
C
ur

re
nt

 M
ol

ec
ul

ar
 M

ed
ic

in
e

���-��<>??$>:@;
����-��<AB>$>???

��������	�
����
��
��	�
����	����������	�����������������
	���������

��		�����		��� �������
	�������
	

�������
����	
�

��
���
�������
�����

����������������

 
 

Judit Bene1,2,*, Andras Szabo1,2, Katalin Komlósi1 and Bela Melegh1,2 

1Department of Medical Genetics, Clinical Center, Medical School, University of Pécs, Pécs, Hungary; 
2Szentágothai Research Centre, University of Pécs, Pécs, Hungary 

 

A R T I C L E  H I S T O R Y 

 
Received: July 9, 2019 
Revised: October 31, 2019 
Accepted: November 1, 2019 
 
 
DOI: 
10.2174/1566524019666191113120828 

Abstract: Purpose: After a golden age of classic carnitine research three decades ago, 
the spread of mass spectrometry opened new perspectives and a much better 
understanding of the carnitine system is available nowadays. In the classic period, 
several human and animal studies were focused on various distinct physiological 
functions of this molecule and these revealed different aspects of carnitine homeostasis 
in normal and pathological conditions. Initially, the laboratory analyses were based on 
the classic or radioenzymatic assays, enabling only the determination of free and total 
carnitine levels and calculation of total carnitine esters’ amount without any information 
on the composition of the acyl groups. The introduction of mass spectrometry allowed 
the measurement of free carnitine along with the specific and sensitive determination of 
different carnitine esters. Beyond basic research, mass spectrometry study of carnitine 
esters was introduced into the newborn screening program because of being capable to 
detect more than 30 metabolic disorders simultaneously. Furthermore, mass 
spectrometry measurements were performed to investigate different disease states 
affecting carnitine homeostasis, such as diabetes, chronic renal failure, celiac disease, 
cardiovascular diseases, autism spectrum disorder or inflammatory bowel diseases.  

Results: This article will review the recent advances in the field of carnitine research 
with  respect to mass spectrometric analyses of acyl-carnitines in normal and various 
pathological states. 

Conclusion: The growing number of publications using mass spectrometry as a tool to 
investigate normal physiological conditions or reveal potential biomarkers of primary and 
secondary carnitine deficiencies shows that this tool brought a new perspective to 
carnitine research. 

Keywords: L-carnitine, acylcarnitines, mass spectrometry, carnitine homeostasis, cardiovascular diseases, 
diabetes, autism spectrum disorder, chronic renal failure. 

1. INTRODUCTION 
 Carnitine (3-hydroxy-4-N-trimethylaminobutyrate) is 
a vitamin-like water soluble small molecule that is 
found in almost all mammalian species, several micro-
organisms and plants. This compound has a long, 
more than one hundred years old history. It was 
discovered in 1905 [1] in muscle extract and although 
its chemical structure was elucidated already in 1927 
[2], its primary physiological function, and its 
importance in fatty acid metabolism, was established 
only around 30 years later [3]. 
 Since carnitine possesses a chiral carbon, it has 
two enantiomers: D- and L-carnitine, however, only the  
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L-isomer is physiologically active [4]. Carnitine is 
present in the body as free and esterified form 
(acylcarnitines), which make up the carnitine system 
together with the cellular proteins required for their 
metabolism and transport. Most of the endogenous 
carnitine pool is distributed in the skeletal and cardiac 
muscle (approximately 98%) and only less than 1 % is 
located within the plasma. 
 Over the past 30-40 years, due to the intensive 
research on carnitine metabolism, several physiological 
functions of this molecule were established and 
different aspects of carnitine homeostasis in normal 
and pathological conditions have been revealed [5]. 
Initially, the measurements of carnitine were based on 
classic or radioenzymatic assays [6], which provided 
only the determination of free and total carnitine levels 
and calculation of the amount of the total carnitine 
esters without any information of the composition of the 
acyl groups. Introducing mass spectrometry, a novel 
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and highly sophisticated technique [7] facilitated the 
expansion of the measurements from free carnitine to 
specific and sensitive determination of different 
carnitine esters and thus this tool brought a new 
perspective to carnitine research.  

2. BIOCHEMICAL PROPERTIES AND 
FUNCTIONS OF CARNITINE 
 A well-known biochemical property of carnitine is 
related to its ability to form acyl-carnitine esters with 
organic acids in certain enzymatic reactions. Its classic 
physiological role can also be derived from this 
chemical property since neither the free long-chain fatty 
acids, nor their Coenzyme-A esters can cross the inner 
mitochondrial membrane alone; the transport is 
possible exclusively in carnitine ester form. Therefore, 
carnitine plays an indispensable role in the 
mitochondrial oxidation of long-chain fatty acids and in 
ketogenesis [8, 9].  
 The formation of acylcarnitines catalyzed by 
carnitine acyltransferases (Table 1), a family of a 
protein which has a wide and overlapping carbon 
chain-length specificity, various cellular localization and 
metabolic functions (eg mitochondrial and peroxisomal 
fatty acid oxidation, cellular CoASH homeostasis). The 
detailed structures and functions of these enzymes are 
discussed in a recent review [10]. 
 The transport itself is achieved by the carnitine 
cycle, which consists of three steps. The first step, in 
which the long-chain acyl moieties are transferred 
between the Coenzyme-A and carnitine by the 
reversible reactions catalyzed by carnitine 
palmitoyltransferase I (CPTI), takes place in the outer 
mitochondrial membrane. (Fig. 1). The second step is 
the direct transfer of the carnitine esters across the 
membrane, which is catalyzed by the carnitine 
translocase (CACT). In the last step, carnitine 
palmitoyltransferase II (CPTII) reconverts acylcarnitines 
back to acyl-CoA species and carnitine at the matrix 
side of the inner mitochondrial membrane. [9]. 
 It is clear nowadays that the biological function of 
the carnitine cannot be reduced to the role of fatty acid 
oxidation. Among others, carnitine modulates the acyl-
CoA/CoA ratio, which in turn regulates many 
mitochondrial enzymes involved in tricarboxylic acid 
(TCA) cycle, gluconeogenesis, urea cycle and fatty 
acid oxidation [11]. It contributes to energy storage in 
the form of acetyl carnitine [4] and modulates the 
toxicity of partially metabolized acyl groups by 
promoting their excretion in carnitine ester form [12]. 

Furthermore, it is involved in the reesterification of 
triacylglycerol in the endoplasmic reticulum before its 
excretion in the form of very-low-density lipoproteins, in 
the stimulation of the oxidative metabolism of pyruvate 
and branched chain amino acids, in the deacylation 
and reacylation processes during the transformation of 
membrane phospholipids in erythrocytes, in the 
transmission of fatty acids between phospholipids and 
triglycerides in neurons, in the synthesis and elongation 
of multiply unsaturated fatty acids as well as 
stabilization of proteins and membranes [13].  

3. HOMEOSTASIS OF CARNITINE IN HUMANS 
 Since the function of L-carnitine is vital in the 
intermediary metabolism it is not surprising that its 
endogenous plasma and tissue concentrations are 
maintained within a relatively narrow homeostatic 
range. Processes involved in this homeostasis include 
carrier-mediated gastrointestinal absorption from 
dietary sources, endogenous biosynthesis, extensive 
renal tubular reabsorption and compartmentalization 
through carrier-mediated transport between plasma 
and tissue [14]. 
 The carnitine pool comprises extracellular and 
intracellular compartments and it can be found in the 
body as free and esterified form (acylcarnitine). The 
various esters of carnitine with short-, medium- and 
long-chain fatty acids are all present in biological 
systems. The whole body carnitine content is in a fairly 
dynamic state. Migration of carnitine and acylcarnitines 
occurs among the gastrointestinal tract, the liver, the 
kidney and carnitine dependent tissues such as heart 
or skeletal muscle. Any metabolic change is 
accompanied by  redistribution between the carnitine 
and acylcarnitine pools of the tissues involved [15]. 
Although 99% of the carnitine amount has an 
intracellular localization, mainly found in the skeletal 
and cardiac muscle (98 %), the relationship between 
serum acylcarnitine (AC) and free carnitine (FC) is 
highly sensitive to intramitochondrial alterations, 
therefore the measurement of AC and FC can reflect 
metabolic alterations in normal and abnormal situations 
as well, and the acylcarnitine profile analysis could be a 
promising tool for the investigation of these 
circumstances. Such normal conditions include fasting, 
pregnancy and neonates [16], pathological situations 
with altered carnitine ester profile include several 
inborn errors of metabolism, malabsorption, medical 
interventions such as haemodialysis and treatment with 
valproate, pivalic acid-containing antibiotics and some 
chemotherapeutic agents (e.g., cisplatin, doxorubicin 

Table 1. Types of human carnitine acyltransferases and their cellular localization. 

