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for therapies that can improve outcome after neonatal and 
pediatric brain injury.
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Abbreviations
ALCAR  Acetyl-l-carnitine
OCTN2  Organic cation transporter novel 2
CPT I  Carnitine palmitoyltransferase I
CPT II  Carnitine palmitoyltransferase II
CAT  Carnitine acetyltransferase
MRS  Magnetic resonance spectroscopy
13C-NMR  13C-nuclear magnetic resonance spectroscopy
OGD  Oxygen-glucose deprivation
HI  Hypoxia-ischemia
TBI  Traumatic brain injury
3-NPA  3-nitropropionic acid
i.p.  Intraperitoneal
CSF  Cerebrospinal fluid
mTOR  Mammalian target of rapamycin
NGF  Nerve growth factor
pNFH  Phosphorylated high-molecular weight 

neurofilament
rCMRglc  Cerebral regional metabolic rate of glucose
TBI  Traumatic brain injury
TCA  Tricarboxylic acid

Introduction

l-Carnitine is a naturally occurring compound found in 
most, if not all, mammalian tissues including brain [1]. 

Abstract l-Carnitine functions to transport long chain 
fatty acyl-CoAs into the mitochondria for degradation by 
β-oxidation. Treatment with l-carnitine can ameliorate 
metabolic imbalances in many inborn errors of metabolism. 
In recent years there has been considerable interest in the 
therapeutic potential of l-carnitine and its acetylated deriv-
ative acetyl-l-carnitine (ALCAR) for neuroprotection in a 
number of disorders including hypoxia-ischemia, traumatic 
brain injury, Alzheimer’s disease and in conditions lead-
ing to central or peripheral nervous system injury. There is 
compelling evidence from preclinical studies that l-carni-
tine and ALCAR can improve energy status, decrease oxi-
dative stress and prevent subsequent cell death in models 
of adult, neonatal and pediatric brain injury. ALCAR can 
provide an acetyl moiety that can be oxidized for energy, 
used as a precursor for acetylcholine, or incorporated into 
glutamate, glutamine and GABA, or into lipids for myeli-
nation and cell growth. Administration of ALCAR after 
brain injury in rat pups improved long-term functional out-
comes, including memory. Additional studies are needed 
to better explore the potential of l-carnitine and ALCAR 
for protection of developing brain as there is an urgent need 

Gustavo C. Ferreira and Mary C. McKenna contributed equally 
to this work.

 * Mary C. McKenna 
 mmckenna@umaryland.edu

1 Institute of Medical Biochemistry Leopoldo de Meis, Federal 
University of Rio de Janeiro, Rio de Janeiro, Brazil

2 Department of Pediatrics, University of Maryland School 
of Medicine, 655 W. Baltimore Street, BRB 13-019, 
Baltimore, MD 21201, USA

3 Program in Neuroscience, University of Maryland School 
of Medicine, Baltimore, MD 21201, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-017-2288-7&domain=pdf


 Neurochem Res

1 3

Although carnitine can be obtained in the diet and syn-
thesized in kidney, liver and brain, it is considered a ‘con-
ditionally essential’ nutrient for humans under specific 
circumstances when intracellular levels are low (e.g. pre-
mature infants, elderly patients, diabetes and genetic con-
ditions resulting in primary or secondary carnitine defi-
ciency) [2, 3].

l-Carnitine primarily functions to transport activated 
long chain fatty acids (long chain fatty acyl-CoAs) into 
the mitochondria for degradation by β-oxidation [1, 4–6]. 
Human plasma and tissues, including brain, contain free 
l-carnitine as well as acylated derivatives with varying 
length carbon chains, including the acetyled and palmi-
toylated derivatives [1].

In recent years there has been considerable interest in 
the therapeutic potential of l-carnitine and acetyl-l-carni-
tine (ALCAR) for neuroprotection [1, 4, 7–22]. Therapeu-
tic efficacy of l-carnitine treatment for infants affected by 
some inborn errors of metabolism has been reported [1, 3, 
21, 23–36]. A number clinical trials and case studies have 
reported efficacy of ALCAR for neuroprotection in condi-
tions leading to central or peripheral nervous system injury 
in adults [1, 4, 7–22]. Although relatively few studies have 
determined the efficacy of acetyl-l-carnitine for neuropro-
tection in models of developmental brain injury, results 
from these studies are promising [12, 19, 20, 37–39].

