db/Lean mice, a 5-fold higher long-chain 

acylcarnitine content was observed. These results demonstrate that muscle accumulation of 

acylcarnitines is related to the detrimental effects on glucose metabolism in the fed state. 

Exercise did not influence the concentrations of short-, medium- and long-chain 

acylcarnitines in plasma and muscle (Table 3.1, Figure 3.12 AB). In contrast, methyl-GBB 

treatment induced a substantial decrease in all acylcarnitine plasma and muscle concentrations 

in both states as well as when it was combined with exercise (Table 3.1, Figure 3.12 A). Thus, 

methyl-GBB induced up to a 60-fold decrease in the long-chain acylcarnitine concentration in 

muscles and up to a 7-fold decrease in the plasma (Table 3.1, Figure 3.12 AB). 
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Figure 3.12 The effect of methyl-GBB administration (5 mg/kg for 8 weeks) and exercise on long-
chain acylcarnitine concentrations in db/db mouse plasma (A) and muscles (B) 

Each value represents the mean ± S.E.M. of 10 animals. *Significantly different from the fasted db/db control 
group, #significantly different from the fed db/db control group (ANOVA following Tukey's test P < 0.05). 

 

Results indicate that the postprandial plasma concentration of long-chain 

acylcarnitines could be a marker for insulin resistance. The methyl-GBB-induced decrease in 

acylcarnitine content was consistent in fed and fasted states and in combination with exercise. 
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3.2.2 Methyl-GBB and exercise induced effects on glucose and insulin tolerance 

To test glucose metabolism disturbances in db/db mice and insulin resistant, HFD fed 

C57BL/6 mice, glucose and insulin tolerance tests were performed (Figure 3.13).  
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Figure 3.13 Methyl-GBB administration (5 mg/kg for 8 weeks) and exercise induced effects on 
glucose concentration after insulin (A, C) and glucose (B) administration-induced changes in 

HFD (A, B) and db/db (C) mice 
Each value represents the mean ± S.E.M. of 10 animals. *Significantly different from the corresponding control 

group, $significantly different from the Ex group (ANOVA following Tukey's test P < 0.05). 
 

Results showed, that HFD-induced disturbances in glucose metabolism were 

prevented by methyl-GBB treatment, leading to significantly improved insulin sensitivity and 

glucose tolerance (Figure 3.13 AB). Also in db/db mice an insulin tolerance test showed 

serious disturbances in insulin sensitivity (Figure 3.13 C). Both exercise and methyl-GBB 

administration improved insulin sensitivity and a particularly pronounced effect on insulin 

sensitivity was induced by the combination of methyl-GBB treatment and exercise. 
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3.2.3 Methyl-GBB and exercise induced effects on glucose, lactate and insulin 

concentrations 

Compared to normal chow control group, in HFD fed C57BL/6 mice glucose 

concentration in blood was significantly increased. Similarly to the results observed in the 

tolerance tests, methyl-GBB significantly reduced glucose concentration to the normal chow 

control group level (Figure 3.14 A). In db/db mice, glucose was significantly more increased 

in both fed and fasted animals (Figure 3.13 C and Figure 3.14 B).  
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Figure 3.14 Methyl-GBB administration (5 mg/kg for 8 weeks) and exercise induced effects on 
fasted plasma glucose, plasma lactate and insulin concentrations in HFD mice (A, C, E) and 

db/db mice (B, D, F) 
Each value represents the mean ± S.E.M. of 10 animals. *Significantly different from the corresponding fasted 

diabetes control group, #significantly different from the corresponding fed diabetes group, $significantly 
different from the Ex group (ANOVA following Tukey's test P < 0.05). 
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This indicates that db/db mice are characterized by severe hyperglycaemia and 

uncompensated type 2 diabetes. Exercise decreased postprandial glucose by 4 mM in db/db 

mice. An additional decrease of 6.5 mM in the fed state glucose concentration was induced by 

combined treatment (Figure 3.13 C). In addition, in fasted db/db mice, both methyl-GBB 

administration and exercise as well as the combination of both significantly decreased the 

plasma glucose concentration by 8.6 mM, 12.3 mM and 24.3 mM respectively (Figure 3.14 

B). Thus, while accumulation of acylcarnitines was observed in the fed state, methyl-GBB- 

and combination-induced glucose-lowering effects were more pronounced in the fasting 

conditions. In the fed state, a physiological increase in lactate concentration in control animal 

plasma was observed (Figure 3.14 CD). Lactate accumulation could be a marker of increased 

glucose uptake and incomplete glucose oxidation in tissues, as it is observed during intensive 

exercise after the lactate threshold is reached. In HFD control mice the lactate concentrations 

were not significantly increased, but, nevertheless, methyl-GBB treatment induced a 

significant decrease in the lactate concentration in the fed state. In db/db mice compared to 

db/Lean mice, higher lactate concentrations in the plasma were observed only in the fasted 

state. Methyl-GBB treatment significantly reduced the lactate concentrations in db/db mice 

plasma in both the fasted and fed states while an exercise-induced effect was observed only in 

the fasted mice (Figure 3.14 B). This suggests that the methyl-GBB-induced acylcarnitine 

decrease facilitates lactate and pyruvate oxidation in the mitochondria of mice muscles in both 

the fasted and fed states. In HFD and db/db mice marked hyperinsulinemia was observed. In 

HFD mice methyl-GBB significantly decreased insulin concentration (Figure 3.14 E). In 

contrast, exercise and methyl-GBB administration did not significantly influence 

hyperinsulinemia in db/db mice (Figure 3.14 F), suggesting that the glucose lowering effect 

induced by treatments is related to increased insulin sensitivity.  

3.2.4 Methyl-GBB and exercise induced effects on fatty acid metabolism 

To test whether the changes in insulin sensitivity induced by exercise and methyl-

GBB treatment are related to FA metabolism, we determined the [3H]-palmitate uptake and 

metabolism in the muscles and heart in vivo (Figure 3.15). In db/db hearts compared to 

db/Lean mice hearts, 2-fold higher palmitate uptake and metabolism were observed in both 

the fed and fasted states. Exercise induced a significant 2-fold decrease in palmitate oxidation 

in hearts in the fasted state, but not in the fed state (Figure 3.15 AB). In methyl-GBB-treated 

mouse hearts, we observed a significant 2-fold decrease in the labelled palmitate uptake and 

oxidation rates in the fed state, but not in the fasted state. Meanwhile, the combination of 

exercise and methyl-GBB-induced decrease in acylcarnitine content resulted in reduced 
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metabolism of palmitate in both the fed and fasted states. In contrast, in the skeletal muscle of 

db/db mice, palmitate uptake and metabolism were not significantly higher compared to 

db/Lean mice (Figure 3.15 AB). Only in fed db/db mice muscles there was a tendency to have 

50 % higher palmitate metabolism, while muscles from db/db mice treated by methyl-GBB 

and combination were similar to db/Lean controls (Figure 3.15 A). 
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Figure 3.15 Methyl-GBB administration (5 mg/kg for 8 weeks) and exercise induced effects on 
the fed (A) and fasted (B) state [3H]-palmitate uptake (FA – unmetabolized fatty acids) and 

metabolism (ACS - acid soluble substances) in db/db mice 
Each value represents the mean ± S.E.M. of 5 animals. *Significantly different from the db/db control group. $ 

Significantly different from the db/db methyl-GBB group (ANOVA following Tukey's test P < 0.05). 
 

Overall, insulin insensitivity in db/db mice was not induced by significantly increased 

FA metabolism, while increased insulin sensitivity by both treatments was not related to 

decreased FA metabolism in muscles. 

3.2.5 Methyl-GBB- and exercise-induced effects on fatty acid metabolism-related gene 

expression 

To determine whether methyl-GBB administration and exercise caused changes in the 

expression of the PPARα/PGC1α target genes involved in long-chain FA metabolism, the 
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mRNA expression of genes was measured in the heart tissues by qRT-PCR. The expression of 

genes involved in long-chain FA metabolism (CPT1A, CPT1B, FABP3 and PDK4) was 

increased in the tissue of HFD fed and db/db mice in comparison to non-diabetic control mice 

(Figure 3.16). 
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Figure 3.16 Methyl-GBB administration (5 mg/kg for 8 weeks) and exercise induced effect on the 

expression of PPARα target genes in the fed HFD (A) and db/db (B) mice 
Each value represents the mean ± S.E.M. of at least 4 animals. *Significantly different from the corresponding 
diabetes control group, $significantly different from the Ex group (ANOVA following Tukey's test P<0.05). 