Enzyme Group Substrate Specificity Localization 

Carnitine Acetyltransferase Short-chain acyl groups (C1-C4) Nucleus, mitochondrium, peroxisomes, 
microsomes 

Carnitine Octanoyltransferase Medium-chain acyl groups (C5-C12) Peroxisomes, microsomes 

Carnitine Palmitoyltransferase I, II Long-chain acyl groups (>C12) Mitochondrium 
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and ifosfamide) [17]. Recently, plasma ACs have been 
proposed as biomarkers of insulin resistance and 
metabolic inflexibility in adults, as well as that of autism 
[11, 18]. 

4. CARNITINE DEFICIENCIES 
 Carnitine deficiency represents a heterogeneous 
group of diseases with widely varying clinical 
symptoms. Since carnitine is necessary not only for 
fatty acid oxidation but also plays a crucial role in 
cellular homeostasis of free and acyl-CoA, it is not 
surprising that carnitine deficiency has a wide variety of 
clinical manifestations. Moreover, it adds to the 
complexity that several other factors affect the carnitine 
requirement such as age, diet, metabolic conditions 
(stress, fed versus fasting state, and rest versus 
exercise) and tissue dependence on fatty acid 
oxidation [19, 20]. The definition of carnitine deficiency 
is reduced tissue carnitine concentration that is below 
the requirement for normal cellular metabolism. Data 
from clinical and biochemical studies imply that tissue 
carnitine levels may have to fall to less than 10% to 
20% of normal before the biologic effects can be 

clinically significant [21]. Carnitine deficiency can be 
primary or secondary (Fig. 2). In primary systemic 
carnitine deficiency mostly a disturbed cellular uptake 
of carnitine can be observed, while in secondary 
carnitine deficiency the carnitine depletion is the 
secondary cause of other conditions or disease. 

4.1. Primary Carnitine Deficiency 
 The systemic primary carnitine deficiency (SPCD) is 
a rare hereditary disorder of fatty acid oxidation caused 
by mutations in the SLC22A5 gene encoding the high-
affinity carnitine transporter, OCTN2 [22]. In the 
disease, inherited in an autosomal recessive manner, 
the affected transporter is not able to take up free 
carnitine from the circulation, which is accompanied by 
urinary loss of free carnitine because of the impaired 
renal tubular plasmalemmal uptake defect finally 
leading to tissue carnitine deficiency. Systemic primary 
carnitine deficiency shows a broad clinical spectrum 
from a metabolic decompensation in infancy, 
cardiomyopathy in childhood to fatigability in adulthood, 
or even asymptomatic adults [23]. In the classical form 
there are two main presentations with the onset in 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
Fig. (1). The Carnitine System. Role of carnitine in the transport of long chain fatty acids from the cytosol into the mitochondrial 
matrix. FATP: fatty acid transporter protein; OCTN2: organic cation transporter 2; CPT-I: carnitine palmitoyl transferase I; CPT-
II: carnitine palmitoyl transferase II; CACT: carnitine acyl carnitine translocase. 
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infancy with acute nonketotic hypoglycemic episodes, 
poor feeding, failure to thrive, hypertrophic 
cardiomyopathy, hepatomegaly, elevated liver 
transaminases, hyperammonemia triggered by fasting 
or common illnesses such as upper respiratory tract 
infection or gastroenteritis, hypotonia, lethargy or 
encephalopathy associated with hypoglycemia, Reye 
syndrome and a delay in gross motor development due 
to muscle weakness. Primary systemic carnitine 
deficiency can lead to sudden infant death syndrome 
[23, 24]. The second presentation is onset in childhood 
(1 to 7 years) with progressive cardiomyopathy and 
muscle weakness, hepatomegaly and steatosis of the 
liver. Diagnosis is based on the detection of very low 
levels of plasma free carnitine followed by the 
confirmation with diminished carnitine transporter 
activity in skin fibroblast [25] or the verification of 
biallelic pathogenic variants in the SLC22A5 gene [26, 
27]. Infantile metabolic and childhood myopathic 
presentations of SPCD can be fatal if untreated. 
Carnitine supplementation can prevent the majority of 
the symptoms and preserve cardiac function [23]. The 
administration of 100-400 mg/kg/day oral levocarnitine 
(L-carnitine) improves metabolic decompensation and 
skeletal and cardiac muscle functions if started before 
the irreversible organ damage. Hypoglycemic episodes 
are treated with intravenous dextrose infusion. The 
long-term prognosis of SPCD is favorable as long as 
affected individuals continue with carnitine 
supplements [26]. 
 While previously, in many cases, the variable 
clinical symptoms only subtly implied carnitine 
deficiency to the clinicians, introducing tandem mass 
spectrometry technique into the newborn screening 
program nowadays enables the easy identification of 
primary carnitine deficiency in infants through the 
detection of low levels of free carnitine [28-30]. 
Interestingly, several studies reported women whose 
SPCD diagnosis was only revealed after newborn 

screening identified low carnitine levels in their infants. 
Almost half of the mothers were asymptomatic, the 
others complained about decreased stamina, easy 
fatigability with exercise and fasting intolerance [31, 
32]. Since there is a lifetime risk of morbidity and risk of 
sudden death of primary carnitine deficiency, the 
identification of adult patients with this condition is an 
added benefit of expanded newborn screening 
programs [31].  

4.2. Secondary Carnitine Deficiency 
 In secondary carnitine deficiency, also referred to as 
carnitine insufficiency, the carnitine depletion can be 
associated with physiological conditions, such as 
fasting or pregnancy or could be the consequences of 
pathological conditions such as genetically determined 
metabolic disorders, acquired medical conditions or 
other external factors [33, 34]. Although these 
secondary carnitine deficiencies have less severe 
clinical consequences than the primary form, their 
prevalence is more common. In secondary carnitine 
deficiency the carnitine pool is shifted towards AC from 
free carnitine, since carnitine is utilized to eliminate acyl 
groups accumulating due to the underlying metabolic 
dysfunction. Thus in secondary carnitine deficiency 
normal or slightly decreased plasma FC levels and 
increased AC/FC ratio can be observed typically [15]. 
 Carnitine disturbances may also develop due to 
several acquired medical conditions. Among others 
decreased intake (malnutrition, malabsorption such as 
in celiac disease, cystic fibrosis), decreased body 
stores (HIV/AIDS) or increased loss (renal Fanconi 
syndrome) could be responsible for these disturbances 
[14, 33]. 
 The secondary carnitine deficiency can be induced 
by medical interventions like haemodialysis or some 
drug medication as well. Such a drug is pivaloic acid 
(trimethyl-acetic acid), the chemical structure of this 

 

 

 
 

 

 

 
 

 

 

 

 
 
Fig. (2). Etiology of carnitine deficiencies.
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prodrug makes the entrance of this metabolite into the 
β oxidation impossible. Pivalate liberated from drugs 
forms ester with carnitine, and the sustained urinary 
loss of pivaloylcarnitine causes carnitine depletion [35, 
36]. Other drugs, like the valproic acid (dipropyl acetic 
acid) causes also carnitine depletion, however, the 
mechanism is totally different since the valproate has 
poor carnitine ester forming capacity [36]. 