l-Carnitine Biosynthesis in Humans

The carbon backbone of l-carnitine comes from 6-N-tri-
methyllysine, a product of protein degradation after lyso-
somal proteolysis [40, 41]. 6-N-trimethyllysine is converted 
to γ-butyrobetaine in a series of reactions catalyzed by 
enzymes ubiquitously present in tissues. γ-Butyrobetaine 
is then converted to l-carnitine in a reaction catalyzed 
by γ-butyrobetaine dioxygenase, an enzyme that is only 
expressed in kidney, liver, and brain [40, 41]. Therefore, 
complete endogenous carnitine biosynthesis occurs only in 
these tissues (kidney, liver, and brain), which can also form 
l-carnitine using γ-butyrobetaine imported from other cells 
that do not contain γ-butyrobetaine dioxygenase [40, 41]. 
The detailed biosynthetic pathway of l-carnitine is shown 
in Fig. 1.

l-Carnitine Uptake and Metabolic Role in Tissues

In the diet, carnitine is obtained primarily from red meat 
and dairy products [1]. There are also dietary supplements 
containing the l-isomer (l-carnitine) with high purity 
[42]. l-Carnitine and its corresponding derivative con-
taining 2 carbons in the acyl moiety (acetyl-l-carnitine) 
are taken up into cells via the organic cation transporter 
novel 2 (OCTN2) which cotransports l-carnitine with  Na+ 

[43, 44]. Uptake into brain also occurs primarily via the 
OCTN2 transporter [1, 44, 45]. There is evidence that the 
 B0,+ transporter, a  Na+/Cl− dependent amino acid/carnitine 
transporter, also has a role in l-carnitine and acetyl-l-carni-
tine uptake into brain [44, 46–48], and into astrocytes [49, 
50]. Immunohistochemical studies show that labeling for 
OCTN 1, 2 and 3 is distributed in many regions of mouse 
brain and spinal cord in a pattern consistent with possible 
roles in modulating bioenergetics and cholinergic neuro-
transmission [51]. OCTN2 and OCTN3 mRNA and pro-
teins are found in neurons obtained from adult and suckling 
rat brain [52].

While medium- and short-chain fatty acids can freely 
enter mitochondria by diffusion through the membranes 
[1], l-carnitine has an essential role in the transfer of acti-
vated long chain fatty acids into the mitochondria in a 
series of reactions called the “carnitine shuttle”, so that 
they can undergo β-oxidation (Fig. 2) [1, 43]. The enzyme 
acyl-CoA synthase converts long chain fatty acids to fatty 
acyl-CoAs, which are subsequently converted to acylcarni-
tines by the enzyme carnitine palmitoyltransferase I (CPT 
I) localized in the outer mitochondrial membrane [1, 43]. 
Acylcarnitines cross the inner mitochondrial membrane 
via a transporter, the carnitine/acylcarnitine translocase, 
in exchange for free l-carnitine [1, 43]. The enzyme car-
nitine palmitoyltransferase II (CPT II) which is localized 
in the inner mitochondrial membrane converts acylcarni-
tines back to acyl-CoAs and free l-carnitine, which exits 
the mitochondria and serves as the substrate for CPT I to 
form more acylcarnitine [1, 43]. Therefore, the transfer of 
acyl moieties from fatty acyl-CoA esters to carnitine also 
replenishes intracellular free CoA that is crucial for inter-
mediary metabolism [53].

The carnitine shuttle is essential to prevent accumulation 
of long chain fatty acids and long chain acyl-CoAs which 
can be deleterious to cells [1, 43, 54]. The enzyme carni-
tine acetyltransferase (CAT) has a crucial role in the meta-
bolic flexibility of cells, as it transfers a 2-carbon moiety 
from acetyl-CoA to l-carnitine, forming the membrane per-
meable compound acetyl-l-carnitine; this serves to regulate 
intracellular trafficking of carbons between mitochondrial 
and cytosol [55]. In adult brain, the carbons from the acetyl 
moiety can be used to synthesize fatty acids, which are 
preferentially incorporated into structural lipids, rather than 
oxidized via β-oxidation [45, 56]. In developing brain the 
acetyl moiety may be oxidized for energy and incorporated 
into neurotransmitters and lipids [57].

The importance of the carnitine shuttle is underscored 
by the reports that a polymorphism of the CPT II gene 
that leads to decreased enzyme activity may be associ-
ated with acute encephalopathy associated with influ-
enza [58, 59] and that deficiency of the OCTN2 trans-
porter can lead to neurological manifestations including 



Neurochem Res 

1 3

cognitive impairment and seizures [51]. Two inherited 
diseases in the carnitine biosynthetic pathway have been 
reported (deficiency of 6-N-trimethyllysine dioxygenase 
and deficiency γ-butyrobetaine dioxygenase), which 
result in only mildly decreased to normal carnitine levels 
in the affected patients [60, 61]. It is intriguing though, 
that despite the mild impact on plasma l-carnitine levels, 
patients affected by these diseases have marked brain 
alterations such as nondysmorphic autism (deficiency of 
6-N-trimethyllysine dioxygenase) [60] and microcephaly 
and speech delay (deficiency of γ-butyrobetaine dioxy-
genase) [61].