 

Exercise in db/db mice induced a 2-fold increase in ACSL gene expression, but other 

genes involved in long-chain FA metabolism were not significantly altered by exercise 

compared to controls. In both animal models in response to decreased acylcarnitine content 

the mRNA levels of PPARα target genes were increased by 1.5-fold compared to 

corresponding HFD or db/db control. The combination of exercise with methyl-GBB 

treatment significantly elevated the expression of FA metabolism-related genes, and 

moreover, the effect of methyl-GBB on ACSL, ACOX1, and FABP3 mRNA expression was 

amplified by exercise in db/db mice, but not in HFD mice (Figure 3.16 AB). These results 

indicate that methyl-GBB administration and the combination of the drug and exercise 

activates the PPARα/PGC1α signalling pathway and stimulates the corresponding target gene 

expression. 
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3.3 The role of the long-chain acylcarnitines in the development of 

ischaemia/reperfusion-induced damage in the heart mitochondria 

Isolated rat heart infarction experiments and in vitro experiments with isolated cardiac 

mitochondria were used to study the mechanisms of the long-chain acylcarnitine 

accumulation-induced damage in the heart mitochondria during the ischaemia/reperfusion 

injury. Wistar rats were treated with methyl-GBB to test possible benefits of a decrease in 

acylcarnitine content. 

3.3.1 Fatty acid accumulation in the heart during ischaemia and reperfusion 

Initially, we tested FA accumulation in mitochondria in the area at risk and the non-

risk area during 30 min of ischaemia and 30 min of reperfusion. Labelled [3H]-palmitate was 

added to the perfusion buffer before left coronary artery occlusion. In the mitochondria 

isolated from the non-risk area, palmitate was mostly oxidized (Figure 3.17). In contrast, in 

mitochondria from the area at risk, three times more palmitate remained unmetabolized, 

suggesting that hypoxia induced the accumulation of FAs and their metabolites. During the 

reperfusion stage, the palmitate content in mitochondria did not change substantially (Figure 

3.17). Taken together, these results suggest that FAs and metabolites accumulated in the 

cardiac mitochondria during ischaemia, but not reperfusion.  
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Figure 3.17 The accumulation of [3H]-palmitate in mitochondria of the at-risk and the non-risk 

area during ischaemia and reperfusion 
Each value represents the mean ± S.E.M. for five hearts. *Significantly different from the healthy mitochondria 

group (Student’s t-test, P < 0.05). 

 
To test whether FA accumulation is related to cardiac mitochondrial damage, we 

separated JC-1-labelled mitochondria from the tissues in the area at risk by cell sorting 

(Figure 3.18). Healthy mitochondria contained two times less [3H]-palmitate compared with 

damaged mitochondria. Thus, the accumulation of FAs determines the severity of 

mitochondrial damage during ischaemia. 
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Figure 3.18 The accumulation of [3H]-palmitate in healthy control and damaged mitochondria 
Each value represents the mean ± S.E.M. for five hearts. *Significantly different from the healthy control 

mitochondria group (Student’s t-test, P <0.05). 
 

3.3.2 Acylcarnitine and acyl-CoA contents in the heart and in cardiac mitochondria 

The contents of acylcarnitines and acyl-CoAs were measured both in heart tissues and 

in mitochondria in the area at risk and the non-risk area after 30 min of ischaemia (Table 3.2, 

Figure 3.19).  

Table 3.2 

Acylcarnitine and acyl-CoA contents in heart tissues and mitochondria in the area at 
risk and the non-risk area 

  Acylcarnitines (nmol/g heart) 

Sample Group Short-chain Medium-chain Long-chain 

Heart tissue 
Non-risk 284.7 ± 32.7 8.7 ± 0.5 309.1 ± 53.2 

AAR 288.6 ± 40.4 17.4 ± 3.3* 896 ± 140.2* 

Isolated 
mitochondria 

Non-risk 8.7 ± 2.6 4.4 ± 0.8 59 ± 11.8 

AAR 15.1 ± 2.1 5.2 ± 0.4 144.5 ± 11.7* 

  Acyl-CoAs (pmol/mg protein) 

Sample Group Short-chain Medium-chain Long-chain 

Heart tissue 
Non-risk 0.3 ± 0.04 0.6 ± 0.1 5.7 ± 0.9 

AAR 0.2 ± 0.01* 0.6 ± 0 10.4 ± 2.1* 

Isolated 
mitochondria 

Non-risk ND 2.6 ± 0.7 13.7 ± 1.5 

AAR ND 1.9 ± 0.2 28.6 ± 3* 
Each value represents the mean ± S.E.M. of 6 hearts *Significantly different from the corresponding non-risk 

group (Student’s t-test, P < 0.05). ND – not detected. AAR – area at risk. 

 

In infarcted hearts, in the area at risk the medium-chain acylcarnitine content was two 

times higher and the long-chain acylcarnitine content was three times higher compared with 

those in the non-risk area (Table 3.2, Figure 3.19 A).  
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Figure 3.19 The accumulation of long-chain acylcarnitines (A, C) and acyl-CoAs (B, D) in heart 
tissues (A, B) and in the mitochondria (C, D) isolated from the at-risk and the non-risk areas 

Each value represents the mean ± S.E.M. for six hearts. *Significantly different from the corresponding non-risk 
group (Student’s t-test, P < 0.05). 

 
In ischaemic mitochondria, accumulation of acylcarnitines and especially long-chain 

acylcarnitines was observed (Table 3.2, Figure 3.19 C). Similarly, in the area at risk, we found 

a higher content of long-chain acyl-CoAs (Table 3.2, Figure 3.19 BD); however, content was 

up to 50-fold lower than the measured acylcarnitine content. 

To study long-chain acylcarnitine accumulation in mitochondrial fractions, we 

measured labelled [3H]-palmitoylcarnitine content in mitochondria, and specifically in the 

inner and outer membranes, intermembrane space and mitochondrial matrix (Figure 3.20).  
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Figure 3.20 The accumulation of palmitoylcarnitine in subfractions of mitochondria 
Each value represents the mean ± S.E.M. for four experiments. *Significantly different from the corresponding 

non-risk group (Student’s t-test, P < 0.05). 
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In the mitochondria, 43 % of [3H]-palmitoylcarnitine was detected in the 

intermembrane space, and 47 % of [3H]-palmitoylcarnitine was attached to the inner 

mitochondrial membrane. In the mitochondrial matrix, only a negligible amount of [3H]-

palmitoylcarnitine accumulated. Therefore, the main locations of palmitoylcarnitine 

accumulation are the inner mitochondrial membrane and the intermembrane space. 

3.3.3 Mechanisms of acylcarnitine accumulation 

The activity of CPT1, substrate concentrations (acyl-CoA and CoA) and 

mitochondrial respiration with palmitoyl-CoA and CPT2-dependent β-oxidation were 

measured in mitochondria isolated from the non-risk area and the area at risk of ischaemic 

hearts to clarify the possible mechanisms of acylcarnitine accumulation during ischaemia. 

After occlusion, the CPT1 activity in the area at risk was increased by 40 % (Figure 3.21 A), 

whereas CPT2-dependent β-oxidation was decreased by 42 % compared with the non-risk 

area (Figure 3.21 B). 
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Figure 3.21 CPT1 activity (A), CPT2-dependent β-oxidation (B), respiration with palmitoyl-CoA 
(C) and Acyl-CoA/CoA ratio (D) in mitochondria isolated from the area at risk and the non-risk 

area of ischaemic hearts 
Each value represents the mean ± S.E.M. for four to six measurements. *Significantly different from the 

corresponding non-risk group (Mann–Whitney U test, P < 0.05). 



 

63 

Mitochondria isolated from area at risk had a 25 % lower mitochondrial respiration 

rate with palmitoyl-CoA compared with those in non-risk area (Figure 3.21 C). In addition, 

the ratio of acyl-CoA/CoA in the area at risk was almost 3-fold higher compared with that in 

the non-risk area (Figure 3.21 D). Overall these results indicate that the increase in CPT1 

activity and the substrate-dependent decrease in CPT2-dependent metabolism of FAs in 

mitochondria of ischaemic myocardium result in acylcarnitine accumulation. 