5. PHYSIOLOGICAL CONDITIONS WITH 
CARNITINE DEFICIENCY 
5.1. Fasting 
 Altered dietary conditions result in a change of free 
carnitine and acylcarnitine concentrations. During 
carbohydrate depletion, as during starvation or after 
eating a high-fat diet, the proportion of acetylated 
carnitine in the liver and kidney significantly increases, 
while a high carbohydrate diet leads to acetylcarnitine 
decrease in the liver [37, 38]. It was observed that 
during fasting or during diabetic ketosis there is a 
delayed decrease in L-carnitine and a fast increase in 
acylcarnitines with various carbon-length [37]. It is 
concluded from animal studies that a redistribution of 
carnitine and its relative esters to the brain takes place 
during fasting, with the purpose to use acylcarnitines 
for energy production and for the delivery of acetyl-
groups [37]. 

5.2. Neonates (Full Term, Preterm) 
 In healthy neonates, there is a strong correlation 
between total acylcarnitine concentration measured in 
cord blood and birth weight, moreover, lower umbilical 
artery pH caused accumulation of long-chain 
acylcarnitines [16]. Therefore, acylcarnitine profile may 
serve as a further useful parameter for identifying 
perinatal asphyxia and other metabolic disturbances in 
utero. 
 Regarding the postnatal changes of carnitine 
homeostasis in healthy newborns, blood levels of 
nearly all acylcarnitine species, compared with cord 
blood, were significantly higher on the postnatal day 5, 
whereas free carnitine remained unchanged. Total 
acylcarnitine/free carnitine-ratio increased, whereas the 
free carnitine/total carnitine-ratio further decreased. A 
relative deficiency of free carnitine in the early neonatal 
period may affect fatty acid oxidation rates and thus be 
of potential pathophysiological relevance under 
conditions with higher energy demands, e.g. in sepsis 
[16]. Moreover, the longitudinal study of acylcarnitines 
in preterm infants showed that postnatal carnitine 
levels are higher in very immature preterm infants 
compared with full-term infants, but become lower on 
day 28 [39]. Also, other studies implied, that particularly 
premature infants are not able to maintain their 
carnitine reserves without exogenous supply [40, 41]. 
Regarding the functional consequences, controversial 
data have been presented, however, a consensus has 
been achieved that favored the use of carnitine 
containing oral feeding, or supplementation when 
parenteral nutrition was needed. Indeed, the carnitine 

reserves of the neonates did not increase without oral 
intake, the human milk was considered as the best 
source. It is supported by a recent research as well, 
which demonstrated that the formula feeding of preterm 
infants is metabolically not equivalent to the breast-
feeding [42]. There are still several uncertainties 
around the functions of the carnitine esters in the 
neonatal period, however, a study investigating the 
carnitine ester profile in mothers during pregnancy, 
after delivery and simultaneously in the cord- and 
neonatal blood of the neonates, revealed very dynamic 
profile changes in association with these events [43]. 
Albeit the explanation of the dynamic changes remains 
to be elucidated, the observation clearly demonstrates 
a very active involvement of the carnitine molecule in 
the complex metabolic processes associated with the 
profound metabolic alterations of pregnancy, the 
delivery and the neonatal adaptation. 

6. PATHOLOGICAL CONDITIONS WITH 
CARNITINE DEFICIENCY 
6.1. Inborn Errors of Metabolism: Clinical 
Applications of Acylcarnitine Profiling 
 As discussed in detail in the biochemical properties 
of carnitine the ability to esterify and transport 
metabolites implies that the acylcarnitine profile may be 
a useful indicator of metabolic changes, both related to 
physiological conditions and to disease states [37, 44]. 
Moreover, since the broad spectrum of esterified 
carnitine-metabolites differ both chemically and 
metabolically, changes in individual acylcarnitines may 
suggest changes in specific metabolic pathways [37]. 
The meticulous monitoring of dynamic changes in 
acylcarnitines may lead to a better understanding of 
disease pathomechanism but also has implications for 
the design of better treatment approaches. 
 The acylcarnitine profile has been shown to be very 
useful and successful in the identification of inborn 
errors of metabolism in neonatal screening using 
tandem mass spectrometry (MS/MS) based analysis as 
well as in selective screening and monitoring for inborn 
errors of metabolism [45, 46]. 
 Inborn errors of metabolism can lead to a build-up 
of toxic intermediate metabolites and can be fatal or 
result in serious organ damage early in life. Therefore, 
early comprehensive neonatal screening is used to 
detect abnormalities to avoid major physical and 
neurological effects. Mass spectrometry-based analysis 
of amino acids and acylcarnitines is used to diagnose 
inborn errors of metabolism in newborns by identifying 
and quantifying specific metabolites [46] and providing 
early treatment to infants with disorders of 
mitochondrial β-oxidation, aminoacidopathies, organic 
acidemias, disorders of the urea cycle, and rare 
disorders of metabolism before the onset of symptoms. 
In addition complementation of tandem mass 
spectrometry with liquid chromatography is used to 
explore creatin metabolism and bile acid disorders [47]. 
Tandem mass spectrometry profiling of acylcarnitines 
and amino acids has been used as a first-tier screening 
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method, however, only amino acid screening has been 
validated routinely by amino acid analysis as a second-
tier validation. Due to the lack of standard second-tier 
acylcarnitine validation methods results of acylcarnitine 
profiling have not been routinely confirmed by an 
independent second method. A recent publication of 
Hoppel et al. [48] described the successful application 
of a validated UHPLC-MS/MS second-tier method for 
the quantification of total carnitine, free carnitine, 
butyrobetaine, and acylcarnitines with the ability to 
separate constitutional isomers and diastereomeric 
acylcarnitines and give values with a high level of 
accuracy and precision.  
 In quantifying targeted metabolites measured by 
tandem mass spectrometry, many factors may have an 
effect on the results of acylcarnitines and amino acids. 
The concentration of metabolites can vary due to the 
disturbed biological metabolic process induced by 
medical treatment or influenced by specimen status 
based on various external factors [49]. Age-related 
variations in acylcarnitine and free carnitine 
concentrations have been observed and should be 
taken into consideration when diagnosing and 
managing inborn errors of metabolism [45]. 
 A wide spectrum of organic acidurias is associated 
with secondary carnitine deficiency. In those diseases, 
the organic acids are accumulated due to a metabolic 
blockade, and the organic acid overload can deplete 
the carnitine reserves via urinary carnitine ester loss. 
On the other hand, this phenomenon can also be used 
for diagnostics, in many organic aciduria patients, 
secondary free carnitine deficiency occurs with the 
elevation of specific acylcarnitines. Thus several 
tandem mass carnitine ester profiles are characteristic 
for a specific disease. Recently metabolomics 
methodology has been used to identify patients with 
methylmalonic and propionic acidemia. 
 Other important examples are fatty acid oxidation 
defects, such as very long-chain acyl-CoA 
dehydrogenase deficiency (VLCAD) and medium-chain 
acyl-CoA dehydrogenase deficiency (MCAD) [50]. 
 Experience with newborn screening (NBS) for 
disorders of fatty-acid oxidation (FAOD) is now 
becoming available worldwide due to the increasing 
number of programs [45]. Fairly distinct FAOD 
spectrum can be observed among various ethnic 
groups. Incidence calculations from international 
reports calculated a combined incidence of all FAOD of 
approximately 1:9,300. Consequently, there is a strong 
evidence and a significant prevalence for a clear 
benefit of NBS for medium-chain acyl-CoA 
dehydrogenase deficiency (MCAD) only in countries 
with a high percentage of Caucasians, with very-long-
chain acyl-CoA dehydrogenase deficiency (VLCAD) 
and long-chain 3-hydroxy acyl-CoA dehydrogenase 
deficiency (LCHAD) being additional candidates. 
 In addition to identifying inborn errors of 
metabolism, the acylcarnitine profile may also be useful 
in identifying other metabolic perturbations such as 
biochemical alterations in diabetes and atherosclerosis 

[51, 52]. The metabolome and the targeted carnitinome 
or acylcarnitine profile are becoming increasingly 
popular tools.  
 Besides the diagnostic yield of acylcarnitine profiling 
the secondary carnitine deficiency in the inborn errors 
of metabolism raises the question of carnitine 
supplementation. Carnitine supplementation is used in 
the treatment of primary carnitine deficiency, and also 
where the deficiency is a secondary complication of 
several inborn errors of metabolism, such as organic 
acidaemias and fatty acid oxidation defects in children 
and adults [53]. A recent comprehensive meta-analysis 
[54] found that there are no published or ongoing 
randomized controlled clinical trials for carnitine 
supplementation in inborn errors of metabolism. In the 
absence of any high level evidence both on the 
effectiveness and safety of carnitine and on the 
necessary dose and frequency to be prescribed, 
decisions on supplementation should be based on 
clinical experience and in conjunction with preferences 
of the individual where appropriate. 