Neuroprotection Afforded by l-Carnitine 
Supplementation in Patients with Carnitine Deficiencies

Primary Carnitine Deficiency and Defects in the Carnitine 
Shuttle in Patients

Deficiency in the OCTN2 carnitine transporter is a rare 
inherited disease that leads to systemic primary carnitine 
deficiency [62, 63]. It is associated with depletion of intra-
cellular carnitine, low serum carnitine concentrations and 
increased urinary excretion of carnitine and its derivatives 
[62, 63]. Patients normally respond to pharmacological 

Fig. 1  l-Carnitine biosynthesis in humans. In the first step of 
l-carnitine biosynthesis, a lysine residue bound to some proteins is 
post-translationally methylated by a methyltransferase (enzyme 1) 
to form a 6-N-trimethyllysine residue. The methyl groups are trans-
ferred from S-adenosylmethionine yielding S-adenosylhomocysteine 
and the methylated lysine. After lysosomal proteolytic release of the 
6-N-trimethyllysine residue, 6-N-trimethyllysine is then metabo-
lized by 6-N-trimethyllysine dioxygenase (enzyme 2) leading to the 
formation of the hydroxylated metabolite, 3-hydroxy-6-N-trimethyl-
lysine. 3-hydroxy-6-N-trimethyllysine aldolase (enzyme 3) splits 
3-hydroxy-6-N-trimethyllysine into glycine plus 4-N-trimethylamin-

obutyraldehyde, which is further dehydrogenated to 4-N-trimethylam-
inobutyrate (also known as γ-butyrobetaine) by 4-N-trimethylamin-
obutyraldehyde dehydrogenase (enzyme 4). The enzymes mentioned 
in these steps are ubiquitously expressed; therefore, γ-butyrobetaine 
can be produced in many tissues. The last step in carnitine synthe-
sis is the hydroxylation of γ-butyrobetaine by γ-butyrobetaine dioxy-
genase (enzyme 5) forming 3-hydroxy-4-N-trimethylaminobutyrate 
(carnitine). The presence of γ-butyrobetaine dioxygenase is restricted 
to kidney, liver, and brain, therefore the complete pathway for endog-
enous carnitine biosynthesis only occurs in these tissues
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doses of oral l-carnitine, particularly if supplementation is 
implemented prior to organ damage [64].

Defects of the enzymes and transporter involved in the 
transfer of long chain fatty acids from the cytoplasm into 
mitochondrial matrix (CPT I, CPT II and carnitine/acyl-
carnitine translocase) have also been described [42]. Treat-
ment of these carnitine shuttle disorders is primarily based 
on avoidance of fasting and metabolic decompensation in 
the patients [63].

Secondary Carnitine Deficiency in Patients

Secondary carnitine deficiency may arise from different 
causes, including acquired (prolonged utilization of some 
medications) or associated with inborn errors of metabo-
lism (e.g. fatty acid oxidation disorders) [65]. Carnitine 
levels are normally less depleted in secondary carnitine 
deficiency when compared to OCTN2-deficient patients, 
and therefore smaller doses of l-carnitine can restore the 
carnitine levels in a shorter period of time than in patients 
with primary deficiency [41].

Disorders of fatty acid oxidation and organic acidemias 
can lead to secondary carnitine deficiency by trapping free 
carnitine by conjugating it with acyl moieties which accu-
mulate in these conditions. It is postulated that clinical 
symptoms, including CNS complications such as convul-
sion, coma and lethargy, may be triggered by the accumu-
lation of metabolites and their acyl-CoA derivatives that 
disrupt intermediary metabolism [66–69]. The hydrolysis 
of the acyl-CoA derivatives and subsequent accumulation 
of free organic acids can lead to severe acidosis that can 
be life threatening [3]. Competitive inhibition of carnitine/
acetyl-l-carnitine reuptake by OCTN2 in kidney by the 
accumulating acylcarnitines (e.g. propionyl carnitine, etc.) 
contributes to the increased loss of carnitine by excretion 
in the urine [70]. There are reports showing improvement 
after L-carnitine therapy in patients with some organic aci-
demias, including propionic acidemia, methylmalonic aci-
demia, and glutaric acidemia type I [71–75]. More recent 
reports have demonstrated that l-carnitine supplementa-
tion as adjuvant therapy contributes to the amelioration of 
blood markers of oxidative damage in patients affected by 