3.3.4 Palmitoylcarnitine-induced mitochondrial damage 

To determine the mechanisms responsible for mitochondrial damage induced by long-

chain acylcarnitines, the effects of palmitoylcarnitine on mitochondrial respiration, H2O2 

production, calcium release and mitochondrial membrane potential were investigated using 

simultaneous high-resolution respirometry and fluorimetry. Palmitoylcarnitine decreased 

OXPHOS-dependent mitochondrial respiration with complex II and complex I and II 

substrates in a dose-dependent manner (Figure 3.22 A).  
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Figure 3.22 The effects of palmitoylcarnitine (PC) on OXPHOS-dependent mitochondrial 
respiration 

Each value represents the mean ± S.E.M. for four or five experiments. *Significantly different from the control 
group (Student’s t-test, P < 0.05). 

 

The addition of 15 μM palmitoylcarnitine to the cardiac mitochondria did not induce 

the uncoupling of OXPHOS because no increase in mitochondrial respiration in the OXPHOS 

or LEAKOmy state was observed (Figure 3.22 B). However, similarly to 10 μM Omy A 

addition, the presence of 15 μM palmitoylcarnitine induced a 2-fold increase in the 

mitochondrial membrane potential (Figure 3.23).  
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Figure 3.23 The effect of palmitoylcarnitine (PC) on the mitochondrial membrane potential in 
the complex II-linked OXPHOS and LEAK states using TMRM 

Each value represents the mean ± S.E.M. for four or five experiments. *Significantly different from the control 
group (Student’s t-test, P < 0.05). 

 

Inhibition of the mitochondrial permeability transition pore by cyclosporine A (CsA; 2 

μM) did not reduce calcium release induced by palmitoylcarnitine and did not protect cardiac 

mitochondria against palmitoylcarnitine-induced damage (Figure 3.24).  
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Figure 3.24 The effects of palmitoylcarnitine (PC) on the mitochondrial permeability transition 
pore (calcium release – A, complex II-linked OXPHOS respiration rate in the absence or 

presence of CsA – B) 
Each value represents the mean ± S.E.M. for four or five experiments. *Significantly different from the control 

group (Student’s t-test, P < 0.05). 

 

Moreover, the addition of palmitoylcarnitine increased the H2O2 production rate and the 

H2O2/O2 ratio in mitochondria in a dose-dependent manner (Figure 3.25).  
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Figure 3.25 The effect of palmitoylcarnitine on H2O2 production under complex II-linked 
OXPHOS state (A and B) 

Each value represents the mean ± S.E.M. for four or five experiments. *Significantly different from the control 
group (Student’s t-test, P < 0.05). 

 

Taken together, these results demonstrate that long-chain acylcarnitines inhibit 

OXPHOS in cardiac mitochondria, thus inducing mitochondrial membrane hyperpolarization 

and stimulating the production of reactive oxygen species (ROS), which can lead to cell 

death. 

3.3.5 Protective mechanisms against mitochondrial damage induced by long-chain 

fatty acid metabolites 

To explore the possible mechanisms that protect mitochondria against damage induced 

by long-chain FA metabolite accumulation, we determined the effect of increasing the 

concentrations of palmitoylcarnitine and palmitoyl-CoA on mitochondrial respiration in 

isolated rat cardiac mitochondria in the absence or presence of cardiac cell cytosol and FA 

binding proteins (Figure 3.26). Palmitoylcarnitine and palmitoyl-CoA decreased OXPHOS-

dependent mitochondrial respiration in a dose-dependent manner with corresponding IC50 

values for palmitoyl-CoA and palmitoylcarnitine of 5.4 ± 0.7 μM and 13.4 ± 1.7 μM 

respectively (Figure 3.26). Thus, palmitoyl-CoA is approximately 2.5-fold more toxic to 

mitochondria than palmitoylcarnitine. As expected, both long-chain FA intermediates were 

harmful to mitochondria, and intracellular FA binding proteins were essential to protect 

against these FA intermediates. To study the protective mechanisms, cardiac cell cytosol from 

fed and fasted rat hearts was used. The cytosol from the fed hearts was able to protect 

mitochondria against the damage induced by palmitoylcarnitine and palmitoyl-CoA. The 

addition of palmitate to cytosol isolated from the fed hearts partially diminished its protective 

effects. In the fasted state, due to the higher amounts of FAs and their metabolites in the 

cytosol, the capacity of binding proteins to associate with excess acylcarnitine and acyl-CoA 
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was limited, and cytosol from fasted hearts did not protect against palmitoyl-CoA- or 

palmitoylcarnitine-induced damage (Figure 3.26 AB). 
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Figure 3.26 Respiration rate of isolated mitochondria treated with palmitoylcarnitine (PC) and 
palmitoyl-CoA (PCoA, 5 – 30 μM) in the absence or presence of heart cell cytosol from fed or 
fasted rat hearts or cytosol from fed animals supplemented with FAs (A and B), 50 μM acyl-

CoA-binding protein (ACBP, C and D) or 30 μM FA binding protein (FABP, E and F) 
Each value represents the mean ± S.E.M. for three to five experiments. *Significantly different from the 

corresponding control group (Tukey’s test, P < 0.05). 

 

It should be noted that the experiments were performed in the presence of the 20 % 

cytosol fraction; under physiological conditions, the protective capabilities of binding proteins 

could be up to 5-fold higher. In further experiments with isolated proteins, we found that at a 

concentration of 50 μM, recombinant acyl-CoA-binding protein (ACBP) significantly 
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protected against palmitoyl-CoA-induced mitochondrial damage (Figure 3.26 C) but it did not 

influence the palmitoylcarnitine-induced mitochondrial damage (Figure 3.26 D). 

Recombinant human FABP3 was also tested in our experimental set-up. However, the 

addition of FABP3 at concentrations up to 30 μM did not influence FA metabolite-induced 

mitochondrial damage (Figure 3.26 EF). It is possible that the higher concentrations of 

FABP3 found in cells (Glatz and van der Vusse, 1996) would protect against acylcarnitine 

accumulation-induced damage. Taken together, these results demonstrate that FA binding 

proteins represent an important protective mechanism against damage induced by long-chain 

FAs. However, cardiac mitochondria are better protected against acyl-CoAs than against 

acylcarnitines. 

3.3.6 Effects of increased and decreased acylcarnitine content on myocardial infarction 

The harmful effects of palmitoylcarnitine were investigated in an isolated rat heart 

ischaemia/reperfusion model (Figure 3.27). 

          ↓ 

Adaptation + PC Ischaemia Reperfusion 

20 min 30 min 120 min 

Figure 3.27 The myocardial infarction experimental setup with palmitoylcarnitine (PC) 
PC was added to KH buffer at a concentration of 2 μM for 20 min before ischaemia. 

 

Palmitoylcarnitine at a concentration of 2 μM was used, as it does not affect cardiac 

work during normoxia (Figure 3.28).  
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Figure 3.28 Changes in cardiac work during the experiment in the control and 
palmitoylcarnitine (PC) groups 

Each value represents the mean ± S.E.M. for five to ten animals. *Significantly different from the corresponding 
control group (Student’s t-test, P < 0.05). 

 

In spontaneously beating isolated rat hearts, the addition of 2 μM palmitoylcarnitine to 

the perfusion buffer increased the palmitoylcarnitine concentration in the heart 4-fold (Figure 
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3.29 A) without affecting acyl-CoA content (Figure 3.29 B). The values for the area at risk 

were similar to the hearts of all of the experimental groups (Figure 3.30 A), and the area at 

risk was approximately 45 – 50 % of the area of the left ventricle. 

 

A

B

 

Figure 3.29 The accumulation of acylcarnitines (A) and acyl-CoAs (B) in the non-risk area in the 
isolated heart ischaemia/reperfusion experiment with palmitoylcarnitine (PC) 

Each value represents the mean ± S.E.M. for five to ten animals. *Significantly different from the corresponding 
control group (Student’s t-test, P < 0.05).  

 

As shown in Figure 3.30 B, palmitoylcarnitine addition significantly increased the 

infarct size by 33 % relative to the control group’s infarct size. Moreover, treatment with 

palmitoylcarnitine significantly decreased cardiac work during reperfusion (Figure 3.28). 

