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A B S T R A C T

Cardiovascular disease (CVD) is a key cause of deaths worldwide, comprising 15–17% of healthcare expenditure
in developed countries. Current records estimate an annual global average of 30 million cardiac dysfunction
cases, with a predicted escalation by two-three folds for the next 20–30 years. Although β-blockers and angio-
tensin-converting-enzymes are commonly prescribed to control CVD risk, hepatotoxicity and hematological
changes are frequent adverse events associated with these drugs. Search for alternatives identified endogenous
cofactor L-carnitine, which is capable of promoting mitochondrial β-oxidation towards a balanced cardiac energy
metabolism. L-Carnitine facilitates transport of long-chain fatty acids into the mitochondrial matrix, triggering
cardioprotective effects through reduced oxidative stress, inflammation and necrosis of cardiac myocytes.
Additionally, L-carnitine regulates calcium influx, endothelial integrity, intracellular enzyme release and
membrane phospholipid content for sustained cellular homeostasis. Carnitine depletion, characterized by re-
duced expression of “organic cation transporter-2” gene, is a metabolic and autosomal recessive disorder that
also frequently associates with CVD. Hence, exogenous carnitine administration through dietary and intravenous
routes serves as a suitable protective strategy against ventricular dysfunction, ischemia-reperfusion injury,
cardiac arrhythmia and toxic myocardial injury that prominently mark CVD. Additionally, carnitine reduces
hypertension, hyperlipidemia, diabetic ketoacidosis, hyperglycemia, insulin-dependent diabetes mellitus, insulin
resistance, obesity, etc. that enhance cardiovascular pathology. These favorable effects of L-carnitine have been
evident in infants, juvenile, young, adult and aged patients of sudden and chronic heart failure as well. This
review describes the mechanism of action, metabolism and pharmacokinetics of L-carnitine. It specifically em-
phasizes upon the beneficial role of L-carnitine in cardiomyopathy.

1. Introduction

Heart diseases, particularly chronic heart failure, impact about
25–30 million people globally [1]. Myocardial infarction, left ven-
tricular systolic dysfunction and decreased cardiac muscle contraction
and blood-flow are typical features of cardiac failure [2]. Conventional
treatments for cardiac arrest include angiotensin-converting-enzyme
inhibitors, angiotensin and corticosteroid receptor antagonists, beta-
blockers and calcium-channel antagonists [3,4]. These pharmaceutical
drugs promote vasodilatation; reduce vascular resistance and blood
pressure; increase blood flow and oxygen supply to cardiac muscles,
and are either used in isolation or in combinations, depending on pa-
tient's condition and needs. However, adverse hematologic/hepatotoxic
effects and incidences of hyperkalemia and renal failure have been
reported following long-term administration of the drugs [5].

Levocarnitine (L-carnitine; a chemical analog of choline [6]) is a
natural and biologically active amino acid derivatives and a

micronutrient, which plays an important role in lipid metabolism and
mitochondrial defence, and supports several physiological activities.
Particularly, propionyl-L-carnitine and acetyl-L-carnitine, the two most
commonly studied forms of L-carnitine, help in reducing the accumu-
lation of harmful metabolites generated in coronary thrombosis and
embolism. Thus, L-carnitine, and predominantly propionyl-L-carnitine,
has been proposed as a treatment for a wide range of cardiac problems,
such as, cardiopulmonary arrest, reperfusion injury, coronary infarc-
tion, toxic myocardial injury, incidental blood circulatory disturbances,
hypercholesterolemia and diabetes [7]. Meta-analyses data indicated a
significant role of L-carnitine in averting cardiovascular ailments. The
findings showed that predominant protective features following L-car-
nitine administration included decreased ventricular dysfunction, ar-
rhythmia and discomfort associated with angina pectoris, resulting in
diminished cardiac attack and mortality [8]. Additionally, carnitine had
a beneficial impact on allied physiological features, such as stress-in-
duced hypertension, diabetic ketoacidosis, hyperosmolar
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hyperglycemia, insulin-dependent diabetes mellitus, insulin resistance,
obesity, etc. [9,10]. This review article provides an update on meta-
bolism, mechanism of action and pharmacokinetics of L-carnitine, and
its role in cardiac dysfunction. Cardiac disorders, particularly, ven-
tricular dysfunction, ischemia and reperfusion injury, cardiac ar-
rhythmias and toxic myocardial injury will be the topics of discussion.
The review will also highlight the impact of L-carnitine on cardiovas-
cular disease-associated ailments, such as diabetes and hypertension.