Fig. 2  The carnitine shuttle. l-carnitine and acetyl-l-carnitine enter 
the cells from blood or extracellular milieu through the OCTN2 trans-
porter. The enzyme acyl-CoA synthase (not shown) converts long 
chain fatty acids to fatty acyl-CoAs, which are subsequently con-
verted to acylcarnitines by the enzyme carnitine palmitoyltransferase 
I (CPT I) localized in the outer mitochondrial membrane. Acylcar-
nitines cross the inner mitochondrial membrane via a transporter, 
the carnitine/acylcarnitine translocase (CACT), in exchange for free 

L-carnitine. The enzyme carnitine palmitoyltransferase II (CPT II), 
which is localized in the inner mitochondrial membrane, converts 
acylcarnitines back to acyl-CoAs and free L-carnitine, which exits 
the mitochondria and serves as the substrate for CPT I to form more 
acylcarnitine. Carbons from acyl-CoAs imported into the mitochon-
drial matrix through the carnitine shuttle can be oxidized for energy 
or metabolized via the TCA cycle and incorporated into glutamate, 
glutamine and GABA
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phenylketonuria [76], maple syrup urine disease [77], and 
disorders of propionate metabolism [78].

Likewise, metabolites accumulated after long term utili-
zation of pharmacological therapies, such as valproate [79] 
and the antibiotic cefditoren pivoxil [80], can be conjugated 
to carnitine and result in carnitine depletion. Secondary 
carnitine deficiency may also arise from other deleterious 
conditions such as hemodialysis or renal tubular dysfunc-
tion, which results in excessive loss of carnitine in urine. 
Secondary carnitine deficiency may also occur in malnu-
trition or prematurity, due to reduced intake or uptake of 
carnitine from the diet, or reduced reuptake in kidney [41, 
81, 82]. Treatment with l-carnitine ameliorated symptoms 
of encephalopathy subsequent to long term use of valproate 
[79], and the antibiotic cefditoren pivoxil [80]. Case reports 
indicate that improvement with l-carnitine treatment was 
also seen in hyperammonemic encephalopathy caused 
by carnitine deficiency that manifested several years after 
gastrointestinal bypass surgery [83] and in encephalopathy 
secondary to gluten enteropathy [84]. Additionally, a ran-
domized clinical trial reported some improvement in Frie-
dreich’s ataxia patients treated with l-carnitine [85].

Studies Using Animal Models Provide Insight Into 
Possible Mechanisms of Neuroprotection by l-Carnitine

Ueno et  al. [86] studied a model of chronic cerebral 
 hypoperfusion in adult rats caused by permanent ligation 
of both common carotid arteries. Rats treated with an oral 
dose of 600  mg/kg l-carnitine after artery occlusion had 
significantly reduced escape latency in the Morris water 
maze when tested 28 days after surgery, but no improve-
ment in motor performance compared to vehicle treated 
rats. Rats treated with l-carnitine had decreased oxidative 
DNA damage and lipid peroxidation [86], greater myelin 
sheath thickness and enhanced expression of oligoden-
drocyte markers after chronic hypoperfusion. At 28 days 
after onset of hypoperfusion, rats treated with l-carnitine 
had increased phosphorylated Akt and mammalian target 
of rapamycin (mTOR), as well as increased levels of phos-
phorylated high-molecular weight neurofilament (pNFH) 
compared to vehicle treated rats [86]. The authors proposed 
that l-carnitine “regulates the PTEN/Akt/mTOR signaling 
pathway, and enhances axonal plasticity while concurrently 
ameliorating oxidative stress and increasing oligodendro-
cyte myelination of axons” and suggested that this attenu-
ated cognitive impairment after chronic hypoperfusion 
[86]. However, the increased CPT I and CPT II protein lev-
els in l-carnitine treated rats may also have protected mye-
lin after chronic hypoperfusion [86].

Pretreatment of rats with l-carnitine (100  mg/kg, 
injected intraperitoneally; i.p.) prior to injection of the 
metabolic inhibitor 3-nitropropionic acid (3-NPA) in 

adult Sprague Dawley rats attenuated the 3-NPA induced 
increase in expression of the uncoupling protein UCP-2 and 
dopamine D(1) receptor genes in striatum that were upreg-
ulated in response to impaired metabolism [87]. Yu et  al. 
[88] found that pretreatment of mice with intraperitoneal 
injections of l-carnitine, suppressed both tonic and clonic 
seizures induced by pentylenetetrazol in a dose-dependent 
manner.