6.2. Acquired Medical Conditions 
6.2.1. Celiac Disease 
 Secondary carnitine deficiency may emerge due to 
acquired medical conditions, too. Besides the number 
of other conditions, decreased intake due to  diets with 
low carnitine content or decreased reabsorption in 
malabsorption syndromes may induce carnitine 
deficiency [33]. Celiac disease (CD) is a representative 
example of the malabsorption syndromes, in which the 
intestinal mucosa is injured in a reversible, gluten 
dependent manner, resulting in decreased intestinal 
absorptive surface. Disturbed lipid and lipoprotein 
metabolism can be observed in this complex 
autoimmune type of gastrointestinal disorder [55-57]. 
 The therapy includes withdrawal of the alimentary 
gluten and the introduction of the diet usually results in 
dramatic clinical improvement and normalization of 
numerous metabolic deteriorations [55, 58]. There is 
limited number of studies in the literature dealing with 
carnitine status in CD patients. In their study, Lerner et 
al. investigated the carnitine concentrations in sera of 
pediatric CD subjects, and found that the total serum 
carnitine concentration is decreased in patients with 
active disease as compared with normal subjects, while 
it was unchanged in CD patients with gluten withdrawal 
- associated non-active disease. The decrease of 
carnitine reserves in active disease is likely secondary 
to the mucosal injury associated with damage to the 
absorption [59]. In another research, Yuce and 
colleagues compared the serum carnitine levels in 30 
children with CD to 30 controls using mass 
spectrometry. However the mean serum free carnitine 
levels were significantly lower in the patient group, no 
difference was observed between patients with and 
without diarrhea [60]. Carnitine insufficiency leading to 
inhibition of oxidative metabolism of fatty acids could 
be responsible for several rare extraintestinal 
manifestations which can be observed among CD 
patients, such as cardiomyopathy, encephalopathy, 
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myopathy with hypotonia and hyporeflexia, or disturbed 
liver function. Until recently, two CD patients with 
dilated cardiomyopathy [61, 62] and one with 
encephalopathy [63] were published in the literature. All 
of them presented disturbed carnitine homeostasis 
presumably due to their malabsorption disorder. L-
carnitine supplementation was introduced in the 
treatment of fatigue present in adult CD patient [64] 
after establishing a low level of carnitine. Our mass 
spectrometry measurements of the carnitine ester 
profile confirmed that carnitine homeostasis is 
disturbed in this type of disorder [65]. Albeit the level of 
free carnitine did not differ in the celiac disease 
patients compared to healthy controls, markedly lower 
amounts could be detected in most carnitine esters in 
clinically asymptomatic adult celiac disease patients. 
These data represent that gluten withdrawal alone 
does not necessarily normalize all elements of the 
disturbed carnitine homeostasis.  
6.2.2. Inflammatory Bowel Diseases 
 The inflammatory bowel diseases (IBD) are chronic 
relapsing inflammatory conditions of the 
gastrointestinal tract resulting from an inappropriate 
immunological response to the commensal intestinal 
microbiota in genetically susceptible individuals. 
Crohn’s disease (CrD) and ulcerative colitis (UC) 
represent the two common forms of IBD [66]. The 
inflammation of CrD is transmural and discontinuous, 
the ileum and the colon are involved mainly, but it can 
affect any region of the gastrointestinal tract. Contrary 
to CrD ulcerative colitis is characterized by superficial 
colonic inflammation that progresses continuously from 
the rectum for a varying distance proximally [67]. 
 Short-chain fatty acids (SCFAs), mainly butyrate 
and propionate are the major energy sources of the 
epithelial cells of the distal colon, however, these cells 
are able to metabolize other types of fuels, such as 
glucose and glutamine, but only at a much lower rate 
[68]. SCFAs are originated from carbohydrates by 
bacterial degradation, they are readily absorbed by the 
colon and serves as energy fuels for the colonocytes 
and other tissues, such as the skeletal muscle [69]. 
Increased or moderately decreased stool SCFA 
concentrations can be observed in patients with distal 
UC, reflecting their altered absorption [70, 71]. UC can, 
therefore, be considered essentially as an SCFA 
oxidation failure-associated disease, where the energy 
deficiency is a primary event in the development of the 
disease [68]. 
 L-carnitine has an indispensable role in energy 
metabolism. Furthermore, it is capable to form esters 
with several medium-chain fatty acids and SCFA of 
both endogenous and exogenous origins [8, 35]. The 
circulating carnitine ester spectrum can reflect affected 
cellular metabolism of short-, medium-, and long-chain 
fatty acids [72]. Mass spectrometric analyses of 
carnitine esters in UC patients showed significantly 
lower levels of fasting propionyl-, butyryl-, and 
isovalerylcarnitine esters, resulting in lower levels of 
SCFA carnitine esters. Although the pathogenesis of 
UC is still unidentified, the pivotal role of the diminished 