2. Carnitine and acylcarnitine: pharmacokinetics, intermediary
metabolism and mechanism of action in coronary artery disorders

2.1. Mode of action of L-carnitine

Within the mitochondrial matrix, conversion of propionyl CoA into
succinyl CoA as an intermediate of the citric acid cycle includes step-
wise involvement of (1) adenosine triphosphate (ATP) hydrolysis and
generation of D-methylmalonyl CoA via propionyl CoA carboxylase
catalyst, (2) racemization of D-methylmalonyl CoA to L-methylmalonyl
CoA, and (3) mutase-mediated conversion of L-methylmalonyl CoA to
succinyl CoA. Owing to the impermeability of CoA-linked compounds,
such as propionyl-CoA and its esters, across inner mitochondrial
membrane, a conversion to propionyl-L-carnitine is important for mi-
tochondrial transport. Carnitine and carnitine acetyl transferase en-
zyme, prominently present in mitochondrial matrix, endoplasmic re-
ticulum and peroxisomes, are essential for the mitochondrial transport
of their substrates, thus playing a role in cell's energy metabolism [11].
It is believed that augmented carnitine accumulation could control al-
tered oxidative metabolism, glycolysis and ATP production within the
damaged myocardium, resulting in protection against cardiac hyper-
trophy [12]. Hence, propionyl-L-carnitine serves as an important co-
factor for fatty acid oxidation, which defines its import role in med-
iating the entry of fatty acids into the mitochondria to facilitate energy
generation in myocardial cells [13].

Following cardiac problems, transport of free fatty acids occurs from
the cell membrane to mitochondria for oxidation with the help of cy-
toplasmic heart-type fatty acid-binding protein (fatty acid binding
protein-3) released from myocytes [14]. A fatty acyl-CoA synthetase
enzyme activates fatty acids at the outer mitochondrial membrane that
involves a catalytic conversion of ATP to pyrophosphate and an ade-
nosine monophosphate-connected fatty acyl chain [15]. Next, an in-
teraction occurs between fatty acyl chain and thioester to generate fatty
acyl coenzyme A (CoA) at the outer mitochondrial membrane. Owing to
impenetrability of inner mitochondrial membrane, cytosolic interaction
of fatty acyl CoA with carnitine in the presence of carnitine palmitoyl
transferase enzyme generates acylcarnitine and long-chain fatty acid
complex along with free CoA release via catalytic participation of en-
zyme, carnitine palmitoyltransferase/carnitine acyltransferase I (CPT1/
CAT1) (Fig. 1) [16]. Binding of CoA with the carnitine-fatty acid pro-
duct discharges carnitine and Acetyl CoA molecules via enzymatic in-
volvement of CPT1/CAT1, where carnitine acts as the mediator for fatty
acid entry into mitochondria. Stepwise, at first, the influx of long-chain
acylcarnitine into mitochondria occurs in lieu of free carnitine through
catalytic involvement of carnitine-acylcarnitine translocase. Acylcar-
nitine then undergoes transesterification that leads to release of free
CoA-induced acyl CoA [17]. Within the mitochondrial matrix, acyl CoA
undergoes an oxidative conversion to Acetyl CoA. This involves re-
duction of nicotinamide adenine dinucleotide (NAD) and flavin adenine
dinucleotide (FAD) to NADH and FADH2, respectively, both of which
then enter the oxidative phosphorylation chain.

2.2. Pharmacokinetics of L-carnitine

The “conditionally essential” nutrient, L-carnitine (β-hydroxy-γ-tri-
methylaminobutyric acid), is an acute necessity for adults and aged, as
well as prenatal and post-natal infants and children. Carnitine

deficiency associates with altered free fatty acid, triglyceride and ke-
tone body levels in blood circulation, necessitating exogenous carnitine
infusion [18]. “Systemic primary carnitine deficiency” is a genetic de-
fect and an autosomal recessive disorder that leads to several metabolic
aberrations. Genetic vulnerability study revealed that targeted recessive
mutation at SLC22A5 gene could be a prime reason for plasma carnitine
insufficiency [19]. In fact, an altered SLC22A5-regulated generation of
functional organic cation transporter 2 (OCTN2) gene resulted in failed
fatty acid β-oxidation in the heart. Impact of this disorder varied with
patient's age and extremity, and cardiomyopathy, cardiac arrhythmias
and fatigue have been reported in both children and matured adults
suffering from systemic primary carnitine deficiency [20].

L-Carnitine exists naturally in human cells and tissues and its
availability in the physiological system primarily depends on dietary
conditions, lean body mass and age [21,22]. Normally, carnitine enters
the systemic circulation through food intake in the form of milk-based
items and meat, and its cardiac concentration decreases with aging
[23,24]. Cardiac carnitine levels demonstrate a swift increase via
myocardial tissue-mediated extraction from plasma against a 60-fold
concentration gradient [25]. Carnitine can also be incorporated
through intravenous route, and it has been observed that dietary intake
of carnitine results in decreased and diverse blood carnitine levels
compared to intravenous injection [26,27]. Secondly, while oral
feeding causes a significant increase in blood carnitine level within
10–12 h, intravenous injection triggers prompt serum uptake reaching a
normal blood concentration in 12–13 h [28–30]. The impact emerged
stronger when injected as propionyl-L-carnitine, reaching baseline le-
vels in half the time, and excreted as acetylcarnitine through urine
within a day [30].