Pediatric Models of Brain Injury

Wainwright et  al. [19] demonstrated that pretreatment of 
7 day old rat pups with l-carnitine (16  mmol/kg) 30  min 
prior to hypoxia-ischemia (HI) led to improved outcome at 
7 and 28 days after HI. Pretreatment with l-carnitine led to 
significantly less tissue loss in the ipsilateral hemisphere, 
compared to vehicle controls at both 7 days and 28 days 
after HI. Dying neurons labeled with Fluro-Jade B were 
present in the hippocampus and cortex of vehicle treated 
pups after HI. In contrast, no cells labeled with Fluro-Jade 
B were present in the brain of rat pups pretreated with 
l-carnitine [19]. Interestingly there was no protection in 
rat pups treated with l-carnitine at 1 and 4 h after HI [19]. 
The authors proposed that l-carnitine could prevent the 
accumulation of acyl-CoAs in mitochondria, which they 
hypothesized is a key early event involved in the patho-
physiology of hypoxic-ischemic injury [19]. This hypoth-
esis from Wainwright et al. [19] has merit, as accumulation 
of acyl-CoAs can inhibit the activity of some tricarboxylic 
acid (TCA) cycle enzymes, adenine nucleotide translo-
cation and ATP formation [89–91]. l-Carnitine has been 
shown to reduce the level of acyl-CoAs in mitochondria by 
converting them to acylcarnitine esters [92]. Thus treatment 
with l-carnitine enables CPT I to transfer the acyl groups 
from acyl-CoAs to free carnitine, yielding acylcarnitine 
esters, which prevents the accumulation of, and subsequent 
damage from, high levels of acyl-CoAs [19].

An in  vitro study by Rau et  al. [54] determined the 
effects of oxygen glucose deprivation (OGD) on carnitine 
homeostasis and synaptic activity in hippocampal slice 
cultures from 7 day old rat brain. Interestingly, OGD led 
to decreased levels of CPT I and CPT II proteins, a cor-
responding decrease in free carnitine and an increase in the 
ratio of acylcarnitine to free carnitine [54]. The changes in 
enzymes and carnitine homeostasis were ameliorated by 
treatment with l-carnitine for 2 h prior to OGD [54]. Pre-
treatment with l-carnitine also attenuated superoxide pro-
duction and HIF1α expression after OGD, and decreased 
apoptosis in neurons during reperfusion [54]. Treatment 
with l-carnitine maintained synaptic viability (determined 
by EPSP amplitude) within the hippocampus at 48 h after 
OGD. This study underscores the vulnerability of CPT 
I, CPT II, and carnitine homeostasis to oxidative stress 
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in a widely used in  vitro model of ischemia and reperfu-
sion [54]. Importantly, it demonstrated that treatment with 
l-carnitine attenuated oxidative stress and protected the 
levels of CPT I, CPT II, ATP and synaptic activity [54].

A number of studies have used the ratio of acylcarniti-
nes to free carnitine as an index of carnitine homeostasis 
[19, 20, 53, 54, 93]. Abnormal ratios, reflecting impaired 
carnitine status and/or homeostasis, have been reported in 
plasma of infants and children with inborn errors of metab-
olism [93, 94], children with autism spectrum disorder [95], 
animal models of autism [96] and in brain tissue after OGD 
in vitro [54]. The studies from Wainwright and coworkers 
discussed above suggest that maintaining carnitine homeo-
stasis in brain tissue can prevent dysfunction and death of 
neurons in models of hypoxic-ischemic injury [54].

Neuroprotection by Acetyl-l-carnitine (ALCAR)

As noted above, ALCAR is one of the most common 
metabolites of carnitine found in plasma and tissues of 
humans and mammals [1]. ALCAR has documented neu-
roprotective effects and is also sold as a dietary supple-
ment [7, 12, 13, 18, 22, 37, 97–99]. ALCAR has several 
properties that could have neuroprotective effects including 
providing carnitine and an acyl moiety that can be used for 
energy [57, 100], and for synthesis of acetylcholine [101], 
amino acid neurotransmitters [57] and lipids [102] as dis-
cussed in more detail below. ALCAR has been found to 
have anti-inflammatory effects [7], lead to stabilization of 
membranes [1], act as an antioxidant protecting against 
oxidative stress [37, 53, 103, 104], enhance the activity of 

nerve growth factor [105], and potentiate energy metabo-
lism [57, 97] and cholinergic responses [1, 106]. ALCAR 
administration induced mitochondrial biogenesis in 
hypoxic rats [15], and increased mitochondrial mass after 
spinal cord injury [13].