availability of SCFAs for the enteral cells is in the focus 
of a widely accepted hypothesis. Moreover, higher 
levels of octanoyl-, decanoyl-, myristoyl-, palmitoyl-, 
palmitoleyl- and oleylcarnitine were detected in the 
patients’ group compared to control subjects [73]. 
Based on current knowledge, it is difficult to explain 
these changes due to the limited nature of data. Only a 
few studies are available reporting alterations of fatty 
acid metabolism. However, the data are inconsistent, 
but suggest the involvement of LCFA metabolism in UC 
[74, 75]. Evaluation of cardiac function in IBD patients 
asymptomatic for cardiovascular diseases and to find a 
correlation between cardiac data and plasma carnitine 
ester profile were in the focus of another research. In 
this study, IBD patients displayed significantly lower 
levels of isovaleryl-carnitine, tiglyl-carnitine, 
octenoylcarnitine and decanoyl-carnitine. Although 
significant correlations were observed between some 
carnitine esters and echocardiographic parameters. 
The authors supposed that the deficiency of SCFA 
carnitine esters may play an essential role in cardiac 
involvement in the course of IBD and could lead to 
dilated cardiomyopathy [76]. Serum carnitine, 
acetylcarnitine and palmitoylcarnitine concentrations 
were determined in CrD and UC patients with 
malnutrition along with in patients maintained on 
enteral (EN) or total parenteral nutrition (TPN). 
Although the mass spectrometric measurement 
demonstrated carnitine deficiency among long-term EN 
and TPN subjects, no significant difference was 
detected in the levels of the three compound between 
CrD or UC and the corresponding control subjects [77]. 
 In 2004, Peltekova et al. identified two novel 
polymorphisms in the carnitine/organic cation 
transporter gene cluster (SLC22A4 and SLC22A5, 
encoding OCTN1 and OCTN2, respectively), that 
conferred risk for CrD [78]. Although the functional 
variants in general, may influence the carnitine 
homeostasis, surprisingly the plasma carnitine ester 
profile analyses of the CrD patients according to the 
different SLC22A4 C1672T and SLC22A5 G-207C 
genotypes demonstrated that the genotype variations 
were not associated with altered carnitine ester profiles 
[79]. In another study, the effect of an intronic variant 
(IGR2230a_1) of the SLC22A5 gene on carnitine 
homeostasis was examined. Unfortunately, no 
association could be established between the genotype 
and the carnitine ester profile in CrD and UC patients 
[80]. 
 Nevertheless, very limited data are available on the 
carnitine status in CrD; these studies are from the 
enzymatic radiochemical carnitine determination era. 
Using this approach, Demirkol et al. observed plasma 
free and total carnitine levels were significantly lower in 
paediatric patients with CrD [81]. In another study, a 
dramatically decreased free carnitine and significantly 
increased long- and short-chain acylcarnitine 
concentrations were detected, leading to a net increase 
in total carnitine. However, in that study patients with 
different types of inflammatory disorders after multiple 
trauma or head injury were examined [82]. Mass 
spectrometry study of the carnitine homeostasis in CrD 
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patients revealed complex changes in the carnitine 
esters, involving a lower amount of butyrylcarnitine, in a 
mixed population of CrD-affected patients [79]. 
 Proinflammatory cytokines are essential in the 
pathogenesis of CrD. Activation of NF-kB, which plays 
a central role in immune and inflammatory responses 
and is involved in the proinflammatory cytokine gene 
transcription, is increased in the intestinal mucosa of 
CrD patients [83]. Butyrate inhibits the translocation of 
NF-kB transcription factor to the nucleus, thereby 
preventing the activation of proinflammatory genes 
[84]. Thus, the observed butyrylcarnitine level can be 
an element of the development of inflammatory 
processes. 
6.2.3. Cardiovascular Diseases 
 Cardiovasular diseases (CVDs) are the leading 
cause of death and disability worldwide according to 
WHO reports. The number of people suffering from 
CVDs is still increasing as a consequence of an aging 
population and changes in lifestyle. CVDs are disorders 
of heart and blood vessels including coronary heart 
disease, myocardial infarction (MI), heart failure (HF), 
hypertension, stroke, hypercholesterolemia, diabetes, 
chronic kidney disease, peripheral arterial disease and 
vascular dementia. The underlying process in almost 
all CVDs is atherosclerosis and it is most commonly 
diagnosed in elderly patients. Although each disorder 
has different symptoms, they share common risk 
factors, such as: smoking, unhealthy diet, lack of 
physical activity leading to obesity, elevated blood 
pressure and high levels of blood glucose. The 
pathogenesis of most CVDs is still not fully understood 
and intensive research efforts have been made to 
identify not only risk factors but also biomarkers for 
early diagnosis and disease prognosis. Recently, a 
growing number of publications appeared in the field of 
metabolomics, which is a key technology of modern 
systems biology that focuses on obtaining an integral 
depiction of the current metabolic status of an 
organism, associated with physiological and 
pathophysiological processes [85-88]. As part of 
metabolomic studies carnitine and its esters are in the 
focus of these investigations since they have an 
indispensable role in beta oxidation of fatty acids and 
earlier it has been shown that acylcarnitines 
accumulate in the aortic tissues during the 
development of atherosclerotic lesions [89]. Moreover, 
recently a link between the supplementation of L-
carnitine and the accelerated development of 
atherosclerosis has been described [90]. 
 Rizza et al performed a targeted mass spectrometry 
based profiling of 49 metabolites including free 
carnitine and 30 acylcarnitines in sera in order to 
identify biomarkers predicting major cardiovascular 
events (MACEs) in elderly people. Differences in the 
levels of four distinct acylcarnitines (C10:2, C14, C16, 
C18:1) were observed between event (cardiovascular 
deaths, nonfatal myocardial infarction, nonfatal strokes 
and peripheral artery surgeries) and no event subjects. 
Principal Component Analysis and Random Survival 
Forest analysis revealed that medium- and long-chain 

acylcarnitines became an independent predictor of 
MACEs [91]. 
 In another study, the primary goals of Shah and 
colleagues were to assess the predictive power of 
metabolite profiles to anticipate the presence of 
coronary artery disease (CAD) and to explore the 
relation of metabolite profiles with subsequent 
cardiovascular events. To achieve this goal mass 
spectrometric measurements of 69 metabolites, 
including acylcarnitine species, were performed in two 
cohorts: an initial and a replication one. Concentrations 
of several acylcarnitines were different between cases 
and controls in the initial group, including C16 
acylcarnitines (C16:1, C16:1-OH/C14:1-DC, C16:2, 
C18-OH/C16-DC), C8, C8:1-OH/C6:1-DC and C10:1 
acylcarnitines. For most metabolites, these differences 
remained after adjustment for CAD risk factors. In the 
replication group after adjustment only C14:1-OH and 
C16:1-OH/C14:1-DC long-chain ACs were significantly 
different. Principal Component Analysis revealed that 
among others medium-chain ACs were significantly 
different between cases and controls in the initial 
group, however, this factor was only weakly significant 
in the replication group. Furthermore, a signature 
composed of dicarboxylacylcarnitines was predictive of 
cardiovascular events in individuals with CAD [92]. 
Another study from the same research group was 
aimed to investigate whether metabolic profiles were 
capable to predict adverse events in patients 
undergoing coronary artery bypass grafting (CABG). 
The authors reported that elevated levels of short-chain 
dicarboxylacylcarnitines, ketone-related metabolites 
and short-chain acylcarnitines were predictive of a 
composite endpoint of MI, repeat revascularization or 
death at any point after CABG [93]. 
 Global perturbations of acylcarnitine metabolism 
were manifested in plaque tissue. Vorkas et al. 
observed the accumulation of medium- and long-chain 
ACs and finally, they hypothesized that beta-oxidation 
is truncated, consequently reducing the production of 
short-chain ACs and leading to the recruitment of 
unsaturated fatty acylcarnitines in order to compensate 
metabolic requirements. These findings are indicative 
of dysregulations in metabolic oxidation [94]. 
 Heart failure (HF) is a complex syndrome, 
characterized by perturbations in energy homeostasis 
and metabolism. The reversibility and prognostic value 
of circulating markers associated with these changes 
remain unclear. Ahmad et al. performed a metabolomic 
study to characterize circulating metabolites associated 
with poor outcomes in chronic systolic HF patients and 
assess whether these prognostic profiles can be 
modified with mechanical circulatory support for end-
stage HF with long-term left ventricular assist device 
(LVAD) support. In chronic HF patients, the observed 
elevated circulating long-chain acylcarnitine metabolite 
levels (C16 and C18) in plasma were independently 
associated with impaired cardiorespiratory capacity and 
also increased the risk of all adverse clinical outcomes. 
Since the abnormalities were modifiable with LVAD 
support in end-stage HF patients, the authors suggest 
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that these metabolites may serve as potential targets 
for new diagnostics or therapeutic interventions [95]. 
Similarly to Ahmad’s results, Gupte and colleagues 
reported that mechanical support with LVAD improved 
metabolic and transcriptional defects in heart failure 
tissue. They performed a targeted metabolomic and 
transcriptomic studies of failing human left ventricular 
tissue obtained during LVAD insertion (heart failure 
samples) and at heart transplant (post-LVAD samples). 
As a comparison, nonfailing left ventricular wall 
samples procured from explanted hearts of patients 
with right heart failure were used. Mass spectrometry 
based metabolomic analyses revealed a 2.6-fold 
increase in pyruvate concentrations coupled with 
reduced Krebs cycle intermediates and short-chain 
acylcarnitines in heart failure tissue, suggesting a 
global reduction in substrate oxidation. Moreover, the 
authors observed that the detected metabolic changes 
were associated with decreased transcript levels for 
enzymes that catalyze fatty acid oxidation and pyruvate 
metabolism and for key transcriptional regulators of 
mitochondrial metabolism and biogenesis. Finally, they 
concluded that the observed reversibility of the 
severely defective metabolism in heart failure by LVAD 
suggests metabolic resilience of the human heart [96]. 
6.2.4. Diabetes 
 Diabetes mellitus is a complex heterogeneous 
group of metabolic disorders with an underlying 
absolute or relative insulin deficiency. Affected 
carbohydrate and lipid metabolism are well established, 
moreover, numerous studies demonstrated an 
association between the proper metabolic control and 
the development of complications in this disorder [97, 
98].  
 Although carnitine represents a link between 
carbohydrate and fatty acid metabolism, divergent 
results of carnitine metabolism in diabetes mellitus 
have been reported so far. Carnitine examination 
studies in type 1 diabetes (T1D) are extremely rare and 
profoundly radioisotopic methods were used with its 
inherent limitation that enables the determination of the 
levels of free and esterified carnitine only [99]. 
Decreased plasma levels of carnitine in T1D compared 
to controls were reported in these studies. Besides the 
decreased free and total carnitine levels significantly 
higher level of acylcarnitines and acyl/free ratio were 
observed in another study. The authors concluded that 
the relative deficiency of free and total carnitine is time 
related and may have potential interactions with long-
term complications in T1D [100]. 
 Mass spectrometric measurements are used as a 
tool for analyzing the acylcarnitine profile of type 2 
diabetes (T2D) in several studies to clarify the 
pathogenesis of this metabolic disorder [98]. 
Investigation of urine samples of diabetes patients 
revealed that these patients excrete more long-chain 
acylcarnitines (C12-C16) than the controls, supposedly 
caused by a disrupted fatty acid metabolism [101]. In 
another study significantly increased plasma acetyl-, 
medium-chain (C6, C8, C10) and long-chain (C14, 
C18:1) carnitine ester levels and decreased 