Propionyl-L-carnitine activates an action potential across the cell
membrane of heart cells. Although significant carnitine accumulation
occurs in cardiac tissues, the heart fails to produce carnitine, and hence,
true source of carnitine lies in liver and partially in kidney, generated
from the amino acids, lysine and methionine [7]. Carnitine deposition
occurs principally in the left ventricular region of heart and skeletal
muscle tissues [31]. It has been observed that choline insufficiency
increases the rate of carnitine metabolism, and carnitine and choline
deficiency usually occurs concurrently [32,33]. When heart lacks suf-
ficient carnitine concentration, an increased visceral absorption, fol-
lowed by enhanced processing within liver, occurs [34,35]. In reality,
carnitine concentration within liver increases much rapidly compared
to cardiac tissues, particularly after intravenous injection, maintaining
a uniform, gentle and steady balance with serum levels [31,36]. Cardiac
carnitine concentration depends upon capability of muscle tissues to
extricate carnitine through discrete transporter molecules along plasma
membrane of myotubes against a strong concentration difference, and
usually rises at levels distinctly higher than that present in blood [37].
Owing to impregnable nature of membranes enclosing cardiac muscles,
carnitine is retained within the cardiac cell cytoplasm for a long-period
[38].

2.3. Metabolic activities of L-carnitine

Enhancement in cytoplasmic concentrations of potentially toxic
long-chain acylcarnitine occurs through reversible activation of carni-
tine acyltransferase. Via reduced carnitine acylcamitine translocase
functioning, an attenuated transport of long-chain acylcamitine to-
wards the mitochondrial matrix is evident [39]. This results in altered
Acetyl CoA levels, causing a deregulated activation of pyruvate dehy-
drogenase (PDH) multi-enzyme complex, located at the inner mi-
tochondrial membrane. The entire process adjusts the flow of inter-
mediate glycolytic products in the citric acid cycle [40]. Post-ischemic
condition associates with decreased PDH level and activity, triggering
suppression in glycolytic pathway and lactate uptake, causing reduced
cardiac functioning [41]. During hypoxia, reduced cellular carnitine
and ATP accompanies deposition of long-chain fatty acid esters,
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culminating in enhanced accretion of cytoplasmic acylcarnitine and
intramitochondrial CoA complex of long-chain fatty acids [42]. Acyl-
carnitine, with both polar and lipophilic properties, mimics detergent
action and damages the double-layered lipid membrane, triggering the
release of phospholipids, glycolipids and cholesterol [43]. Increased
build-up of acylcarnitine is damaging for fatty acyl CoA synthetase as
well, responsible for fatty acid biosynthesis and contributing to energy
production and cell survival (Fig. 2) [44]. Acylcarnitine deposition
disturbs sodium‑potassium-ATPase (Na+/K+ ATPase) pump and dis-
rupts action potential, polarization, hyperpolarization and depolariza-
tion cycle of the cardiac membrane [45]. Additionally, acylcarnitine
induces concentration- and time-dependent changes in the resting as
well as action potential in situations of 50% repolarization.

Cardiomyocyte cells show augmented inotropy, broadening of re-
polarization phase and enhanced performance of the enzyme protein
kinase C, resulting from the up-regulated functioning of Na+/K+
ATPase. This causes alpha-1-adrenergic excitation of the myocardium
via reduced activity of alpha-1-adrenergic receptors and thereby a
cardiac arrhythmia like condition [46,47]. It also involves a severely
altered membrane potential at the endoplasmic and sarcoplasmic re-
ticulum. An associated alteration in performance of voltage-dependent

Ca2+ channels (VOCs), calcium-ATPase pump and sodium‑calcium
exchanger in the plasma and sarcoplasmic reticulum is reported along
with deregulated tissue deposition of acylcarnitine, leading to irregular
calcium transfer in the cardiomyocytes. Frequent reports of calcium
overload and altered transmembrane electrochemical gradient of cal-
cium following cardiac muscle contraction have also emerged in this
condition [48,49]. The inotropic impact of enhanced acylcarnitine ap-
peared quite similar to selective Ca2+ channel activators. An altered
expression and activity of Ca2+ and Na+ transporters and carriers
within cardiac sarcolemma vesicles marked the increased acylcarnitine
levels, causing a derangement of cardiac performances and hyperten-
sion during ischemia [50]. An enhanced expression of α1-adrenergic
receptors at the myocytic surface and liberation of inositol triphosphate
associated with the acylcarnitine [51]. The increased Ca2+ mobilisa-
tion through VOCs seemed detrimental as it could also result in death of
ventricular myocyte cells. A changed dose-dependent calcium over-
burden has been found to arbitrate contractile dysfunction, mimicking
ischemic contracture. Excess acylcarnitine also impaired working of
adenine nucleotide translocase (ANT) that translocates ATP, produced
by oxidative phosphorylation [52,53]. Inhibiting ANT activity, along
the extra-mitochondrial and mitochondrial matrix, affected the

Fig. 1. Carnitine-mediated mitochondrial transport of long-chain fatty acids & fatty acid oxidation. Through a coordinated effort of several key enzymes, long-chain Acetyl CoA is
transported into the mitochondria, while acetylcarnitine is transported out.
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membrane pore-gated ADP and ATP exchange and cellular energy
metabolism, without altering mitochondrial permeability transition
pore opening. This led to an enhanced generation of mitochondrial
reactive oxygen species and oxidative stress, oxidation of ryanodine
receptor-RyR2 and S-nitrosylation that trigger diastolic Ca2+ waves
[54].