Recent reports demonstrate that administration of 
ALCAR after injury can improve mitochondrial function 
[38], decrease swelling in brain after injury [37, 39], and 
prevent loss of tissue in pediatric injury models [12, 37, 
39]. Long term administration of ALCAR improved energy 
status in healthy mouse brain [107].

Since ALCAR is metabolized to acetyl-CoA, it has 
the potential to acetylate histones, which can modify 
gene expression [108, 109], and to acetylate proteins and 
enzymes, which can greatly modify activity [110–112].

Uptake and Metabolism of ALCAR in Brain

ALCAR enters the brain rapidly in primates [113] and 
rodents and is metabolized in mitochondria to free carnitine 
and acetyl-CoA [1, 57] as shown in Fig. 3. Thus ALCAR 
provides both carnitine for the transport of fatty acids 
across mitochondrial membranes, and acetyl-CoA that 
can be incorporated into lipids [114], oxidized in the TCA 
cycle for energy production and incorporated into neuro-
transmitters [1, 57]. Scafidi et  al. [57] determined incor-
poration of label in brain from the metabolism of [2-13C]
acetyl-l-carnitine after i.p. injection in 21–22 day old rats. 
This key study showed that the acetyl moiety of ALCAR 
was metabolized for energy and incorporated into the car-
bon skeleton of the neurotransmitters GABA and glutamate 

Fig. 3  Metabolism of ALCAR in brain. The mitochondrial mem-
brane permeable acetyl-l-carnitine (ALCAR) is split in the mitochon-
drial matrix yielding acetyl-CoA and l-carnitine. Acetyl-CoA can be 
oxidized for energy via the tricarboxylic acid (TCA) cycle or incor-
porated into glutamate, glutamine or GABA. The citrate formed from 
the condensation of acetyl-CoA and oxaloacetate (OAA) can also exit 
the mitochondria and following cleavage by citrate lyase it provides 

cytosolic OAA, and acetyl-CoA which can be used for lipid synthesis 
or as a precursor for acetylcholine. Free l-carnitine in the mitochon-
drial matrix can be used to form carnitine derivatives of acyl-CoA 
conjugates, therefore reducing their toxicity in conditions where the 
levels of these compounds are high (e.g., fatty acid oxidation disor-
ders)
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in developing brain [57]. Unlike the pattern seen with other 
substrates, there was prolonged cycling of carbon from 
ALCAR in the TCA cycle, which was readily detected 
from the cycling ratios of GABA, glutamine and gluta-
mate [57]. Scafidi et al. [57] also found very high metabo-
lism of carbon from the acetyl moiety of 13C-ALCAR in 
the potentially neuroprotective pyruvate recycling pathway. 
This pathway is considered to be neuroprotective as it can 
provide pyruvate when glycolysis is inhibited [115–117]. 
Furthermore, the acetyl moiety from ALCAR can enter the 
TCA cycle when metabolism via the pyruvate dehydroge-
nase complex is impaired as occurs in hypoxia and trau-
matic brain injury [103, 118–122]. Overall, the data from 
Scafidi et  al. [57] demonstrate that ALCAR metabolism 
in developing brain is unusual in that there is particularly 
high pyruvate recycling, and labeling of GABA, glutamine, 
glutamate and aspartate from metabolism in the TCA cycle 
increased from 30 min to 2 h. Such a pattern is not found 
with metabolism of other substrates including glucose 
and acetate [122, 123]. The continued increase in metabo-
lite labeling may be due to reutilization of the acetyl-CoA 
subsequent to oxidation of fatty acids that were synthe-
sized from the acetyl moiety of the labeled ALCAR. This 
possibility is supported by the findings of Ricciolini et al. 
[102] who showed that the incorporation of 14C into lipids 
was highest at 1 h after injection of [1-14C]acetyl-l-carni-
tine into adult rat brain, and labeling was decreased at 3, 6 
and 22 h after injection, suggesting that turnover of lipids 
containing carbons from ALCAR and reutilization of the 
carbons from ALCAR occurs in brain [102]. Studies with 
adult brain found that octanoate could support ~20% of oxi-
dative metabolism [124].

Riccolini et  al. [102] reported that almost 80% of the 
label from 14C-ALCAR recovered in the lipid soluble 
fraction of brain was found in the polar lipid fraction that 
includes phospholipids and fatty acids, and ~20% was 
recovered in the neutral lipid fraction. The acetyl moi-
ety from ALCAR was incorporated into saturated, mono-
unsaturated and polyunsaturated fatty acids at 60, 15 and 
25%, respectively, indicating that it can be used for de novo 
synthesis of lipids and also elongation of polyunsaturated 
fatty acids derived from the diet [102].

