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Biochemical and pharmacological relevance of carnitine

F. DI LISA

CARNITINE-DEPENDENT ENZYMES

The reversible exchange of acyl moieties between
CoA and carnitine is catalyzed by several carnitine acyl
transferases (Fig. 1). The differences among these en-
zymes can be described in terms of cellular localization,
substrate specificity, structure and reactivity with in-
hibitors. Generally, these transferases are classified on
the basis of their affinity for acyl CoA (1). Carnitine
acetyl transferases (CAT) catalyze those reactions in-
volving short-chain acyl esters with a chain length rang-
ing from 2 to 10 carbon atoms. Regarding the transferas-
es for the long-chain acyl esters (>10 C), the term COT
(carnitine octanoyl transferase) is used for the extramito-
chondrial proteins, whereas CPT (carnitine palmitoyl
transferase) is generally adopted to indicate the mito-
chondrial enzymes. Despite the different names, these
two subgroups of enzymes show a similar broad range of
specificity towards medium-chain and long-chain acyl-
CoA with the highest affinity for decanoyl-CoA (2).

The total CPT activity of a cell results from the inte-
grated activity of two different proteins: an oligomer
made up of 6-8 subunits, which is inserted in the inner
mitochondrial membrane (CPT II). Another protein
(CPT I) is present on the outer mitochondrial membrane
(2). This latter CPT isoform is responsible for malonyl-
CoA inhibition, which is a crucial step in the overall
control of intracellular lipid metabolism (3). 

CAT is a monomer associated with the inner mito-

chondrial membrane. Until now no regulatory mecha-
nism has been described, so CAT appears to function as
a simple Michaelis-Menten enzyme. It was the first car-
nitine-dependent enzyme to be isolated (4). Its commer-
cial availability made the enzymatic assay of carnitine
possible thus disclosing the clinical interest for this
compound and allowing the discovery of carnitine relat-
ed defects (5, 6).

CARNITINE AS A CoA BUFFER

The utilization of substrates for oxidative process-
es requires optimal activities of carnitine dependent
transferases. In fact, mitochondrial carnitine palmitoyl
transferases (CPT) are necessary for the import of ac-
tivated acyls into the mitochondrial matrix where the
β-oxidation machinery is located (1) (Fig. 2). Besides
this essential role, carnitine is involved in the interme-
diary metabolism as a whole by both modulating the
acyl-CoA/CoA ratio and buffering the availability of
CoASH in the cell. This function is mostly dependent
on the formation of short-chain acylcarnit ines
(SCACar) catalyzed by carnitine acetyl transferase
(CAT) (1, 7). The CoA-carnitine relationship is piv-
otal for energy metabolism. CoA is required for β-oxi-
dation, for the catabolism of several amino acids, for
the detoxification of organic acids and xenobiotics,
for pyruvate dehydrogenase (PDH) (8), for α-ketoglu-
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tarate dehydrogenase (9, 10) and thus for the TCA (tri-
carboxylic acid) cycle (11) (Fig. 3). A reduced avail-
ability of carnitine induces a decrease in matrix
CoASH and a parallel  increase in the acyl-
CoA/CoASH ratio both of which are inhibitory in the
aforementioned mitochondrial dehydrogenases. Con-
sequently, not only the oxidation of fatty acids (12),
but also the utilization of carbohydrates, the catabolism
of several amino acids and the detoxification of organic
acids and xenobiotics become impaired (13) (Fig. 4).

In the case of CAT catalyzed reactions the direc-
tion of metabolite flux appears to be the opposite of
what is observed in CPT catalyzed reactions (Fig. 3).
In fact, SCACar are mostly formed within the matrix
space and exported into the cytosol (Fig. 3). Unlike
the corresponding acyl-CoAs, acylcarnitines, especial-
ly SCACar, are capable of diffusing across cellular
membranes and may be eliminated in the urine. The
urinary excretion of specific acylcarnitines is relevant
to the diagnosis of several inborn errors of metabo-
lism (14) (Fig. 4).

Fig. 1 - Carnitine-depen-
dent enzymes and tran-
sporters involved in the
mitochondrial metaboli-
sm of acyl moities.
CPT I, Carnitine Palmi-
toyl Transferase I; CPT
II, Carnitine Palmitoyl
Transferase I; CT, Carni-
tine Translocase; CAT,
Carnitine acetyltransfe-
rase; ACS, Acyl-CoA
synthase; LC, long chain;
PDH, pyruvate dehydro-
genase; CoASH, free
Coenzyme A; Carn., car-
nitine; IMM, inner mito-
chondrial membrane;
OMM, outer mitochon-
drial membrane.