Acylcarnitine blocked endothelial outflow of endothelium-derived
relaxing factor (EDRF), mediated by nitric oxide, that stimulates vas-
cular smooth muscle relaxation and regulates vasomotor behaviour
cardiac vasodilation [55]. Owing to excess cardiac tissue acetylcholine
in ischemic papillary muscle sarcolemma, the resulting decreased
amount of EDRF release may be one of the key reasons for the un-
favorable consequences following ischemic injury [56]. Accumulation
of long-chain acylcarnitine following myocardial ischemia induced an
alteration in membrane excitability and electrical propagation, as evi-
dent from changed electrophysiological recordings [57]. A coupled
onset delay of about 10–15 min has been reported in cell to cell com-
munication, followed by prominent impediment and slowing down of
electrical progression, decrease in the gap junctional conductance and
disturbed impulse propagation, assessed through whole-cell voltage-
clamp techniques. Additionally, redundant and quick accretion of ex-
tracellular K+ that regulates cardiac refractoriness and spontaneous
action potential discharges emanating from oscillatory after-potentials,
caused premature diminution in conduction speed. Simultaneously,
crossovers of the N-shaped current-voltage link along the voltage axis
(zero current line) happened repeatedly, along with attenuated inward
rectifier K+ current in ventricular myocytes. An enhanced inward Na

+/Ca2+ exchanger current alongside decreased outward IK1 (IK1:
Kir2.1 currents, where Kir indicates inward rectifier K+ channels) had
a greater than an additive effect on the progression of aberrant after-
depolarizations. This also generated increased transient inward current
and retarded after-depolarization in the cardiomyocyte cells. An in-
hibited current flow prior to the cellular wave front and decreased
speed of inward Na+ currents are major factors altering muscle tissue
excitability [58].

Under normal conditions, lipid oxidation contributes about 70% of
energetic associated with mitochondrial oxidative phosphorylation and
ATP generation. The myocardial muscles significantly depend on fatty
acid oxidation all through the ischemic condition, wherein CAT1 and β-
hydroxyacyl-CoA dehydrogenase activities undergo rapid reduction
with compromised energetics, reaching to about 50% compared to
normal baseline levels within a day or two of hypoxia [59]. A consistent
reduction in oxidative phosphorylation also occurs with a concomitant
attenuation in respiration rate and CO2 generation [60].

3. L-Carnitine and ventricular dysfunction

Ventricular dysfunction shows marked association with fatty acid
oxidation within cardiomyocyte cells, with a subsequent augmentation
in LPC, unbound arachidonic acid and acyl-carnitine-based molecules,
and a reduction in myocardial carnitine levels. The pathological con-
sequences of ventricular dysfunction involve reduced functioning of
carnitine transporting enzymes. Hence, supplementation with carnitine
has a marked protective effect via suppression of the toxic Coenzyme A

Fig. 2. Toxic role of acylcarnitine deposits in myocardiocyte cells. Individual arrows within the boxes indicate whether the individual effect is supported (upward arrows) or inhibited
(downward arrows) by acylcarnitine.

Fig. 3. Pathways promoting L-carnitine-mediated protection against cardiac ventricular dysfunction, ischemia-reperfusion & arrhythmia. L-Carnitine supports carbohydrate metabolism
and oxidation along with balanced blood flow, concomitant with reduced reactive oxygen species and CoA, all of which manifests in reduced ventricular dysfunction, ischemia and
cardiac arrhythmia, resulting in normal and healthy cardiac functioning.

Z.-Y. Wang et al. Life Sciences 194 (2018) 88–97

91



levels, attenuated reactive oxygen species (ROS) generation, and an
ultimate ameliorative impact against cardiac oxygen deficiency and
ventricular functional impairment (Fig. 3) [61]. Carnitine also plays an
important role in sustaining carbohydrate metabolism [62]. One of the
key consequences of carnitine treatment is an augmentation in glucose
oxidation, and a concurrent reduction in palmitate oxidation and up-
regulation of free fatty acids within cardiac myocytes. Additionally, it
has been proven that carnitine inhibits aberrant functioning of the
diastole, associated with dilatation and modulation of left ventricles
along with the maintenance of cardiac microvascular structure [63]. In
a multicentric study (L-Carnitine Ecocardiografia Digitalizzata Infarto
Miocardico; CEDIM Trial) conducted in 500 patients suffering from
severe myocardial infarction, intravenous carnitine treatment within
24 h of cardiac attack at a dose of 6–9 g/d for a year showed significant
improvement and recovery from impaired left ventricular functioning.
Although the myocardial attack prominently altered left ventricular
end-diastolic volume and systolic volume, carnitine-administered pa-
tients demonstrated lesser impact compared to placebo. Additionally,
reports of cardiac failure and demise dropped significantly, as evident
from a rate of 4% and 10% in carnitine-treated patients against 10%
and 14% in the placebo, respectively. Carnitine treatment caused a
marked shrinkage in infarct volume, determined through electro-
cardiography. Carnitine reduced sensation of chest pain and discomfort,
left ventricular enlargement, fatigue and edema. Signs of angina pec-
toris, accompanied by imbalanced myocardial blood circulation and
oxygen demand, demonstrated marked down-regulation after carnitine
administration as compared to a placebo counterpart. Moreover, car-
nitine treatment reduced apoptosis and necrosis of myocardiocytes
within the left ventricle [64]. Another elaborate study comprising
around 50 patients, treated with carnitine at a dose of 2 g/d for a span
of three months following myocardial infarction, revealed improve-
ments in exercise continuance and changes in the S wave and T wave
electrocardiography (ECG) recordings, characteristic of ventricular de-
polarization and repolarization [64]. In a study involving protective
measures against cardiac collapse among 70 patients in New York,
patients undergoing carnitine treatment for three months showed im-
proved cardiopulmonary exercise test on a stationary bicycle, measured
by the amount of oxygen consumed, CO2 produced, respiratory pattern
and ECG recording of heart activity [65]. Impact of carnitine treatment
has also been studied in children suffering from cardiomyopathy and
cardiac muscle and ventricular disorders. A patient study investigating
the comparative effects of L-carnitine and angiotensin-converting en-
zyme inhibitors, treated for seven days to one year in children and
adolescents suffering from left ventricular dysfunction, showed that
carnitine treatment resulted in noticeable improvements, specifically in
terms of higher survival rate and prominently better clinical cardiac
health [66].