Overall, palmitoylcarnitine seems to induce significant disturbances in heart function and an 

increase in the infarct size. 
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Figure 3.30 The size of area at risk (AAR, A) and the infarct size (B) after reperfusion in the 
control and palmitoylcarnitine (PC) groups 

Each value represents the mean ± S.E.M. for five to ten animals. *Significantly different from the corresponding 
control group (Student’s t-test, P < 0.05). AAR – area at risk. 

 

To test the effects of decreased acylcarnitine content, pre-treatment with methyl-GBB 

for 14 days before ischaemia/reperfusion injury was used. The area at risk did not differ 

between control and methyl-GBB pre-treatment groups (Figure 3.31 B). 
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Figure 3.31 The effects of long-term methyl-GBB (20 mg/kg) treatment on the acylcarnitine 
content (A), the area at risk (AAR, B) and the infarct size (C). 

Each value represents the mean ± S.E.M. for five to ten animals. *Significantly different from the corresponding 
control group (Student’s t-test, P < 0.05). AAR – area at risk. SC – short-chain, MC – medium-chain,  

LC – long-chain 
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Results showed that methyl-GBB pre-treatment completely prevented acylcarnitine 

accumulation. Thus, methyl-GBB induced up to a 60-fold decrease in short-, medium- and 

long-chain acylcarnitine content in heart mitochondria isolated from the at-risk area (Figure 

3.31 A). As a result, the infarct size decreased by 44 % (Figure 3.31 C). Thus, the methyl-

GBB-induced decrease in the acylcarnitine content is protective against acute 

ischaemia/reperfusion-induced damage. 

3.4 The effects of methyl-GBB treatment on the development of atherosclerosis 

Previous results show that the accumulation of long-chain acylcarnitines determines 

the mitochondrial damage in ischaemia/reperfusion injury (Section 3.3). Furthermore, it is 

possible to achieve cardioprotection by decreasing the levels of long-chain acylcarnitines with 

long-term methyl-GBB treatment before ischaemia/reperfusion injury (Section 3.3.6, Liepinsh 

et al., 2015). Since the rate of atherosclerotic plaque formation predicts cardiovascular events 

(Gatto et al., 2017), it was of interest to evaluate whether treatment with methyl-GBB 

attenuates the development of atherosclerosis. In this study apoE−/− mice were treated with 

methyl-GBB to test the effects of the treatment on the development of atherosclerosis. CD-1 

outbred mice received methyl-GBB and molecular anti-atherosclerotic mechanisms of the 

drug were evaluated. 

3.4.1 Effect of treatment on the plasma concentrations of GBB, L-carnitine, methyl-

GBB and TMAO 

The concentrations of L-carnitine, GBB, methyl-GBB and TMAO were measured in 

plasma after four months of treatment (Table 3.3).  

 

Table 3.3 

L-carnitine, GBB, methyl-GBB and TMAO concentrations in the plasma 

Group L-carnitine, µM GBB, µM Methyl-GBB, µM TMAO, µM 

Control 19.8 ± 1.1 0.4 ± 0.1 – 1.9 ± 0.3 

Methyl-GBB 0.5 ± 0.1* 0.9 ± 0.1* 12.5 ± 2.4 1.8 ± 0.4 

Each value represents the mean ± S.E.M. for ten animals. *Significantly different from the control group (one-
way ANOVA followed by Tukey's multiple comparison test, P < 0.05). 

 

Methyl-GBB administration substantially decreased the amount of L-carnitine present 

by nearly 40-fold and increased the concentration of GBB two-fold. The mean TMAO 

concentration in control group animals was 1.9 ± 0.3 μM. Methyl-GBB administration did not 

affect the plasma concentration of TMAO. 
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3.4.2 Effects of the treatment on the L-carnitine amount and acylcarnitine profile 

Effects of the treatment with methyl-GBB on the L-carnitine amount and acylcarnitine 

profile in the aortic tissues were assayed in the control and methyl-GBB receiving CD-1 

outbred mice (Figure 3.32).  
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Figure 3.32 The effects of methyl-GBB treatment on the acylcarnitine profile in the aortic tissues 
Each value represents the mean ± S.E.M. for ten animals. *Significantly different from the control group (two-

tailed Student's t-test, P < 0.05). 
 

The average level of L-carnitine in aortic tissues of control group animals was 194 ± 

32 nmol/g tissues. Two-week treatment with methyl-GBB significantly decreased aortic level 

of L-carnitine to 18 ± 1 nmol/g tissues. As it can be seen in Figure 3.32, methyl-GBB 

administration to the CD-1 outbred mice at the dose of 16.8 mg/kg markedly decreased the 

amount of acylcarnitines in the aortic tissues. Methyl-GBB treatment decreased the total and 

the short-chain acylcarnitine level by nearly seventeen-fold and the medium- and long-chain 

acylcarnitine level by seven-fold. 

 

3.4.3 Effect of administration of methyl-GBB on the biochemical profile of plasma 

Treatment of apoE−/− mice with methyl-GBB at the dose of 10 mg/kg for four months 

statistically significantly decreased the concentration of TG, HDL- and LDL-cholesterol for 

44 %, 29 % and 24 %, respectively (Table 3.4). 

 
Table 3.4 

Biochemical profile of plasma after treatment with methyl-GBB 

Group TG, mM HDL, mg/dl LDL, mg/dl 

Control 1.8 ± 0.2 212 ± 22 1014 ± 53 

Methyl-GBB 1.0 ± 0.1* 150 ± 18* 767 ± 47* 

Each value represents the mean ± S.E.M. for ten animals. *Significantly different from the control group (two-
tailed Student's t-test, P < 0.05). 
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3.4.4 Effect of administration of methyl-GBB on the TNFα concentration in plasma 

The average concentration of TNFα in plasma of control group animals was 5.8 ± 1.5 

pg/ml. Treatment with methyl-GBB significantly decreased the concentration of TNFα to 2.4 

± 0.3 pg/ml (Figure 3.33). 
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Figure 3.33 The effects of methyl-GBB treatment on the TNFα concentration in plasma 
Each value represents the mean ± S.E.M. for ten animals. *Significantly different from the control group (two-

tailed Student's t-test, P < 0.05). 
 

3.4.5 Effects of the treatment on the progression of atherosclerotic lesions in the whole 

aorta and aortic root 

Following four months of treatment, atherosclerotic lesions were observed in the 

aortas of the apoE−/− mice both groups (Figure 3.34). 
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Figure 3.34 The effects methyl-GBB administration on the development of atherosclerotic lesions 
in the aortas (A) and aortic roots (B) of apoE−/− mice 

In Figure A are shown the representative digital pictures of the Sudan IV stained aortas from both experimental 
groups. Each value represents the mean ± S.E.M. for ten animals. *Significantly different from the control group 

(two-tailed Student's t-test, P < 0.05). 
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In the control group, the plaques covered 16.0 ± 1.7 % of the whole aorta (Figure 3.34 

A). Analysis of the Sudan stained aortas showed that the administration of methyl-GBB 

decreased the area covered by the plaques in the whole aorta to 10.3 ± 1.7 %, thereby 

significantly attenuating the development of atherosclerotic lesions in the whole aorta by 36 

%. Similarly, methyl-GBB treatment attenuated also the development of atherosclerotic 

lesions in the aortic sinus for ~ 35 % (Figure 3.34 B). 

3.4.6 Effects of the treatment on the macrophage and monocyte counts in the 

atherosclerotic lesions 

To assess the anti-atherosclerotic mechanism of methyl-GBB, the number of 

macrophages and monocytes was determined in the control and methyl-GBB groups (Figure 

3.35).  

 

 

Figure 3.35 The effect of methyl-GBB administration on the accumulation of macrophages and 
monocytes in the aortic lesions in the aortic roots of (A) control and (B) methyl-GBB treated 

apoE−/− mice 
The slides were stained with MOMA2 antibodies. Red arrows indicate the green fluorescent regions where the 

macrophages and monocytes are located. The red square illustrates the presence of stained cells in the 
atherosclerotic lesion.  

 

Methyl-GBB treatment decreased the infiltration of macrophages and monocytes into 

the aortic lesions of the aortic root. 