propionylcarnitine concentration were observed in T2D 
African-American women. The detected plasma 
acylcarnitine profiles suggested an incomplete long-
chain fatty acid oxidation and altered tricarboxylic acid 
cycle activity [102]. To find out the site of 
derangements in fatty acid oxidation (FAO) and 
electron transport chain (ETC) activity in obesity and 
T2D the plasma acylcarnitine profiles were 
characterized in patients with obesity and T2D during 
fasting and insulin-stimulated conditions. In this study, 
T2D patients appeared to have increased levels of 
short- and medium-chain acylcarnitines, both saturated 
and hydroxyl, as well as C4-dicarboxylcarnitine which 
correlated with an index of poor glycemic control. 
Furthermore, free carnitine and long-chain 
acylcarnitines levels were elevated as well. Insulin 
infusion leads to a significant decrease in every 
acylcarnitine species between carbon length of 2 and 
18. The elevated levels detected for long-chain 
acylcarnitines could be the results of increased flux of 
fatty acids into the mitochondria, whereas the 
accumulation of many shorter species in T2D 
suggesting a generalized complex oxidation defect 
[103]. Mass spectrometric analysis detected elevated 
levels of 8 amino acids (among others 
leucine/isoleucine and valine) and elevated levels of C3 
and C5 acylcarnitines in obese versus lean subjects. 
The authors hypothesized that increased levels of 
branched-chain amino acids are a contributing factor to 
insulin resistance, moreover, the increased branched-
chain amino acid catabolic flux may contribute to 
increased gluconeogenesis and glucose intolerance via 
glutamate transamination to alanine [104]. Investigation 
of serum acylcarnitine profiles in different glucose 
tolerance states was in the focus of Zhang’s study. The 
higher amount of free carnitine and long-chain 
acylcarnitine was observed among the newly 
diagnosed T2D patients compared to controls. It may 
suggest different degrees of involvement of 
dysregulated mitochondrial function and incomplete 
long-chain fatty acid oxidation pathways in the natural 
course of T2D [105]. The observed circulating 
acylcarnitine profiles in type 1 diabetes, type 2 diabetes 
and metabolic syndrome patients in our study implied 
that carnitine homeostasis could have similarities in 
these metabolic disorders. It is supposed that an 
inhibited carnitine palmitoyltransferase-1 (CPT1)-
mediated entry of free fatty acids into mitochondria 
could be responsible for the observed reduced levels of 
both long-chain and medium-chain carnitine ester 
metabolites in our patients [106]. Acylcarnitine 
measurements were performed as part of a targeted 
metabolic profiling approach to reveal whether the 
levels of these species could serve as early biomarkers 
in type 2 diabetes. Sun and colleagues found a 
significant association between a panel of 
acylcarnitines, especially long-chain acylcarnitines and 
future risk of type 2 diabetes. Furthermore, it supposed 
a substantially improved predictive ability for incident 
diabetes beyond conventional risks, including BMI and 
fasting glucose [107]. In another prospective nested 
case-cohort study short-chain and long-chain 
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acylcarnitine species were found to be significantly 
associated with the incidence of T2D in individuals at 
high cardiovascular risk. [108]. 
 A recent review raises the question whether 
acylcarnitines reflect or inflict insulin resistance. As a 
result of several animal and human studies it is 
supposed that lipotoxicity plays a crucial role in the 
induction of insulin resistance and due to the theory of 
the role of impairments of FAO in insulin resistance, 
more and more attention is turning toward the 
acylcarnitines, which have distinct functions in the 
mitochondrial lipid metabolism. Acylcarnitines are 
suggested to prevent the accumulation of noxious 
acylCoAs, and reduce CoA trapping as well. 
Furthermore, the metabolism of short-chain 
acylcarnitines and the interaction of acetyl-CoA and 
acetylcarnitine through carnitine acetyl transferase may 
have an effect on the regulation of the pyruvate 
dehydrogenase complex, thus influencing the glucose 
oxidation. However, there is an emerging theory on the 
role of increased, though incomplete, FAO by 
disproportional regulation of FAO, TCA and respiratory 
chain in the development of insulin resistance. It was 
suggested that acylcarnitines may simply reflect the 
FAO flux and do not play a role in the induction of 
insulin resistance itself [109]. 
 A number of human studies revealed currently that 
accumulation of acylcarnitines is associated with insulin 
resistance, therefore plasma acylcarnitines have been 
proposed as biomarkers of insulin resistance [103, 
110]. 

6.2.5. Autism Spectrum Disorder 
 Autism spectrum disorders (ASD) represent a 
clinically heterogeneous group of neurodevelopmental 
disorders characterized by impairments in reciprocal 
social interaction and communication along with 
restrictive, repetitive and stereotyped patterns of 
behaviors [111]. ASD encompasses autistic disorder, 
Asperger syndrome, pervasive developmental 
disorder—not otherwise specified. The etiology of ASD 
is still unclear nowadays, only 6-15 % of individuals 
with ASD have an identifiable genetic background such 
as a Mendelian condition, a specific genetic syndrome, 
rare chromosomal abnormalities or rare copy number 
variations (CNV) [112]. Although several cognitive and 
behavioral features of ASD were assumed to arise from 
a central nervous system dysfunction (CNS) earlier, a 
number of investigations have implicated recently that 
multiple non-CNS physiological and metabolic 
abnormalities are associated with ASD [113, 114]. 
Some studies have shown that carnitine metabolism 
was also affected in certain ASD patients. Filipek et al. 
measured the decreased levels of free and total 
carnitine in children with autism. The observed relative 
carnitine deficiency in these patients, accompanied by 
slight elevations in lactate and significant elevations in 
alanine and ammonia levels, implies mild mitochondrial 
dysfunction. Finally, they hypothesized that the 
mitochondrial defect could be responsible for the 
observed carnitine deficiency [115]. In another study, 
Clark-Taylor presented a case of an 8-year-old male 

patient with ASD whose acylcarnitine profile analysis 
showed a prominent elevation of unsaturated fatty acid 
metabolites C14:1 and C14:2. The detected AC profile 
alteration was similar to that observed in experimental 
mice with long chain acyl-CoA dehydrogenase (LCAD) 
deficiency [116], so an LCAD deficiency was suspected 
in this patient [117]. The purpose of Frye and colleague 
was to reveal whether the same pattern of biomarkers 
of abnormal fatty acid metabolism are present in 
children with ASD as it was seen in a rodent ASD 
model “treated” with propionic acid (PPA) to induce 
mitochondrial disease. Consistent elevations in short-
chain and long-chain, but not medium-chain acyl-
carnitines were observed in 17% of a large cohort of 
children with ASD. The pattern of acyl-carnitine 
abnormalities shows a similar increase in brain acyl-
carnitines seen in the PPA rodent model of ASD [118]. 
In ASD the incidence of antibiotic use is high, which 
can promote the overgrowth of PPA producing bacterial 
population in the gut. Moreover, beta lactam antibiotics 
commonly used in pediatric treatment of infections 
directly impair carnitine reabsorption as well [119]. 
Since both phenomena can be detrimental to 
mitochondrial metabolism the authors supposed that 
the antibiotic overuse can cause these two effects to 
act synergistically to induce an acquired mitochondrial 
disorder, especially in genetically susceptible 
individuals [120]. 
 Metabolic studies performed among the ASD 
patients suggested the involvement of acquired 
mitochondrial disease in the pathogenesis of a 
subgroup of autism, therefore the observed unique AC 
profiles can be potential biomarkers reflecting the 
acquired mitochondrial disease in ASD [121]. 