It is well-established that a reduced phosphocreatine/ATP ratio
comprises one of the major reasons governing left ventricular damage,
marked by significant cardiac energy loss and heart pumping problems
[67]. In this situation, attenuated mitochondrial oxidative phosphor-
ylation and resultant suppression in the respiratory cycle plays a critical
contributory role. Increased dependence on glycolytic cycle as against
the paradigm shift from beta-oxidation catabolic process has also been
shown to participate in altered ventricular dilation [68,69]. Biopsies of
left ventricular samples, collected while performing open heart cardiac
valve surgery, revealed around 45–50% reduced left ventricular ejec-
tion fraction and distinct attenuation in overall functioning of electron
transport chain and resultant decrease in ATP generation within the
cellular respiratory cycle [70]. Interestingly, a reduction in fatty acid
transporter protein levels and activities of enzymes participating in
medium-chain fatty acid (MCFA) metabolism, particularly medium-
chain acyl dehydrogenase, 3-hydroxyacyl-CoA-dehydrogenase and mi-
tochondrial creatine kinase, characterized the left ventricular systolic
dysfunction. The study proved recovery from ventricular dysfunction
upon treatment with MCFA in the form of octanoyl-L-carnitine,

although marked improvements in respiratory rates were not evident
when administered with palmitoyl-carnitine [71]. Meta-analyses data
revealed that advantageous impacts of L-carnitine comprised decreased
serum levels of calcium ion-regulated brain natriuretic peptide (BNP)
and N-terminal pro-brain natriuretic peptides (NT-proBNP), released by
cardiac ventricles following unwarranted extension of cardiomyocytes
[72]. Quantitative data showed a 50–60% decrease in serum con-
centrations of BNP and NT-proBNP, subsequent to oral L-carnitine ad-
ministration in young and chronic heart failure patients [1]. Another
study in choline-deficient rats demonstrated that increased myocardial
dysfunction and enhanced serum BNP levels had a link with in-
flammatory lesions and impaired mitochondrial energy metabolism.
Conversely, L-carnitine treatment (200 mg/Kg body weight through
drinking water) induced protective antioxidative and valvular anti-in-
flammatory effects [72,73], and attenuated the influx of inflammatory
molecules across the myocardial membrane. L-Carnitine could also
suppress nitric oxide production, cardiac fibrosis and hypertrophy,
endothelium disruption, mitochondrial cytochrome c levels and apop-
tosis and death of cardiomyocyte cells, which resulted in reduced serum
BNP levels [74,75].

L-Carnitine effectively reinstates myocardial energy levels with
significant refinement in cardiac histology. Carnitine inhibits xanthine
oxidase, nitric oxide synthase and monoamine oxidase activities that
are primarily responsible for myocardial superoxide and hydrogen
peroxide generation, nuclear factor kappa B-mediated inflammation
and an ultimate left ventricular remodelling [76,77]. Moreover, L-car-
nitine reduces endothelin-mediated functioning of NADPH oxidase,
causing attenuated vascular and cardiac superoxide levels and an
eventual optimum performance of the mitochondrial respiratory chain.
While angiotensin converting enzyme II inhibitors help relaxing blood
vessels of left ventricles and regulates hypertension, L-carnitine ad-
ditionally induces partial restoration of endothelium-dependent acet-
ylcholine relaxation [78]. L-Carnitine also causes a reduction in an-
giotensin II-mediated collagen release, partnered by augmented fatty
acid desaturase (FADS) enzyme levels that promote fatty acid un-
saturation. FADS-induced arachidonic and prostacyclin finally results in
decreased deposition and thickening of connective fibre tissues at the
left ventricle and a consequent better survival of cardiac fibroblasts in
pathogenetic conditions [79]. Enhanced expression and proteolytic
activity of matrix metalloproteases (MMPs) are intricately linked to
chronic heart failure, concomitant with a down-regulated expression of
inhibitors of MMPs (TIMPs). Although less studied, few reports claim
that L-carnitine competently suppresses this MMP and TIMP imbalance,
and thereby reduces undesired left ventricular remodelling [80].