3.4.7 Effects of administration of methyl-GBB on the mRNA levels 

As it can be seen in Figure 3.36, treatment with methyl-GBB at the dose of 10 mg/kg 

for four months statistically significantly decreased mRNA levels of TNFα in heart tissues for 

~ 50 %.  
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Figure 3.36 The effects of methyl-GBB administration on the mRNA levels of iNOS, IL-6, TNFα 
and IL1β in heart tissues 

Each value represents the mean ± S.E.M. for at least four animals. *Significantly different from the control 
group (two-tailed Mann–Whitney U test, P < 0.05). 

 

In addition, administration of methyl-GBB decreased the mRNA levels of inducible nitric 

oxide synthase (iNOS), interleukin 6 (IL6) and interleukin 1β (IL1β), but the effect was not 

statistically significant. 
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4 DISCUSSION 

The present thesis describes the link between acylcarnitine accumulation and the 

pathological processes associated with cardiometabolic diseases: development of insulin 

resistance, atherosclerosis and heart ischaemia/reperfusion injury. The aim of the study was to 

determine, whether pharmacological decrease in the acylcarnitine concentration by methyl-

GBB is beneficial for the treatment of the mentioned diseases and to investigate the 

pharmacological mechanisms of action of methyl-GBB. Initially, molecular mechanisms of 

excessive accumulation of long-chain acylcarnitines in the model of accelerated development 

of insulin resistance were investigated. Then, the antidiabetic effects of methyl-GBB 

treatment alone or in combination with physical intervention were studied. Further, the 

damage in the heart mitochondria induced by long-chain acylcarnitine accumulation in the 

ischaemia/reperfusion injury was described and methyl-GBB cardioprotective effects were 

assessed. Finally, the effects of methyl-GBB treatment on the development of atherosclerosis 

were evaluated. 

4.1 Role of long-chain acylcarnitine accumulation in the development of insulin 

resistance 

We have shown that long-chain acylcarnitines influence glucose metabolism in vivo 

and therefore are important players in the physiological regulation of energy metabolism. 

Moreover, the accumulation of long-chain acylcarnitines during the fed state can accelerate 

diabetes progression by the simultaneous induction of insulin resistance and insulin release in 

vivo. A single-dose administration of palmitoylcarnitine in mice inhibits Akt phosphorylation 

in muscles and the downstream signalling pathways involved in glucose uptake. The long-

term administration of palmitoylcarnitine induces insulin resistance, hyperinsulinemia and 

disturbances in glucose tolerance (Table 4.1).  

In previous studies, we hypothesized that long-chain acylcarnitines are not only 

markers for incomplete FA oxidation but also active FA metabolites involved in the 

regulation of energy metabolism (Makrecka et al., 2014). Our present data confirm this 

hypothesis through the results indicating that the acute and chronic administration of 

palmitoylcarnitine in vivo limits insulin signalling-induced effects and insulin-related glucose 

uptake in muscles. According to our results, the mechanism behind long-chain acylcarnitine 

action in muscles in vivo is the inhibition of Akt phosphorylation and the subsequent 

inhibition of downstream signalling. This is in line with previous studies in C2C12 myotubes 
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in vitro (Aguer et al., 2015; Koves et al., 2008). Interestingly, an increased concentration of 

insulin can overcome the long-chain acylcarnitine-induced effects and stimulate Akt 

phosphorylation to the appropriate level. This explains previous results showing that the 

increased concentrations of insulin in response to glucose stimulation in the fed state can 

overcome the inhibitory effects of high long-chain acylcarnitine content (Consitt et al., 2016; 

Soeters et al., 2009). In addition, to support the transition from the fasted to fed state and 

overcome transient intramuscular insulin insensitivity, long-chain acylcarnitines facilitate 

insulin release. 

In the fasted state, the low level of insulin is unable to inhibit long-chain acylcarnitine 

production, and the high long-chain acylcarnitine content continues to inhibit the Akt 

pathway. As a result, glucose uptake and metabolism is limited, while long-chain 

acylcarnitine synthesis by CPT1 and subsequent FA oxidation increases (Figure 4.1 A). 

Therefore, in starved individuals, the intracellular content of long-chain acylcarnitines is 

higher than in the fasted state (Soeters et al., 2009). In our study, both a bolus and long-term 

administration of palmitoylcarnitine (C16) increased the content of C18 acylcarnitines, 

suggesting that a high long-chain acylcarnitine content blocks the insulin-induced CPT1 

inhibition and stimulates an even higher increase in long-chain acylcarnitine content. Many 

studies indicate that acylcarnitine accumulation is a result of incomplete FA oxidation (Aguer 

et al., 2015; McCoin et al., 2015; Samuel and Shulman, 2012; Schooneman et al., 2013). 

However, our results also indicate that in certain conditions such as the fasted state, the 

physiologically important long-chain acylcarnitine accumulation is a result of their CPT1-

driven overproduction even if coupled to a high FA oxidation rate. Overall, long-chain 

acylcarnitines, as inhibitors of Akt phosphorylation, are active participants in an intercellular 

feedback mechanism of insulin signalling and are a substantial part of the energy metabolism 

regulation program (Figure 4.1 AB). In healthy subjects in the fed state, the increased 

concentration of insulin inhibits long-chain acylcarnitine production via the increased tissue 

content of malonyl-CoA (Schooneman et al., 2013; Soeters et al., 2009). That occurs due to 

the insulin-induced inhibition of AMP-activated protein kinase activity, which results in the 

stimulation of acetyl-CoA carboxylase (synthesis of malonyl-CoA) and inhibition of malonyl-

CoA decarboxylase (degradation of malonyl-CoA, Ruderman et al., 1999; Valentine et al., 

2014). The inability of insulin to inhibit long-chain acylcarnitine production in the fed state 

induces disturbances in glucose uptake and metabolism. In the early stage of insulin 

resistance, hyperinsulinemia can compensate for insulin resistance and also overcome the 

long-chain acylcarnitine-induced effects. In the later stages of the disease, insulin resistance 

leads to the inability to inhibit long-chain acylcarnitine production and is accompanied by 
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increased concentrations of long-chain acylcarnitines, which continuously inhibit the Akt-

mediated signalling pathway and further stimulate the progression of glucose intolerance. 

Thus, the accumulation of long-chain acylcarnitines can accelerate the progression of insulin 

resistance (Figure 4.1 C).  
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Figure 4.1 Physiological and pathological actions of long-chain acylcarnitines: implications for 
the development of insulin resistance 

GLUT4 – Glucose transporter type 4; InsR – Insulin receptor; CPT1 – Carnitine palmitoyltransferase 1 
The red arrows indicate whether the concentration is relatively high (↑) or low (↓). A – In the fasted state, the 

low level of insulin is unable to inhibit acylcarnitine production, and the high acylcarnitine content continuously 
inhibits the phospho-Akt pathway and glucose uptake and metabolism. B – Glucose in the fed state stimulates 

insulin release, which overcomes the acylcarnitine-induced effects on insulin signalling and reduces 
acylcarnitine production. C – In the case of insulin resistance, insulin cannot effectively decrease acylcarnitine 

production in the fed state resulting in the accumulation of acylcarnitines, the continuous inhibition of Akt 
phosphorylation and subsequent disturbances in glucose uptake and metabolism. 
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In conclusion, taking into account the importance of muscle metabolic flexibility and 

the ability to switch between fed and fasted states, long-chain acylcarnitines play a role in the 

regulation of energy metabolism. These results link the development of skeletal muscle 

insulin resistance to the excessive accumulation of long-chain acylcarnitines and, moreover, 

suggest that acylcarnitines could induce insulin resistance independently of FA content and 

oxidation rate.  

4.2 Reduction of long-chain acylcarnitine content: an effective pharmacologic strategy 

to prevent the development of diabetes 

The present study demonstrates that long-term acylcarnitine accumulation in the fed 

state is a feature of type 2 diabetes. Therefore, decreased acylcarnitine content by methyl-

GBB administration improved insulin sensitivity and significantly reduced blood glucose and 

insulin levels in mice with impaired insulin sensitivity and diabetes (Table 4.1). Exercise and 

the combination of methyl-GBB treatment with exercise improved insulin sensitivity in db/db 

mice. Thus, decrease in acylcarnitine levels is sufficient to restore insulin sensitivity in the 

early stage of diabetes, while in case of severe diabetes an additive insulin sensitizing effect 

of forced physical activity and decreased acylcarnitine content by methyl-GBB would be 

necessary to achieve substantial antidiabetic effect. 