Fig. 2 - By means of CPT I and II carnitine directs the flow of long-
chain acyl moieties towards the mitochondrial matrix.
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CARNITINE AND SUBSTRATE CHOICE

Owing to the obligatory role of carnitine in the ox-
idation of long-chain fatty acids, the contribution of
carnitine to the oxidation of carbohydrates has been
frequently overlooked. Indeed, carnitine is necessary
to convert acetyl CoA into acetylcarnitine, thus re-
moving a powerful inhibitor of pyruvate dehydroge-
nase (Fig. 5). On this basis it is not surprising that, in
the heart, the great availability of carnitine reduces the
oxidation of fatty acids, while favoring that of glucose
(15). Part of this stimulation is due to the formation of

malonyl CoA, which reduces the entry of acyl CoA in-
to the mitochondrial matrix by inhibiting CPT I (Fig.
6) (16). Acetylcarnitine, whose formation is stimulat-
ed by carnitine, provides the acetyl units which are
carboxylated into malonyl CoA. Thus, carnitine ulti-
mately results in the decrease of fatty acid oxidation
in the heart. This effect appears to be beneficial in the
ischemic tissue (17). Indeed, it has been shown that
the contractile recovery of the ischemic myocardium
is favored by high glucose oxidation rates, whereas it
is depressed by elevated rates of lipid oxidation (18,
19). The occurrence of this latter possibility is pro-

Fig. 3 - By means of CAT carnitine allows the exit of acetyl- and
short-chain acyl moieties out of mitochondria. The net result is the
release of free CoA which is made available for the maintenance of
oxidative processes.

Fig. 5 - A large FFA supply li-
mits carbohydrate oxidation by
inhibiting PDH. Carnitine sti-
mulates FFA oxidation but also
reduces the degree of PDH
inhibition by transforming
acetyl CoA into acetylcarnitine.

Fig. 6 - A large car-
bohydrate supply li-
mits FFA oxidation
by increasing ma-
lonyl CoA produc-
tion. This process is
stimulated by carni-
tine which allows the
shuttling of acetyl
moieties in the form
of acetylcarnitine.
ACC, acetyl-CoA
carboxylase.

Fig. 4 - Detoxification properties of carnitine. Xenobiotics can be
activated into acyl-CoAs which are devoid of further catabolic fates.
In addition, acyl-CoAs can accumulate within mitochondrial matrix
when their degradation is hampered by enzymatic deficits. Under
those conditions the excess acyl moieties, or those that cannot be
metabolised, are eliminated by means of their transformation into
the corresponding acylcarnitines.
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moted by a decreased formation of malonyl CoA ow-
ing to the inhibition of acetyl CoA carboxylase by
AMP (Fig. 7) (18, 19). 

CARNITINE AND ISCHEMIA

The relevance of the role of carnitine in modulating
acyl-CoA/CoASH ratio is exemplified by the biochemi-
cal changes occurring in anoxic tissues. Profound alter-
ations in mitochondrial physiology are produced by
long-chain acyl CoA (LCACoA) (20) which accumulate
during ischemia (21-23). These CoA esters are amphi-
pathic molecules that can insert in the phospholipid bi-
layer and alter both membrane architecture and perme-
ability (20, 24). These changes are more likely to occur
at LCACoA concentrations above the critical micellar
concentration (CMC), which in the case of palmitoyl
CoA is ≅ 30 µM. At lower concentrations, LCACoA are
able to specifically affect the activity of various trans-
port systems of the inner mitochondrial membrane with-
out perturbing its permeability (25). Carnitine addition
is able to restore mitochondrial function by changing
LCACoA to LCACar, which are devoid of inhibitory ef-

Fig. 7 - Disturbances in energy metabolism favor FFA oxidation and
reduce carbohydrate utilization owing to decreased levels of malonyl
CoA. ACC, acetyl-CoA carboxylase; AMPK, AMP-dependent protein
kinase.

Fig. 8 - Metabolic deran-
gements related to a de-
crease in free carnitine
availability such as that
caused by several meta-
bolic errors or anoxia.
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fects (Fig. 8). More recently, LCACoA have been added
to the long list of promoters of the cyclosporine-sensi-
tive membrane transition pore (MTP) (26, 27). Also the
abrupt changes in membrane permeability and function
brought about by MTP opening can be prevented or par-
tially restored by carnitine (27, 28).