4. L-Carnitine and ischemia-reperfusion injury

Impediment in smooth blood circulation during hypoxia and
ischemia causes instantaneous attenuation in the cardiac oxygen pres-
sure, resulting in an aberrant oxidation-reduction cycle of the mi-
tochondrial electron transport chain [81]. Ischemia-reperfusion impairs
normal NAD+/NADH and FAD/FADH2 redox pair and induces dis-
turbance of catabolic β-oxidation pathway and disruption in the mi-
tochondrial carnitine shuttle, triggering augmented acyl Coa and long-
chain acylcarnitine levels at the inner mitochondrial membrane. The
long-chain acylcarnitine undergoes undesired and increased deposition
(about 3–4 folds) within the cytoplasm and sarcolemma of myocytes
within a time span of 1–2 min following cardiac ischemic attack [82].
Clinical conditions of ischemia-reperfusion injury mainly stem from
malfunctioning and morphological defects of the heart, and loss in
metabolic elasticity along with severe impairment of left ventricles
[83]. Altered catabolic and anabolic phenotypes are key characteristics
of myocardial pathology, and the preceding condition of left ventricle
and arterial fibrils regulates the functioning of citric acid cycle and
metabolic energy uptake. These factors ultimately play an important
role in damage and recovery subsequent to myocardial infarction and
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ischemic damage [84]. A study involving 37 patients with cardiac
ischemia-reperfusion damage, between the age group 18–20, demon-
strated a reduced glucose uptake and pyruvate dehydrogenase reaction,
increased lactase efflux and lactate dehydrogenase activity and altered
plasma levels of ketonic compounds, such as beta–hydroxybutyrate and
β-hydroxybutyryl-carnitine [85]. Plasma metabolite analyses showed
diminished glucose and leucine and isoleucine amino acids and up-
regulated alanine (generated via pyruvate transamination) levels. A
remarkable increase in the small and medium-chain acylcarnitines,
particularly acetylcarnitine, Acetyl CoA, acyl CoA intermediates and β-
hydroxybutyrylcarnitine were also obtained within the plasma eluent.
The clinical study indicated a necessity for dichloroacetate treatment,
that activates the functioning of pyruvate dehydrogenase, in combina-
tion with L-carnitine, for enhanced generation of mitochondrial carni-
tine ester levels and suppression of Acetyl CoA accumulation [86].

Enlarged ischemic heart shows diminished accumulation of free
carnitine owing to its attenuated generation and transport, which leads
to decreased β-oxidation of long-chain fatty acids across the mi-
tochondrial membrane and an accretion of lethal metabolites. It has
been observed that cardiac levels of carnitine are 15–20% and 50%
lower compared to normal conditions in the long-term and short term
(after 30 min), respectively, subsequent to ischemia-reperfusion.
Carnitine treatment restrained post-ischemic diminution of mitochon-
drial adenine nucleotide, and the impact increased dose-dependently
with exogenous carnitine administration. This concept underwent
confirmation through studies monitoring myocardiocyte survival fol-
lowing ischemic-reperfusion in rat hearts, at a temperature range of
20–30 °C. In this condition, L-carnitine intricately participated in myo-
cardiocyte metabolic processes, even during homogeneous myocardial
cooling and artificially performed electromechanical quiescence, by
maintaining ventricular blood volume and pressure and upholding
cardiac muscle contraction and retrograde diastolic flow in the aorta
[87]. Systematic studies in animal models revealed that L-carnitine
treatment up-regulated glucose metabolism and prompted higher gly-
cogen synthesis, which caused recuperation from ischemia-induced
cardiac damage. Fatty acid oxidation largely generated the necessary
energy for cardiac muscle functioning [88].

A free radical-induced degeneration of the inner mitochondrial
membrane all through ischemia and reperfusion is also known.
Additionally, a competition emanates between RyR2 S-nitrosylation
and RyR2 oxidation levels, which happens alongside an irreversible
oxidation at the thiol sites of RyR2. Imbalance between nitroso/redox
factors contributes towards Ca2+ leak at the sarcoplasmic reticulum
and causes a reduction in the binding affinity of the immunophilin
protein FKBP12.6 (that plays an important role in excitation-contrac-
tion coupling within cardiomyocyte cells) to the calcium-channel
[89,90]. A concomitant oxidation at the cys-21 site on RyR1 has also
been observed at the cytoplasmic domain of calcium channel. Reduced
ANT performance attenuates the ATP/Adenosine diphosphate levels
and activation of ATP synthase as well. An associated inhibition of the
respiratory oxidative chain leads to enhanced mitochondrial ROS pro-
duction from the electron transport chain [44].