Several previous studies have attempted to associate acylcarnitines with diabetes; 

however, the content of acylcarnitines in relation to the fed and fasted states and the 

efficiency of treatment were not monitored (Rodríguez-Gutiérrez et al., 2012; Su et al., 2005; 

Zhang et al., 2014). In this study, acylcarnitine content was measured in the plasma and 

muscles of fed and fasted animals, and the results clearly demonstrated that the main 

pathological role of acylcarnitine accumulation in type 2 diabetes is related to the postprandial 

or fed state. Acylcarnitine accumulation in the fed state is a consequence of insulin resistance 

or the inability of insulin to sufficiently decrease the production of acylcarnitines. In turn, 

acylcarnitines inhibit pyruvate and lactate oxidation leading to an increase in circulating 

glucose and lactate concentrations and the induction of common hyperglycaemia-related 

complications. 

Previously, inhibition of FA oxidation was suggested as a target for diabetes 

treatment. In this study, a 60-fold decrease in long-chain acylcarnitines did not reflect a 

similar decrease in the FA metabolism rate in skeletal muscles. Also previously it has been 

indicated that the inhibition of CPT1 and decreased acylcarnitine content does not fully reflect 

the FA uptake or oxidation rate (Liepinsh et al., 2013b, 2015; Luiken et al., 2009). This leads 

to the conclusion that methyl-GBB-induced improvements in insulin sensitivity are mainly 
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due to the decreased content of acylcarnitines. In addition, this suggests that in the muscles, 

methyl-GBB decreases only acylcarnitine overproduction, thus balancing acylcarnitine 

synthesis and utilization. Moreover, the marked decrease in acylcarnitine content only 

partially restores insulin sensitivity, and additional improvements could be possible through 

other mechanisms such as the inhibition of FA oxidation. Interestingly, the heart was more 

sensitive to decreased acylcarnitine production, resulting in a significant 2-fold decrease in 

heart FA uptake and metabolism. In addition, we observed that methyl-GBB treatment 

facilitated complete FA mitochondrial β-oxidation and induced a 20-fold decrease in medium- 

and short- chain acylcarnitine content. Overall, apart from the antidiabetic action of methyl-

GBB, the treatment-induced acylcarnitine profile in the heart was similar to a previously 

observed cardioprotective profile (Liepinsh et al., 2015). 

In previous studies, we observed an increase in PPARα and PGC1α nuclear content in 

response to decreased acylcarnitine content (Liepinsh et al., 2011, 2013a). In this study, 

PPARα/PGC1α pathway dependent gene expression in the muscles compensated for the 

reduced acylcarnitine production, and a decrease in long-chain FA metabolism was not 

observed. In addition, PPARα/PGC1α pathway-induced changes in the expression of the 

genes ensured complete oxidation of FAs in the mitochondria. Previously, a mouse model of 

high fat feeding demonstrated that elevated expression of PGC1α in the skeletal muscle 

improves whole body insulin sensitivity when combined with exercise (Summermatter et al., 

2013). This partially explains the additive effects of decreased acylcarnitine levels and 

exercise observed in this study. At the same time, PGC1α overexpression in sedentary 

animals induced insulin resistance related to the accumulation of long-chain acylcarnitines 

(Summermatter et al., 2013). Taking into account that methyl-GBB improves insulin 

sensitivity in sedentary animals, this approach to stimulate PGC1α and simultaneously 

decrease acylcarnitines seems to be more effective and safe in regard to sedentary subjects. 

There is very good clinical evidence that physical activity is important for prevention 

and effective therapy for diabetes (Balducci et al., 2014). However, implementation of this 

strategy in clinical practice has not always led to the expected outcomes (De Feo and 

Schwarz, 2013). In the present study, low intensity exercise was beneficial for db/db mice. 

Higher intensity exercise provides greater benefit in diabetes treatment; however, it also 

increases the risk of injury and cardiovascular complications (Balducci et al., 2014). Thus, 

low-risk moderate intensity exercise such as walking could provide the best overall health 

benefit for patients with diabetes. Additional improvements could be achieved by 

pharmacological interventions that facilitate physical activity and improve exercise-induced 

antidiabetic effects. Patients with diabetes walking an additional 1,000 steps per day could 
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reduce postprandial blood glucose by 1.6 mM over a period of 2 years (Tudor-Locke and 

Bassett, 2004). In our experiment, improvements in insulin sensitivity and a decrease in 

postprandial glucose of 4 mM in db/db mice were achieved by walking an additional 3,600 

steps/day on working days. Meanwhile, an additional decrease in the fed state glucose 

concentration and a significant improvement in insulin sensitivity were achieved by combined 

intervention. In addition, the cardioprotective properties of methyl-GBB can reduce the 

possible ischaemia induced cardiovascular complications (Liepinsh et al., 2015). Thus, 

pharmacological decrease of acylcarnitine levels by methyl-GBB would be particularly 

beneficial for patients with diabetes along with physical activity. 

4.3 Role of long-chain acylcarnitines in the development of cardiovascular 

complications of diabetes 

The present study demonstrates that the accumulation of long-chain acylcarnitines in 

mitochondria determines the ischemia-reperfusion induced damage. Acylcarnitine 

accumulation during ischaemia leads to inhibited oxidative phosphorylation in cardiac 

mitochondria, thus inducing mitochondrial membrane hyperpolarization and stimulating the 

production of reactive oxygen species. A pharmacologically induced decrease in the 

mitochondrial acylcarnitine content by methyl-GBB treatment reduces the infarct size. 

Acylcarnitine and acyl-CoA accumulation during ischaemia was discovered 

approximately three decades ago (Corr et al., 1984; Ford et al., 1996; Idell-Wenger et al., 

1978; Whitmer et al., 1978), but many aspects remain unclear. In general, acylcarnitine and 

acyl-CoA content depends on both the production and the utilization rates of particular FA 

intermediates. Consequently, overproduction of FA intermediates in the FA metabolism 

pathway occurs during stimulated FA flux or due to insufficient utilization in mitochondria. 

Thus, in the fasted state, the acylcarnitine and acyl-CoA content in the heart is up to 5-fold 

higher than in the fed state (Makrecka et al., 2014). Taking into account that fasting is a 

physiological condition and does not induce damage to heart mitochondria, an average 1.5 to 

3-fold increase in FA intermediates during ischaemia is harmful only to fasted or starved 

animals. Similarly, in diabetes patients, the higher risk of heart disease (Peters et al., 2015) 

might be attributable to higher acylcarnitine content in the heart. Our previous study, which 

demonstrated that ischaemic damage to the heart is significantly lower in the fed state 

compared with the fasted state (Liepinsh et al., 2014b), also indicated that the accumulation of 

FA intermediates is at least partially responsible for the more pronounced heart damage in 

ischaemia. 
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Acyl-CoAs and acylcarnitines accumulate during ischaemia, but acyl-CoAs have been 

rated as the most prominent FA intermediates responsible for mitochondrial damage 

(Drosatos and Schulze, 2013; Li et al., 2010). This discrepancy could be due to the fact that 

acyl-CoAs are approximately three times more toxic to mitochondria than acylcarnitines are, 

as shown in the present study as well. However, the acyl-CoA content is approximately 50-

fold lower than the acylcarnitine content, and therefore the acyl-CoA content in the area at 

risk is too low to induce significant toxic effects on mitochondria. In addition, in a previous 

study, we demonstrated that the physiological acylcarnitine content, but not the acyl-CoA 

content, is sufficient to inhibit pyruvate and lactate metabolism in mitochondria (Makrecka et 

al., 2014). In the present study, supplementation of the heart perfusion buffer with 

palmitoylcarnitine did not affect the acyl-CoA content but induced a 2-fold increase in the 

acylcarnitine content and significantly increased the infarct size (Table 4.1). Overall, these 

results indicate that acylcarnitines are the main FA intermediates that induce 

ischaemia/reperfusion-related damage. 