6.3. Medical Interventions  
6.3.1. Haemodialysis 
 In healthy individuals, the plasma and tissue levels 
of carnitine are maintained within a relatively narrow 
homeostatic range that is controlled by carrier-
mediated gastrointestinal absorption from the dietary 
sources, endogenous biosynthesis, extensive renal 
tubular reabsorption, and compartmentalization through 
carrier-mediated transport between plasma and tissue. 
In the regulation process, kidney has an essential role 
primarily through extensive and saturable tubular 
reabsorption of L-carnitine by the glomerulus and 
preferential excretion of acylcarnitines [14]. 
 In patients with end-stage renal disease (ESRD) not 
receiving dialysis treatment an altered carnitine 
homeostasis can be observed, showing higher plasma 
concentrations of L-carnitine and its acyl derivatives 
than in healthy individuals [122, 123]. This alteration 
reflects the chronic metabolic derangements 
associated with this condition. Dramatic redistribution 
of the plasma carnitine pool toward acylcarnitines is 
characteristic for ESRD [124], reflecting incomplete 
oxidation of endogenous substrates and their 
accumulation in the coenzyme A and carnitine pools 
[125].  
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 Several research studies among ESRD patients 
revealed that haemodialysis (HD) therapy has a further 
impact on the carnitine pool [126-128]. Due to the small 
molecular weight and very low binding to plasma 
protein, carnitine is easily dialysed, in addition, the 
dialysis membrane demonstrates differential selectivity 
for carnitine and acylcarnitines, these leading to 
diminished free carnitine levels in these patients, finally 
resulting in an abnormal plasma acyl to free carnitine 
ratio. Although, a typical HD session can induce as 
much as a 75% decline in plasma free carnitine level, 
by 8 hours after dialysis the concentrations have 
returned to predialysis values [5]. Time-course analysis 
of carnitine depletion in patients on regular HD 
revealed a progressive decline in plasma and muscle 
carnitine with time, the rate of decline, however, was 
faster in the plasma than in the muscle [15, 127, 129] 
 In earlier studies, only the L-carnitine depletion and 
acylcarnitine accumulation could be detected with the 
classic radioenzymatic assays. The improvement in the 
analytical methodology, with special respect to the 
appearance of sophisticated techniques like mass 
spectrometry, enabled a more detailed examination of 
the impact of HD on carnitine homeostasis. Mass 
spectrometry methods allowed the accurate and 
precise measurement of not only free carnitine but also 
individual acylcarnitines, thus the measurement of 
short-, medium- and long-chain carnitine esters. Mass 
spectrometry measurements revealed that the short- 
and medium-chain esters are removed by HD, and the 
dialytic removal of ACs is inversely related to the 
carbon chain length of the acyl groups [130, 131]. 
 Disturbances in carnitine homeostasis in ESRD 
patients receiving long-term hemodialysis may be 
responsible for certain clinical problems, such as 
skeletal myopathies, cardiomyopathy, poor exercise 
performance, anemia and dialytic complications like 
hypotension, cramps, weakness and fatigue [132, 133]. 
These symptoms have already been recognized as 
carnitine-responsive events [134, 135], and 
pharmacokinetic studies have provided convincing 
evidence that repeated dosing of L-carnitine after each 
dialysis session results in a new steady-state plasma 
carnitine concentration in about 6 to 8 weeks that 
remains constant for at least 6 months. To replenish 
tissue carnitine stores, however, longer 
supplementation up to 9-12 months may be required 
[15, 136-138]. 
6.3.2. In vitro Fertilization 
 Normal oocyte maturation, fertility and embryonic 
development are in close relationship with energy 
metabolism [139, 140]. Although numerous studies 
established the prominent role of fatty acids in energy 
supply providing developmental competence to oocytes 
and early embryos, growing evidence suggests that 
excessive non-esterified fatty acid supply is leading to 
fatty acid accumulation that may compromise oocyte 
maturation and developmental capacity of the early 
embryo [141, 142]. Metabolism of free fatty acids via 
beta-oxidation takes place with the involvement of the 
carnitine cycle. Since carnitine has a regulatory 

function on the intracellular acyl-CoA/free CoA ratio, 
therefore the accumulation of its esters (acylcarnitines) 
is regarded as an indicator of mitochondrial dysfunction 
and impaired cellular fatty acid metabolism. Several 
animal and human studies demonstrated the beneficial 
effect of L-carnitine on oocyte quality and reproductive 
performance [143, 144]. 
 Identification of potential biomarkers in follicular fluid 
(FF) in order to predict in vitro fertilization (IVF) 
outcome is in the focus of recent studies. FF serves as 
a dynamic, physiological environment of maturing 
oocytes and embryos, therefore, it is assumed to reflect 
metabolic changes that occur during maturation. It has 
been demonstrated to contain hormones, growth 
factors, reactive oxygen species, cytokines, apoptotic 
factors and several metabolic intermediates [145]. 
Targeted analysis of specific biomarkers or certain 
combination of biomarkers has revealed an important 
correlation with oocyte quality and/or related embryo 
[146]. 
 Due to the pivotal role of carnitine in energy 
metabolism which has an impact on oocyte and 
embryo development carnitine and acylcarnitines in 
plasma or in follicular fluid could be a promising 
biomarker for the expectable reproductive outcome. 
Although there are numerous animal studies where the 
effect of L-carnitine supplementation on oocyte quality 
and preimplantation embryo development was 
investigated, very limited data are accessible for the 
level of carnitine and its esters in human ovarian 
follicular samples. No correlation has been found 
between the total carnitine content of the follicular fluid 
and either the circulating estradiol content of the serum 
or the outcome of the IVF procedure [147]. In another 
study, L-carnitine levels were examined in follicular 
fluid samples from women treated with human 
chorionic gonadotropin. Whether the L-carnitine level is 
regulated during the menstrual cycle or with 
gonadotropin stimulation is not yet known [148]. In 
order to further explore the relationship between IVF 
parameters and the composition of endogenous 
carnitine pool we performed the mass spectrometric 
analysis of FC and 20 major AC esters in serum and 
FF samples obtained from patients undergoing IVF. 
Interestingly, the levels of individual ACs in FF proved 
to be dependent on maternal serum concentrations and 
on the carbon chain length of acyl groups. These 
findings are consistent with the notion that FC and AC 
esters cross the blood-follicular barrier but the passage 
through this barrier is reduced as molecular weight and 
lipophilicity increases with the increasing carbon chain 
length. Furthermore, carnitine profiling of serum and FF 
revealed a marked reduction in total carnitine, FC and 
AC levels in IVF patients with oocyte number of >9 
and/or with embryo number of >6 as compared to 
those with the respective values of <9 and/or <6. 
Based on these results, it is suggested that the L-
carnitine/AC pathway is upregulated and the actual 
carnitine pool is depleted in patients with better 
reproductive potential [146]. Since the follicular fluid 
represents a favorable milieu for proper oocyte 
development Gervais et al tried to determine whether 
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the metabolic and inflammatory factors present in 
follicular fluid were associated with fertility outcomes. 
Although they did not directly measure the quality of 
the oocyte, among others no correlation was observed 
between the follicular fluid acylcarnitines and the 
maturity of the oocytes. However, in this study, only the 
C16 and C3, as well as C16/C3 ratio was determined 
[149]. 