5. L-Carnitine and cardiac arrhythmia

Cardiac arrhythmias have been reported to cause around
300,000–400,000 deaths in the USA every year. In most cases, prior
incidences of cardiac problems appear unreported, with autopsy sam-
ples clearly demonstrating unsynchronized contraction of cardiac
muscle fibers [91]. These events provide a clear indication that cardiac
arrhythmias and unanticipated cardiac failures are likely consequences
of coronary arterial blood clotting that restrict systemic blood flow,
followed by temporary and momentary myocardial ischemia and es-
sential cellular oxygen and glucose deprivation [92]. A distinct link has
been found with the small muscle diameters, with prominently elevated
acylcarnitine in these ischemic-muscles [7]. An increased acidification

owing to imbalance in the amount of CO2 released and diffused in
small-diameter muscles, and a consequent altered pH has also been
observed [93]. This culminates in reentrant arrhythmias in ischemic
myocardium. Augmented acylcarnitine concentration and reduced
CATI activity also triggers deposition and retention of LPC within
myocardial cellular and subcellular chambers. This associates with in-
hibited functioning of several enzymes, owing to decreased pH, that
catabolizes LPC in the sarcolemma of cardiac myocytes [94]. Specifi-
cally, a down-regulated functioning of (1) lysophospholipase that
mediates the conversion of LPC to glycerophosphoryl choline and fatty
acid; (2) Coenzyme A-LPC acyltransferase, responsible for generation of
diacyl-phosphatidylcholine involving the interaction of acyl CoA and
LPC; (3) lysophospholipase-transacylase that triggers self-interaction of
LPC to release diacyl-phosphatidylcholine and glycerophosphoryl cho-
line are generally observed. A concomitant incidence of altered cardiac
electrical activity, measured through ECG, has also been reported in
cardiac arrhythmia. The effect of acylcarnitine involves competitive
inhibition of lysophospholipase-transacylase and lysophospholipase
enzymes [95]. Conversely, carnitine contributes by suppressing me-
chanical and electrical impairments in the myocardial tissues, which
could cause an absolute deterrence of cardia arrhythmia [96]. This
carnitine-mediated cardioprotection has distinct correlation with su-
perior oxidative-phosphorylating capability in mitochondrial popula-
tions, without altered adenine nucleotide-translocase functioning. In a
study on Guinea pigs with artificially induced arrhythmia, L-carnitine
inhibited the growth of conduction block in micro-patterned cardio-
myocyte cells and eliminated aberrant cardiac muscle cell firing and
atrioventricular nodal reentrant tachycardia and fast heart rhythm,
typical of arrhythmia [97]. A study involving the electrophysiologic
mechanism in adult mongrel dogs also proved that intravenous injec-
tion with L-carnitine caused α-adrenoceptor-mediated cellular un-
coupling at the gap junctions via protein kinase C-signalling, with
concurrent hindrance to sodium channel functioning in the cardiac
tissues [98].

6. L-Carnitine and toxic myocardial injury

Myocardial injury is a physiological occurrence, whose severity may
cause morbidity, multi-organ failure and an eventual mortality.
Frequently, this type of myocardial ischemia-reperfusion injury appears
as an outcome of cardiac surgery and cardiopulmonary bypass, with
significant contribution from hyperactivated leukocytes, neutrophil and
endothelial cells [99]. Events contributing to toxic myocardial damage
prominently include increased oxidative biochemical reactions in the
myocytes, promoting free radical generation and nitric oxide-depen-
dent endothelial impairment. These altered intravascular bioactivities
trigger platelet activation, venous thrombosis and pulmonary embo-
lism. Generation of pro-inflammatory cytokines and chemokines, par-
ticularly tumor necrosis factor-alpha, macrophage inflammatory pro-
tein, interleukin (IL)-6 and IL-8, and a suppressed expression of anti-
inflammatory cytokine, such as IL-10, chemokine ligand-2, etc., in the
cardiac myocytes are common features of myocardial injury. Especially,
an altered equilibrium among pro- and anti-inflammatory cytokines
and chemokines is a critical factor governing extent of myocardial in-
jury [97]. Aldosterone antagonists, that enhance endothelial nitric
oxide-synthase functioning and thereby control vascular characteristics,
local blood circulation and platelet activation and aggregation, until
now, served as therapeutics for toxic myocardial degeneration [100].
Nonetheless, carnitine prominently promoted functional recovery and
restored aerobic metabolism process during cardioplegic arrest in pa-
tients experiencing tissue damage during open-heart surgery (Fig. 4).