In isolated mitochondria, as well as in the intact
heart, LCACoA toxicity could be ascribed, at least in
part, to decreased CoASH availability. The role of
CoASH/esterified-CoA and carnitine/esterified carnitine
ratios in the evolution of ischemic damage has been in-
vestigated in various experimental models, especially in
perfused rat hearts.

Anoxia or ischemia also results in an increase of es-
terified/free carnitine ratio (22). This metabolic shift,
which reproduces the analogous modification of CoA
status, is caused by the inhibition of mitochondrial de-
hydrogenases consequent to the excess of reduced flavin
and pyridine coenzymes. The reduced rates of β-oxida-
tion and the TCA cycle freeze CoA in the form of LCA-
CoA or SCACoA while the available carnitine acts as a
scavenger of acyl moieties to release CoA. This action
of carnitine appears to be pertinent for pyruvate utiliza-
tion. In fact, in hypoxic tissues pyruvate is mostly con-
verted to lactate due to PDH inhibition. By decreasing
acetyl-CoA/CoA ratio, carnitine might stimulate PDH,
thus diverting pyruvate from its reduction to lactate and
causing its oxidation to acetyl-CoA and then into acetyl-
carnitine (Fig. 9). Experimental and clinical evidence
support these concepts. Ferrari and colleagues were the
first to demonstrate that carnitine administration can re-
duce lactate formation in subjects suffering from coro-
nary artery disease (29). Similar results were also ob-

tained in patients suffering from intermittent claudica-
tion (30). In healthy individuals subjected to maximal
cycle ergometer exercise, we have demonstrated that
plasma lactate is inversely correlated with acetylcarni-
tine (31).

An influence of carnitine on muscle metabolism has
been argued by considering steady-state carnitine con-
tents rather than metabolic fluxes (32). During the im-
plementation of our exercise protocol muscle carnitine
content would have been increased by less than 2%
(32). Obviously such an increase is unlikely to modify
CAT activity. However, carnitine transport across the
sarcolemma seems to occur mainly by a 1:1 exchange
with intracellular carnitine or carnitine esters (33). Thus
when acetylcarnitine accumulates in the cytosol, a large
availability of extracellular carnitine could promote the
exchange and consequently the washout of carnitine es-
ters without major changes in carnitine tissue content
(34). This also appears to be the case in inborn errors of
metabolism treated with carnitine. Indeed carnitine, giv-
en orally to patients with isovaleric acidemia, rapidly in-
duced a large increase in plasma and urine isovalerylcar-
nitine (35, 36). This increase is most likely the result of
an exchange of exogenous free carnitine with tissue iso-
valerylcarnitine formed from the excess isovaleryl-CoA.

Fig. 9 - Mechanism of the lactate-decreasing effect of carnitine. The
transformation of acetyl-CoA into acetylcarnitine favors the oxida-
tion of pyruvate, thus decreasing its reduction into lactate.

Fig. 10 - Long chain acylcarnitines might represent a source of acyl
moieties for esterification processes, such as phospholipid synthesis
and repair. Thus, besides optimizing the availability of free CoA
(CoASH), carnitine adds anabolic roles to its function in the catabo-
lic pathways of energy metabolism.
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BEYOND ENERGY METABOLISM: ANABOLIC
AND ANTIAPOPTOTIC ROLES OF CARNITINE

The maintenance of an optimal acyl-CoA/CoASH ra-
tio expands the role of carnitine in the metabolism of
phospholipids adding anabolic functions to the above-
mentioned involvement in the oxidative catabolism of en-
ergy substrates. Indeed, membrane phospholipid fatty acid
turnover and repair depend on LCACoA availability. In
this respect the carnitine and CPT role is twofold: provides
acyl-units at no ATP-cost and buffers the harmful decrease
in cellular CoASH levels (37) (Fig. 10). Supporting this
concept, CPT inhibition has been shown to result in
marked depression of the reacylating capability in both
human erythrocytes and neuronal cells (38, 39). These ex-
perimental studies provide the biochemical rationale for
both decreased abnormalities in erythrocyte deformability
and increased hematocrit, which have been reported in di-
alyzed patients treated with carnitine (40). 