Thus, the acetyl moiety from ALCAR can be oxidized 
for energy, serve as a precursor for acetylcholine, and be 
incorporated into amino acid neurotransmitters and lipids 
in brain [57, 102].

ALCAR Alters the Rate of Glucose Utilization in Brain

Aureli et  al. [125] showed that administration of ALCAR 
(100  mg/kg) by i.p. injection 20  min prior to injection 
of labeled glucose led to a reduction in the oxidation of 
[U-14C]glucose for energy and in the incorporation of 

carbons from 13C-glucose into amino acids and tricarbo-
xylic acid cycle intermediates, consistent with sparing of 
glucose by use of the acetyl-CoA from ALCAR for energy 
in brain. Interestingly, administration of ALCAR led to 
increased levels of proglycogen, a low molecular weight 
glycogen precursor, in brain compared to the levels in 
untreated rats [125].

Other studies showed that the intravenous administration 
of high doses of either 500 or 750 mg/kg ALCAR to awake 
adult Fischer-344 rats significantly increased uptake and 
phosphorylation of  [14C]2-deoxy-d-glucose (14C-DG) used 
to determine the cerebral regional metabolic rate of glu-
cose (rCMRglc) [126]. Administration of 500 or 750 mg/kg 
ALCAR prior to 14C-DG led to an increase in rCMRglc of 
21–22% in 8 and 11 brain regions, respectively. The highest 
increases in rCMRglc were seen in the basal forebrain, sep-
tal and brainstem regions [126]. Although the mechanism 
is not known, acetyl-CoA from ALCAR metabolism may 
have been used for synthesis of acetylcholine, which may 
have contributed to enhanced cholinergic neurotransmis-
sion [126]. In contrast to the increased glucose metabolism 
after ALCAR, the administration of carnitine (500  mg/
kg) plus acetate (500 mg/kg) did not significantly alter the 
rCMRglc in any regions of brain [126]. This latter finding 
is consistent with reports that uptake and metabolism of 
acetate occurs primarily in astrocytes [123, 127], in con-
trast to ALCAR which is metabolized in both neurons and 
astrocytes [57].

Studies of ALCAR Neuroprotection in Adults

As noted above, clinical trials and case studies have 
reported efficacy of ALCAR for neuroprotection in condi-
tions leading to central (CNS) or peripheral nervous sys-
tem injury in adults [1, 4, 7–22]. Several studies in adult 
patients with probable Alzheimer’s disease reported that 
clinical trials of ALCAR therapy improved cognitive 
performance; however, a number of studies reported no 
improvement ([126, 128] and references therein). Stud-
ies with Alzheimer’s can be difficult to interpret since 
many used ALCAR in combination with lipoic acid or 
other therapies (reviewed in [128]). Calabrese et al. [129] 
reported that treatment of multiple sclerosis (MS) patients 
with ALCAR for 6 months resulted in decreased levels of 
reactive nitrogen species and protein nitration in CSF, and 
increased GSH levels and GSH/GSSG ratio compared to 
untreated MS subjects or patients with noninflammatory 
neurological conditions.

Animal Studies Using ALCAR Supplementation

Smeland et al. [107] determined the effect of chronic sup-
plementation with about 0.5  g/kg ALCAR per day in 
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drinking water of mice for 25 days. They found increased 
glucose levels and decreased [3-13C]lactate in both hip-
pocampus and cortex, but no changes in the incorporation 
of 13C from metabolism of [1-13C]glucose into the amino 
acids glutamate, GABA and glutamine. However, the cor-
tex of ALCAR treated mice had a higher total content of 
adenosine nucleotides and phosphocreatine, in conjunction 
with a higher ratio of phosphocreatine to creatine, all of 
which indicate increased energy levels. Mice supplemented 
with ALCAR had increased levels of noradrenaline and 
myo-inositol, and decreased GABA concentration in the 
hippocampus, and increased levels of serotonin in the cer-
ebral cortex [107].