Myocardial necrosis, associated with aluminium phosphide (an in-
secticide) exposure, mimics ischemia-like condition that hampers 70%
performance of mitochondrial respiratory chain and cardiac metabo-
lism and induces ventricular dilatation and dysfunction, often culmi-
nating in an absolute heart collapse. Phosphine gas serves as an active
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toxic constituent of aluminium phosphide that undergoes rapid entry
into the blood circulation via respiration, food items, skin and epithelial
mucosal layers. Decreased long-chain acyl-CoA dehydrogenase activity
and cardiac hypertrophy are typical features of severe myocardial
aluminium phosphide toxicity, and L-carnitine administration plays
marked role in the recovery process. Additionally, L-carnitine regulates
blood volume in cardiac cycle, without affecting left ventricular blood
ejection, which arbitrates protection against congestive cardiac failure
[101]. In situations of modest carnitine insufficiency, treatment with
selective β-adrenoceptor agonist, isoproterenol, aggravates myocardial
damage. An in vivo study in rats showed that a slight decrease in the
cardiac carnitine levels increases the susceptibility of cardiac collapse,
particularly for cases undergoing isoproterenol treatment. Sub-
cutaneous isoproterenol injection in carnitine-deficient rats progres-
sively elevated systolic and diastolic blood pressure, heart beat, pulse
rate, respiratory secretions, cytokine release and apoptosis, added to
deep and asymmetrical breathing. Upon ventricular macroscopic mor-
phology, following isoproterenol infusion in carnitine-deficient condi-
tions, rat hearts had a flaccid and fibrous look, with petechial hemor-
rhages evident on the cardiac epicardium. Thus, carnitine-lacking
phenotypes are prone to relentless heart problems owing to cardiac
fragility in patients experiencing β-adrenergic stress [102]. An epide-
miological study from Faroe Islands, Denmark, showed that patients
treated with pivalic acid-containing antibiotics died, with signs of en-
cephalopathy and cardiac arrhythmia. Thorough investigation revealed
that the patients had mutated SLC22A5 gene and a residual OCTN2
activity significantly lower (3–20%) than their normal counterparts.

Additionally, treatment with pivalic acid caused a depletion of plasma
carnitine concentrations through increased pivaloyl-carnitine, and
thereby acylcarnitine production, and undesired urinary carnitine ex-
cretion. All these conditions triggered a combined loss in physiologic
and systemic carnitine levels and altered carnitine homeostasis, and via
radically lessened carnitine stores and enhanced carnitine demands
caused severe cardiac complications. Thus, currently antiretroviral pi-
valic acid-based antibiotics are generally prescribed with carnitine
supplementation for mitigating carnitine deficiency-induced cardiac
problems [103].

The anticancer anthracycline-based antibiotic, doxorubicin, caused
serious cardiac toxicity via increased oxidative stress-induced tissue
damage. Doxorubicin impaired the equilibrium between oxidant and
anti-oxidant enzymes, resulting in profound ROS generation, altered
expression and activities of superoxide dismutase, lipid peroxidase,
catalase and glutathione peroxidase enzymes. Several incidences have
proven a lethal role of doxorubicin as well. Doxorubicin caused a dose-
dependent reduction in cardiac FABP3 and OCTN2 gene expression,
attenuating ATP-dependent energy metabolism and carnitine levels. An
experimental observation in rats administered intraperitoneally for ten
successive days with carnitine (200 mg/Kg body weight) revealed a
marked reversal from therapeutic doses of doxorubicin-induced cardiac
injury, without interfering with the anti-tumor activity of doxorubicin
[104]. Carnitine supplementation with doxorubicin enriched its levels
in lymphocytes, restored immune functioning and blood pressure and
reduced biochemical oxidative stress, and thereby served as a protec-
tive agent countering cardiovascular remodelling [105]. Another

Fig. 4. Carnitine treatment blocks toxic myocardial injury. As
depicted in the figure, L-carnitine blocks the effects of several
drugs that can potentially result in myocardial injury.

Z.-Y. Wang et al. Life Sciences 194 (2018) 88–97

94



broad-spectrum anthracycline antibiotic, adriamycin, demonstrated ir-
reversible cardiac degeneration in about 40% cancer patients, clinically
limiting its use in cancer treatment. L-Carnitine co-treatment with
adriamycin served as a mitochondrial substrate for anaplerotic reac-
tions, and successfully restored a normal cardiac biological environ-
ment [106].

7. Summary and conclusion

Myocardial injury involves diverse metabolic derangements, char-
acterized predominantly by aberrant left ventricular functions, culmi-
nating in grave clinical repercussions in the heart. If left untreated at
early stages, critical complications such as congestive cardiomyopathy,
dysrhythmias, deep venous thrombosis and pulmonary embolism may
develop. Predominantly, inherent or toxic metabolite-induced carnitine
deficiency and an associated abnormal fatty acid metabolism are
proven deregulatory phenomena impeding normal ventricular perfor-
mance, and appear as key reasons for arrhythmia and ischemic-re-
perfusion damage and myocardial injury. Accordingly, L-carnitine
treatment has developed as a preventive and therapeutic strategy
against mild to severe cardiac disorders. Although several studies suc-
cessfully attested capability of L-carnitine as an ameliorative agent
against cardiac collapse, critical challenges lie in discerning the in-
tegrated role of cardiac and pharmacokinetic factors and physiological
vital organs, such as the brain, liver, kidney, etc. in carnitine-mediated
protection. Most importantly, impact of L-carnitine in patients who
underwent cardiovascular surgeries remains less explored. Hence, large
multicentric clinical trials with carnitine supplementation in chronic
dysfunctional heart patients seem important, both for pre- and pro-
surgery cases. These novel clinical studies would enlighten unknown
links between hypertrophied hearts, reduced mechanical performance,
L-carnitine depletion and L-carnitine-mediated therapy for cardiac
failure, and additionally inform their mutual links with other vital or-
gans, leading to improved quality of life and long-term beneficial im-
pact against myocarditis.
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