The functions of carnitine in both energy metabo-
lism and phospholipid turnover indicate a general role
of this compound in the maintenance of cell viability.
More recent studies indicate the involvement of carni-
tine in the cellular defence against apoptosis by means

of inhibitory effects on ceramide synthesis (41) and
caspase activities (42) (Fig. 11). Surprisingly, the anti-
apoptotic role of carnitine appears to be largely inde-
pendent of the actions of the various carnitine trans-
ferases. In cardiac myocytes exposed to doxorubicin,
carnitine administration reduced the degree of apop-
totic death by preventing the increase in intracellular
levels of ceramide, a powerful endogenous promoter
of apoptosis (40, 41). The inhibition of ceramide pro-
duction is the result of two different actions of carni-
tine. In fact, the subtraction of palmitoyl CoA, which
is diverted from ceramide synthesis to oxidative me-
tabolism, (43) is reinforced by the inhibitory effect on
acid sphyngomyelinase, which generates ceramide in
response to a host of apoptotic stimuli (41). In addi-
tion, carnitine has been shown to inhibit the activity of
caspases 3 and 8 (42), which act as initiator and exe-
cutioner of apoptosis, respectively. Not only is the ac-
tion of carnitine specific, but it is also reversed by
palmitoylcarnitine. Since during the apoptosis of Ju-
rkat cells carnitine levels decrease as opposed to the
increase in palmitoylcarnitine, the free/esterified car-
nitine ratio has been suggested to play a relevant role
in the cell commitment to apoptosis (42).

Fig. 11 - Mechanisms un-
derlying the antiapoptotic
efficacy of carnitine. Brie-
fly, carnitine can interfere
with the apoptotic cascade
by means of the three fol-
lowing mechanisms. (i)
decreased accumulation
of long-chain acyl CoAs,
which inhibit several mi-
tochondrial carriers and
promote the opening of
the permeability transition
pore; (ii) inhibition of the
acid sphyngomyelinase,
which catalyzes the for-
mation of ceramide, a
powerful propapoptotic
molecule; (iii) inhibition
of several caspases, which
can either initiate or exe-
cute the death program.
Of note, these mechanisms
are not mutually exclusi-
ve, but could rather
reinforce each other.
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CLINICAL USE OF CARNITINE

Much of our knowledge on the biochemistry and the
therapeutic efficacy of carnitine derives from the clin-
ical data obtained from patients suffering for carnitine
deficiencies or various mitochondrial pathologies.
From a clinical standpoint, when carnitine availability
is reduced or the activities of carnitine dependent
transferases are impaired, fatty acid oxidation is pre-
vented resulting in the most severe cases in life-threat-
ening alterations of skeletal and cardiac muscle. 

A secondary deficiency of carnitine is observed in
several inborn errors of metabolism (44) where a large
proportion of the available carnitine is esterified to
buffer the accumulation of specific acyl CoA induced
by the enzymatic defect. The transfer of the non-me-
tabolizable acyls from CoA to carnitine has two major
advantages: (i) CoASH is made available for other es-
sential oxidative pathways; (ii) acyl CoAs are mostly
compartmentalized within the mitochondrial matrix
and cannot cross membranes, whereas the correspond-
ing carnitine esters not only can escape mitochondria,
but they are also released in the blood stream and are
eventually excreted in the urines. The detection of
specific acylcarnitines in plasma or urine can be
pathognomonic of several metabolic errors, such as
isovaleric or propionic acidemia. In the most severe
cases, the endogenous pool of free carnitine becomes
insufficient to cope with the required acyl transfer.
The resulting secondary carnitine deficiency or insuf-
ficiency mimics the metabolic alterations described
for the primary carnitine-related defects.

Besides these direct links between carnitine and mi-
tochondrial disorders, the majority of mitochondrial de-
fects is likely to alter carnitine status thus worsening the
clinical outcome. For instance, any respiratory chain de-
fect reduces the availability of oxidized coenzymes re-
sulting in decreased oxidation rates and accumulation of
metabolic intermediates. Under these conditions a large
proportion of the available carnitine is going to be ester-
ified for the disposal of acetyl CoA no longer degrad-
able by the TCA cycle. On the other hand, the reduced
rate of β-oxidation is followed by the accumulation of
long-chain acyl CoA (LCACoA) and consequently of
the corresponding carnitine esters.

ACYLCARNITINES AS PHARMACOLOGICAL
AGENTS

The ability of SCACar to cross cellular mem-
branes suggests the possibility that administered
SCACar could reach the mitochondrial matrix space.