Mechanism of accumulation of acylcarnitines in ischaemic mitochondria is related to 

ischaemia-induced changes in energy metabolism pathways and metabolite concentrations 

(Figure 4.2). In ischaemic myocardium, an increased AMP/ATP ratio stimulates AMP-

activated protein kinase phosphorylation, which, in turn, inhibits acetyl-CoA carboxylase 

resulting in a lower content of malonyl-CoA in myocardium and consequently higher 

acylcarnitine production by CPT1 (Lopaschuk, 2000) (Figure 4.2). At the same time, during 

ischaemia, the activity of CPT2 is decreased due to changes in the acyl-CoA/CoA ratio. Thus, 

in ischaemic mitochondria, accumulation of NADH and FADH2 inhibits acyl-CoA 

dehydrogenase and 3-hydroxyacyl-CoA dehydrogenase in FA β-oxidation pathway (Jaswal et 

al., 2011; Neely and Feuvray, 1981), which leads to accumulation of acyl-CoA in the 

mitochondrial matrix and increase in the acyl-CoA/CoA ratio. We also found that the 

mitochondrial CoA pool is depleted and the acyl-CoA/CoA ratio is increased during 

ischaemia. The acylcarnitine binding site of CPT2 is accessible only if CoA is bound to 

enzyme, therefore the activity of CPT2 depends on the acylation state of the mitochondrial 

pool of CoA (Nic a’ Bháird et al., 1993). In the ischaemic mitochondria, the content of CoA is 

decreased and CPT2 activity is significantly reduced. Overall, acylcarnitine accumulation is a 

result of increased CPT1 and decreased CPT2 activity in mitochondria of ischaemic 

myocardium (Figure 4.2). Previously, the role of binding proteins in acylcarnitine toxicity 

was vastly underestimated. As the major plasma protein functioning as a depot and carrier for 

FAs in the blood, albumin also protects against the deleterious effects of acylcarnitines. The 

acylcarnitine concentration in the circulation usually does not exceed 1 μM, although 
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circulating albumin has the capacity to protect cells against up to 100 μM of total 

acylcarnitine concentration. Similarly, the intracellular proteins ACBP and FABP can protect 

mitochondria against FA intermediates. 

 

 

Figure 4.2 Ischaemia-induced changes in substrate concentrations and activities of enzymes 
Arrows indicate whether the concentration is relatively high (↑) or low (↓). ACC – acetyl-CoA carboxylase, 

AMPK – AMP-activated protein kinase. 

 

ACBP and FABP are highly conserved proteins in eukaryotic organisms from 

protozoa to humans, which suggests that these proteins are essential for protection, transport 

and other functions (Glatz and van der Vusse, 1996; Neess et al., 2015). The binding proteins 

bind and slowly release FA intermediates thus decreasing their free concentration and 

protecting mitochondria from their direct effects. In addition, particular intermediates bound 

to appropriate proteins are delivered to specific enzymes, thus avoiding unspecific toxic 

reactions (Neess et al., 2015). ACBP efficiently protects acetyl-CoA carboxylase and the 

mitochondrial adenine nucleotide translocase against acyl-CoA inhibition (Rasmussen et al., 

1993). However, ACBP is highly specific to acyl-CoA, so FAs and acylcarnitines do not bind 

to ACBP. Certain studies have demonstrated that acylcarnitine binding to FABP is important 

for acylcarnitine oxidation in mitochondria (Fournier and Richard, 1988), but, in the present 

study, we did not observe any significant protective role for FABP3 against acylcarnitine-

induced mitochondrial damage. This finding was somewhat surprising because cytosol from 

hearts from fed rats protected mitochondria against acylcarnitines. Nevertheless, the 

protective capacity of cytosol is limited, and a high FA load during fasting could diminish it. 
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Overall, these findings indicate that FA binding proteins have an important protective 

function in the heart. However, cardiac mitochondria are better protected against acyl-CoA 

than against acylcarnitine accumulation. 

To date, only some studies have addressed the mechanisms of mitochondrial 

dysfunction induced by long-chain acylcarnitines (Korge et al., 2003; Siliprandi et al., 1992; 

Tominaga et al., 2008). Inhibition or uncoupling of oxidative phosphorylation, mitochondrial 

membrane depolarization, opening of the mitochondrial permeability transition pore and 

production of reactive oxygen species were proposed to be mechanisms by which FAs and 

their intermediates induce mitochondrial damage and subsequent cell damage. In a study 

using permeabilized isolated rat ventricular myocytes, it was demonstrated that the 

mechanism of palmitoylcarnitine-induced mitochondrial damage is different at low and high 

concentrations of acylcarnitines (Tominaga et al., 2008). The important finding of the present 

study is the demonstrated localization of palmitoylcarnitine accumulation in mitochondria, 

suggesting that either CPT1-generated acylcarnitines or acylcarnitines transported from 

cytosol tend to accumulate between the mitochondrial membranes and on the inner 

mitochondrial membrane. To a certain extent, mitochondria are protected by binding proteins 

localized on mitochondrial membranes, but overproduction of acylcarnitines results in an 

increased unbound acylcarnitine concentration in the intermembrane space and corresponding 

damaging effects. Overall, long-chain acylcarnitines inhibit oxidative phosphorylation and 

thus induce accumulation of protons and mitochondrial membrane hyperpolarization, which 

stimulates reverse proton flux through the respiratory chain and subsequent production of 

reactive oxygen species. 

The inhibition of acylcarnitine production has been suggested as a cardioprotective 

drug target (Keung et al., 2013; Liepinsh et al., 2013b, 2015). CPT1 is also considered to be 

an important FA mitochondrial transport-limiting enzyme and is often directly or indirectly 

targeted to achieve inhibition of FA metabolism and facilitation of glucose oxidation. It is 

apparent that any inhibition of the FA pathway upstream of CPT1 would also limit 

acylcarnitine production, and at least part of the protective mechanism of inhibited FA flux is 

related to decreased acylcarnitine content. Methyl-GBB treatment has been shown as a 

powerful tool for reducing the infarct size after ischaemia/reperfusion injury by decreasing the 

acylcarnitine content in the heart and mitochondria and limiting long-chain FA oxidation in 

favour of glucose oxidation (Liepinsh et al., 2015). Also in this study the administration of 

methyl-GBB completely prevented acylcarnitine accumulation and decreased the infarct size 

(Table 4.1). Therefore, the main advantage of the pharmacological decrease of acylcarnitine 
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content might be the reduction of direct damage by the long-chain acylcarnitines on 

mitochondria in an ischaemic heart. 

4.4 Methyl-GBB attenuates the development of atherosclerosis by decreasing levels of 

long-chain acylcarnitines 

In this study, the effects of lowering the long-chain acylcarnitine levels by methyl-

GBB treatment were studied on the development of atherosclerosis in apoE−/− mice (Table 

4.1). We found that methyl-GBB administration significantly attenuated the development of 

atherosclerotic lesions in the whole aorta and markedly decreased the amount of 

acylcarnitines in the aortic tissues. 

Atherosclerosis is characterised as an inflammation of blood vessels with the 

participation of immune cells (Libby, 2012). Moreover, it has been shown that acylcarnitines 

accumulate in the aortic tissues during the development of atherosclerotic lesions (Gillies and 

Bell, 1976). Previously, a study showed that acylcarnitines induce the pro-inflammatory 

activation of macrophages and promote the expression of COX-2 and the secretion of TNFα 

and other pro-inflammatory cytokines (Rutkowsky et al., 2014). In addition, 

palmitoylcarnitine has been shown to disrupt the function of the vascular endothelium and 

decrease the synthesis of nitric oxide (Inoue et al., 1994), pathways that could promote the 

progression of atherosclerosis. The analysis of the mice aortic tissue extracts revealed that 

methyl-GBB administration significantly decreased the amount of short-, medium- and long-

chain acylcarnitines. Thus, the methyl-GBB anti-atherosclerotic mechanism could include the 

inhibition immune cell infiltration in atherosclerotic lesions. In support of previously 

mentioned presumption are the results obtained from the analysis of atherosclerotic lesions in 

the aortic root, which showed that methyl-GBB treatment decreases the accumulation of 

macrophages and monocytes in the atherosclerotic lesions. Moreover, administration of 

methyl-GBB significantly decreased the TNFα concentration in plasma that could be a result 

of decreased secretion of TNFα by activated macrophages. Thus, this study demonstrates that 

methyl-GBB attenuates the development of atherosclerosis by inhibiting infiltration of 

macrophages and monocytes into the aortic lesions of the aortic root, decreasing their 

secretion of pro-inflammatory cytokines and possibly by reducing deleterious effects of 

acylcarnitines on the vascular endothelium (Table 4.1). 