6.4. Xenobiotic Function of Carnitine 
 The carnitine molecule is capable to form an ester 
with exogenous organic acids, too. A classic example 
is the valproic acid (VPA), a branched chain carboxylic 
acid (dipropyl acetic acid), which is widely used as an 
effective broad-spectrum antiepileptic drug [150, 151] 
and more recently for the prophylaxis of migraine and 
in patients with bipolar disorder as well [152, 153]. It 
has serious adverse effects, even Reye-like syndrome 
can develop during the course of therapy. A number of 
clinical studies demonstrated low blood level of free 
carnitine during VPA treatment [154, 155], since the 
valproate’s ester forming capacity with carnitine is poor, 
so the carnitine deficiency caused by this drug is not 
due to the sustained urinary loss of carnitine ester. 
These carnitine measurements were based on 
radiochemical assay and it turned out that the valproate 
also interferes with these assays. Meanwhile, VPA 
decreases the muscle carnitine reserves, and this has 
also biochemical consequences: in epileptic patients 
with chronic valproate treatment a shift was observed 
in the metabolic fuel consumption towards the 
preferential use of carbohydrates determined by 
indirect calorimetry measurements, and administration 
of oral carnitine supplementation partially reversed this 
trend by increasing the partition of fats oxidized. 
Although the mass spectrometric measurement of 
acylcarnitines is a promising tool to investigate the 
effect of VPA treatment on carnitine status and its 
related metabolic pathway, but there are only a few 
studies in this field and the results are contradictory to 
the earlier data [156, 157]. Silva et al. failed to detect 
decreased plasma free carnitine during VPA 
monotherapy in adult patients and their findings are in 
agreement with some other reports [158, 159] that 
suggest that VPA has no effect on serum free carnitine 
concentrations of patients with epilepsy on a normal 
diet. In contrast, VPA was found to affect the levels of 
C5-OH, C14:2, C8DC and C18-OH acylcarnitines 
[157]. In line with this study, VPA monotherapy does 
not result in a decrease in free carnitine or in the 
accumulation of long-chain acylcarnitines in Nakajima 
et al study. In addition, they found a significant positive 
correlation between blood VPA concentrations and the 
C6, C12, C14:1, C16:1, C18:1 acylcarnitines in all 
VPA-treated children [160]. In their study, Werner and 
colleagues investigated the effect of VPA monotherapy, 
VPA therapy combined with another antiepileptic drug 
(AED) and carbamazepine (CBZ) monotherapy on 
serum acylcarnitine profile. Moreover, they compared 
the results of early treatment intervals (12-66 days) 
versus late treatment intervals (90-260 days). 
Interestingly, the VPA treatment resulted in the 

decrease of free, C2, C16, C18 and total carnitine and 
increase of C5OH and C8 esters in the early treatment 
interval, but the effect remained unchanged only for 
C16, C18 and C5OH species in the late treatment 
interval. The VPA and AED combined therapy resulted 
in the decrease of C18 level only and the CBZ therapy 
had no effect on the AC levels [156]. Morand et al. 
performed mass spectrometry measurements to reveal 
the molecular mechanisms leading to hypocarnitinemia 
in patients treated with valproate. After an initial drop in 
the levels of carnitine and acetylcarnitine a slow 
recovery was observed. The authors concluded that 
the patients develop hypocarnitinemia at the beginning 
of the valproate therapy most probably due to an 
impairment of proximal steps of carnitine biosynthesis. 
Furthermore, the observed normalization of the plasma 
carnitine levels in most patients during long-term 
treatment is attributable to a higher renal reabsorption 
of carnitine and short-chain acylcarnitines [161]. The 
aim of Celik and colleagues was to investigate the 
effect of six month VPA monotherapy on serum free 
and AC levels and left ventricular systolic function in 
pediatric patients with idiopathic epilepsy. A 
significantly decreased levels of C0 and C5:1 were 
detected whereas the amount of C2, C3, C5-OH, C8:1 
and C4-DC were increased. However, the VPA 
treatment had no influence on left ventricular systolic 
function [162]. 
 Contrary to the valproate, the pivalate 
(trimethylacetate) readily forms ester with carnitine. 
Pivalate is used in pharmacology as a helper to 
achieve better gastrointestinal absorption of a prodrug 
(like the pivampicillin, which is the pivaloyl ester of 
ampicillin). After absorption, the pivalate is released 
from the complex, and it readily forms ester with the 
carnitine molecule. Ingestion of drugs containing 
pivalate ester causes immediate and sustained loss of 
carnitine, administration of pivampicillin with equal 
molar carnitine further increases the fraction of pivaloyl-
carnitine excreted into the urine. There are a very 
limited number of studies in the literature using mass 
spectrometry to reveal the effect of pivalate-conjugated 
antibiotic (PCA) therapy on carnitine homeostasis. 
Decreased plasma free carnitine concentration and 
increased levels of pivaloylcarnitine were detected 
mainly in these studies, therefore long-term 
administration of PCA should be avoided particularly in 
children [163, 164].  
 The pivampicillin treatment was used as a model for 
the study of the metabolic consequences of the 
carnitine loss and then the replacement therapy; 
administration of the drug resulted in a shift in the 
metabolic fuel consumption from fats to carbohydrates, 
while the co-administration of oral carnitine 
supplementation partially reversed this shift likely via 
the aiding the excretion of pivaloylcarnitine end 
replacement of the carnitine reserves of the body. 

7. MASS SPECTROMETRIC MEASUREMENTS 
 The mass spectrometric results presented in this 
article are mainly based on the following procedure.  
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 Starting materials were dry blood spots, plasma or 
serum or urine samples depending on the tested group 
of patients. Free carnitine and all the acylcarnitines 
were measured mainly after derivatization as butyl-
esters using isotope dilution mass spectrometry 
method, that means that for calibration and 
quantification stable-isotope internal standards were 
used. Since reference standards are not available for 
all acylcarnitine species, the quantitation of these 
compounds based on an extrapolation of the calibration 
for the nearest species with a similar structure. In some 
instances, the analysis was performed in underivatized 
specimens. For MS/MS-based testing, acylcarnitines 
were analyzed without chromatographic separation in 
the positive-ion mode, using either precursor-ion (also 
called parent-ion) scan or multiple-reaction monitoring 
(MRM). 

CONCLUSION 
 The role of carnitine is essential in energy 
metabolism since it facilitates the transport of long 
chain fatty acids through the mitochondrial membrane 
and controls the rate of beta-oxidation of long-chain 
fatty acids with subsequent energy production. During 
the past decades, a large  number of investigations 
were published establishing several physiological 
functions of this molecule and revealing different 
aspects of carnitine homeostasis in normal and 
pathological conditions. The improvement in the 
analytical methodology, with special respect to the 
appearance of sophisticated techniques such as mass 
spectrometry, enabled a more detailed examination of 
carnitine homeostasis in different disease states. Mass 
spectrometric measurements facilitated the accurate 
and precise determination of not only free carnitine but 
also individual acylcarnitines and thus this tool brought 
a new perspective to carnitine research in the last 
decade. Unique acylcarnitine profiles can be observed 
in several various disease states therefore it could be a 
promising biomarker for primary and secondary 
carnitine deficiencies. 

LIST OF ABBREVIATIONS 
TCA = Tricarboxylic acid 
AC = Acylcarnitine 
FC = Free carnitine 
SPCD = Systemic primary carnitine deficiency 
MS = Mass spectrometry 
VLCAD = Very long-chain acyl-CoA 

dehydrogenase deficiency 
MCAD = Medium-chain acyl-CoA 

dehdrogenase deficiency 
NBS = Newborn screening 
FAOD = Disorders of fatty-acid oxidation 
LCHAD = Long-chain 3-hydroxy acyl-CoA 

dehydrogenase deficiency 

CD = Celiac disease 
IBD = Inflammatory bowel diseases 
CrD = Crohn’s disease 
UC = Ulcerative colitis 
SCFA = Short-chain fatty acid 
EN = Enteral nutrition 
TPN = Total parenteral nutrition 
CVD = Cardiovasular diseases 
MI = Myocardial infaction 
HF = Heart failure 
MACE = Major cardiovascular event 
CAD = Coronary artery disease 
CABG = Coronary artery bypass grafting 
LVAD = Left ventricular assist device 
T1D = Type 1 diabetes 
T2D = Type 2 diabetes 
FAO = Fatty acid oxidation 
ETC = Electron transport chain 
CPT1 = Carnitine palmitoyltransferase-1 
ASD = Autism spectrum disorders 
CNV = Copy number variations 
CNS = Central nervous system 
LCAD = Long chain acyl-CoA dehydrogenase 
PPA = Propionic acid 
ESRD = End-stage renal disease 
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IVF = In vitro fertilization 
VPA = Valproic acid 
AED = Antiepileptic drug 
CBZ = Carbamazepine 
PCA = Pivalate-conjugated antibiotic 
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