Here, their transformation into the corresponding
acyl-CoA may contribute to a useful integration of the
acyls in mitochondrial metabolic pathways. Further-
more, SCACar administration could add some degree
of specificity to carnitine therapy. In fact, at least the-
oretically, the more a tissue is endowed with CAT the
more it should benefit from SCACar administration.

ACETYLCARNITINE

Since it brings the activated acetate directly into the
mitochondrial matrix where becoming acetyl CoA can
be oxidized by the Krebs cycle without  further energy
expenditure, acetylcarnitine represents a readily avail-
able substrate that can spark mitochondrial energy-
linked processes (Fig. 12) (45). Besides being an energy
substrate within the mitochondrion, the acetyl moiety
esterified to carnitine is also the initial precursor for the
cytosolic synthesis of structural lipids.

The absolute requirement for both optimal mitochon-
drial metabolism and structural integrity of the plasma
membrane, upon which not only cell survival but also
neurotransmission depends, renders neurons an ideal tar-
get for the metabolic actions of acetylcarnitine. This pref-
erence is reinforced by the fact that acetylcarnitine, be-
sides being a precursor of acetylcholine, can also display

Fig. 12 - Sparking
action of acetylcar-
nitine on FFA acti-
vation and oxida-
tion.
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cholinomimetic activity (46). Both the energy- and the
acetylcholine-related properties explain the beneficial ef-
fects exerted by acetylcarnitine delaying neurodegenera-
tive diseases, including Alzheimer disease, associated
with aging (47). On the other hand, the clinical improve-
ments observed in peripheral neuropathies, including
those caused by diabetes, are likely related to the meta-
bolic actions of acetylcarnitine (48). Of note, the effects
elicited by acetylcarnitine in experimental and clinical
settings were not mimicked by carnitine.

PROPIONYLCARNITINE

The biochemical rationale for propionylcarnitine
(PLC) administration relates to the possibility of
feeding the TCA cycle (anaplerosis) with the carbon
skeleton of propionate without altering the energy
metabolism (Fig. 13).

A protective effect of PLC on the ischemic heart
has been documented by several Authors. The protec-
tive effect of PLC may be a consequence of the
anaplerotic utilization of propionate in the presence of
optimal amounts of ATP, CoASH and carnitine (49).
Obviously, the involvement of mitochondrial function
in PLC effects does not exclude other mechanisms. It
is likely that the protective action exerted by PLC
might result from a positive interaction between i) im-
proved mitochondrial function; ii) iron chelation (50);
iii) preservation of vascular patency (51).

ISOVALERYLCARNITINE

Both α -ketoisocaproate and its parent amino
acid, leucine, are known to inhibit lysosomal prote-
olysis in rat liver perfused in the absence of amino
acids (52). This raises the question as to whether
leucine is responsible for the inhibition per se, or via
some of its catabolites. We have focused our atten-
tion on isovalerylcarnitine (IVC) which proved to
reproduce the leucine effect with a similar dose-de-
pendency (53). Since only a negligible amount of
added IVC is detectable within liver cells, either in
perfused liver or in isolated hepatocytes, the inhibi-
tion of proteolysis could be mediated by a receptor
located on the plasma membrane (54).

RIASSUNTO

La carnitina è necessaria per il trasporto degli acil
CoA attraverso la membrana mitocondriale interna ren-
dendone così possible l’ossidazione. Oltre a questa fun-
zione fondamentale, la carnitina attaverso la sua intera-
zione con il coenzima A svolge un ruolo in tutti i pro-
cessi ossidativi. Aumentando la disponibilità di coenzi-
ma A libero, la carnitina partecipa infatti alla scelta dei
substrati da ossidare, alla rimozione di metaboliti tossici
e alla modulazione di tappe chiave del metabolismo in-
termedio. Inoltre, ad accrescere l’interesse per la carniti-
na, studi recenti ne dimostrano una potente capacità an-
tiapoptotica in parte disgiunta dal suo ruolo nel metabo-
lismo. Infine, alcuni esteri della carnitina esercitano im-
portanti azioni farmacologiche modificando specifica-
mente il metabolismo in diversi organi.

Address for correspondence:
Prof. Fabio Di Lisa
Dipartimento di Chimica Biologica
Via G. Colombo, 3
35121 Padova, Italy
e-mail: dilisa@civ.bio.unipd.it

Fig. 13 - Propionylcarnitine combines the acyl shuttling property of
carnitine with the ability of replenishing the TCA cycle with four
carbon atom intermediates (anaplerosis).
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