Postprandial hypertriglyceridemia and elevated LDL levels are risk factors for the 

development of atherosclerosis (Fujioka and Ishikawa, 2009; Odden et al., 2014). Methyl-

GBB treatment induced decrease in triglyceride concentration, thus, the decrease of 

triglyceride concentration could contribute the attenuation of development of atherosclerosis. 
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The administration of methyl-GBB also decreased the concentration of LDL-cholesterol, but 

the effects of methyl-GBB on L-carnitine, acylcarnitine and triglyceride levels were 

significantly more pronounced than that on plasma cholesterol concentrations. Previously, a 

strong association has been shown between the systemic levels of TMAO and the 

development of atherosclerosis in humans and in mice (Koeth et al., 2013; Wang et al., 2011). 

Mildronate treatment decreased the TMAO concentration in the plasma after the consumption 

of a trimethylamine-rich diet (Dambrova et al., 2013) and decreased the production of 

trimethylamine/TMAO after the administration of L-carnitine (Kuka et al., 2014), and it has 

been suggested that the anti-atherosclerotic mechanism of mildronate is based on the ability of 

the compound to decrease the concentration of TMAO (Dambrova et al., 2013; Kuka et al., 

2014). Mildronate and methyl-GBB both are inhibitors of GBB dioxygenase and organic 

cation transporter 2 (Figure 4.3), thus, both substances could share the same anti-

atherosclerotic mechanism. However, methyl-GBB administration to apoE−/− mice markedly 

attenuated the development of atherosclerotic lesions, though an analysis of the plasma 

samples revealed that the TMAO concentration was unchanged compared with that of control 

group animals. Thus, it can be concluded that the anti-atherosclerotic action of methyl-GBB 

does not involve lowering the TMAO concentration in the plasma. 

 

 

Figure 4.3 Cardioprotective mechanisms of action of Methyl-GBB  
OCTN2 - organic cation transporter 2 

 

Several studies have shown that treatment with substances that markedly decrease the 

pools of L-carnitine (pivalate moiety releasing molecules and D-carnitine) or genetic 

mutations of proteins that are involved in the homeostasis and synthesis of L-carnitine induce 
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impairment of functioning of different organs (Broderick, 2006; Magoulas and El-Hattab, 

2012). In our experimental setup, treatment of apoE−/− mice with methyl-GBB significantly 

decreased pools of L-carnitine but we did not observe any signs of muscle weakness or 

elevations of ALT and AST. Previously it has been shown, that 2-week treatment with 

methyl-GBB at the dose 20 mg/kg decreased L-carnitine pools in heart tissues by 95 %, but 

the systolic function and anatomical parameters of the left ventricle was unchanged (Liepinsh 

et al., 2015). Thus, we conclude that the decrease of L-carnitine pools may not be the main 

factor that determines the development of organ dysfunction and it could be a matter of 

pharmacological properties of the studied substance. In favour of that is a study with sodium 

pivalate which showed that treatment with it decreased amount of L-carnitine in heart tissues 

only by 37 % and simultaneously impaired metabolism of pyruvate and decreased metabolism 

of palmitoyl-CoA (Kuka et al., 2012b). This could lead to a depletion of ATP levels and 

development of ventricular dysfunction, which was observed after prolonged administration 

of pivalate (Broderick, 2006). On the contrary, treatment with methyl-GBB not only limited 

FA metabolism, but also facilitated glucose metabolism in heart tissues (Liepinsh et al., 

2015), thus, preserving ATP pools and heart function. 

 

Table 4.1 

Effects induced by accumulation of long-chain acylcarnitines or the treatment of methyl-GBB 

Effect LC AC Methyl-GBB References 

Akt phosphorylation ↓ nd Aguer et al., 2015; 
Liepinsh et al., 2017 

Lactate and pyruvate oxidation ↓ ↑ Liepinsh et al., 2016b;  
Makrecka et al., 2014 

Blood glucose ↑ ↓ Liepinsh et al., 2016b, 2017 
Insulin sensitivity ↓ ↑ Liepinsh et al., 2016b, 2017 
Inflammation processes: 
      TNF alpha protein expression 
      MOMA infiltration in lesions 

↑ 
↑ 
nd 

nd 
↓ 
↓ 

Rutkowsky et al., 2014;  
Vilskersts et al., 2015 

Atherosclerotic lesion 
development 

↑ ↓ Gillies and Bell, 1976;  
Vilskersts et al., 2015 

FA oxidation ↔ ↓ Liepinsh et al., 2015, 2016b, 2017 
Glucose oxidation ↓ ↑ Liepinsh et al., 2015;  

Makrecka et al., 2014 
Mitochondrial damage (during 
ischemia) 

↑ ↓ Korge et al., 2003; 
Tominaga et al., 2008; 
Liepinsh et al., 2016a 

Infarct size ↑ ↓ Liepinsh et al., 2016a 

The arrows indicate whether the concentration/process is relatively high/activated (↑) or low/inactivated (↓). nd – 
no data available. ↔ – no effect. FA – fatty acid, LC AC – long-chain acylcarnitines 
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Overall, since the apoE−/− mouse model closely resembles the development of 

vascular lesions in humans (Nakashima et al., 1994), we can hypothesise that the treatment 

with methyl-GBB could be a powerful approach to attenuate the development of 

atherosclerosis also in clinics. Overall, we have shown that by inhibiting Akt phosphorylation 

and glucose metabolism the accumulation of long-chain acylcarnitines accelerates 

hyperglycaemia and hyperinsulinemia leading to metabolic inflexibility and insulin resistance 

(Table 4.1). Long-chain acylcarnitines participate in various inflammatory processes, 

including the expression and secretion of TNFα and other pro-inflammatory cytokines, and 

their accumulation is observed in atherosclerotic lesions. Long-chain acylcarnitine 

accumulation during ischaemia leads to mitochondrial damage in cardiac cells, indicating that 

long-chain acylcarnitines are the main FA intermediates that induce ischaemia/reperfusion-

related injury (Table 4.1). Our data on the harmful effects of increased acylcarnitine content 

and the protective effects of decreased acylcarnitine content by methyl-GBB treatment 

suggest that inhibition of acylcarnitine production in mitochondria is a valuable 

cardiometabolic drug target. 

In conclusion, pharmacologically induced decrease in the content of long-chain 

acylcarnitines by methyl-GBB facilitates glucose metabolism, improves insulin sensitivity, 

protects the heart mitochondria against ischaemia/reperfusion injury and attenuates the 

development of atherosclerosis and therefore represents an effective strategy for the treatment 

of diabetes and its complications. 
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5 CONCLUSIONS 

1. The accumulation of long-chain acylcarnitines during the fed state limits metabolic 

flexibility, induces insulin resistance, hyperinsulinemia and disturbances in glucose 

tolerance. Inhibition of Akt phosphorylation and related insulin signalling is an important 

mechanism of long-chain acylcarnitine-induced detrimental effects on glucose 

metabolism.  

2. Methyl-GBB administration-induced decrease in acylcarnitine content improves insulin 

sensitivity and significantly reduces blood glucose and insulin levels in mice with 

impaired insulin sensitivity and diabetes. 

3. Long-chain acylcarnitines are the main FA intermediates that induce 

ischaemia/reperfusion-related damage in heart mitochondria. Acylcarnitine accumulation 

during ischaemia leads to inhibited oxidative phosphorylation in cardiac mitochondria, 

thus inducing mitochondrial membrane hyperpolarization and stimulating the production 

of reactive oxygen species. Treatment with methyl-GBB protects the cardiac mitochondria 

against ischaemia/reperfusion-induced accumulation of long-chain acylcarnitines. 

4. Treatment with methyl-GBB attenuates the development of atherosclerosis in apoE−/− 

mice. The anti-atherosclerotic mechanism of methyl-GBB treatment is mediated by 

decreased amounts of long-chain acylcarnitines and decreased infiltration of macrophages 

and monocytes into the aortic lesions of the aortic root. 
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