In preclinical studies supplementation with ALCAR 
improved learning and synaptic transmission in aged 
rats [130–132]. Other studies showed that high doses of 
ALCAR led to improvement after ischemia [133]. Ten min-
utes of forebrain ischemia in adult rats led to a significantly 
decreased number of intact neurons in hippocampal tis-
sue, decreased concentrations of glutathione and ATP, and 
increased total nitrate/nitrite and thiobarbituric acid-reac-
tive substances which accumulate in conditions of oxida-
tive stress [133]. Rats treated with ALCAR (300 mg/kg) or 
propionylcarnitine (300 mg/kg) after ischemia had less loss 
of ATP and glutathione, more intact neurons, and decreased 
markers of oxidative stress and energy depletion in the hip-
pocampal CA1 region 7 days after ischemia [133]. In a 
clinically relevant model of global ischemia after canine 
cardiac arrest, treatment with ALCAR reduced the amount 
of protein carbonyls which are formed after oxidative stress 
in brain [104].

Pediatric Models Using ALCAR Supplementation

Neonatal hypoxia ischemia, which occurs in ~1-4/1000 live 
births in the US, is a major cause of mortality and adverse 
neurodevelopmental outcome [134–137]. The effects of 
neonatal HI have been widely studied in the postnatal day 
7 rat pup using the Rice-Vannucci method of carotid artery 
ligation combined with 8%  O2 [37, 39, 138–145]. Our stud-
ies using 75  min exposure to 8%  O2 result in a moderate 
injury and evidence of more impairment in male pups com-
pared to females [39, 146, 147]. Our group has determined 
the neuroprotective effects of ALCAR (100 mg/kg admin-
istered by subcutaneous injection) at 0, 4, 24 and 48  h 
after HI on postnatal day 7. In  vivo imaging showed that 
treatment with ALCAR after HI led to a smaller lesion vol-
ume in brain determined at 3, 7 and 28 days after HI [39]. 
In vivo 1H-magnetic resonance spectroscopy (1H-MRS) in 
the same rat pups showed that treatment with ALCAR after 
HI improved lactate levels and maintained creatine concen-
tration in the ipsilateral hippocampus compared to saline 
treated pups [37].

After HI on postnatal day 7 both male and female pups 
showed impairment in several measurements of social 
play; however, treatment with ALCAR did not rescue defi-
cits in social play [39]. Treatment with ALCAR after HI 
led to improved performance on simple motor tests includ-
ing negative geotaxis, which was impaired in both male 
and female pups [39]. Righting reflex and suspension on a 
dowel was impaired only in male pups after HI; ALCAR 
treatment improved performance on these tests [39]. Treat-
ment with ALCAR after HI led to short term and long term 
improvement in novel object recognition in male pups com-
pared to saline treated pups [39].

Using the same neonatal rat pup model, Demarest et al. 
[38] determined the effect of treatment with ALCAR on 
the functional impairment of mitochondria from brain 
at 20  h after HI. Mitochondria from both hemispheres of 
male rat brain had more impairment of state 3 (Complex 
I dependent, ADP stimulated) respiration compared to 
mitochondria from female brain after HI, and the respira-
tion was 30% lower in mitochondria from male brain after 
HI, than in sham rat pups [38]. Treatment of pups with 
ALCAR after HI prevented the impairment of Complex 
II dependent FCCP-uncoupled respiration in mitochondria 
isolated from the contralateral side of male brain and par-
tially restored the FCCP uncoupled respiration changes in 
mitochondria from the contralateral side of female brain 
[38]. ALCAR administration after HI increased mito-
chondrial glutathione peroxidase activity in brain of male 
pups at 20 h after injury. Treatment with ALCAR after HI 
decreased the significant increase in protein carbonyl for-
mation that was found only in the brain of male pups in 
both hemispheres of the cerebral cortex, hippocampus and 
perirhinal cortex [38]. Using the postnatal day 7 rat pup 
model of HI described above, Demarest et al. [146] deter-
mined the effects of ALCAR on mitogenesis in brain. Pups 
treated with ALCAR after HI had a significant increase in 
the activity of citrate synthase in the ipsilateral hemisphere 
compared to sham pups and controls. HI led to a significant 
increase in the ratio of mitochondrial DNA to nuclear DNA 
(mtDNA/nDNA), in the ipsilateral side of brain in both 
male and female rat pups [146] following HI [146]. This 
increase in mtDNA/nDNA ratio was prevented by treat-
ment with ALCAR after HI; treated rats had ratios compa-
rable to shams. Electron transport chain subunits of Com-
plex I, II and IV were upregulated in female brain, but not 
in male brain following HI; treatment with ALCAR after 
HI had no effect on the level of the oxidative phosphoryla-
tion proteins [146].

Traumatic brain injury (TBI) is a major pediatric health 
problem with a rate of 500,000 per year in the US and 
leading to ~3000 pediatric deaths [134, 148]. Survivors of 
pediatric TBI frequently have long-term physical, social, 
psychological and cognitive impairments [149, 150] that 
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can last into adulthood [151–153]. Additional therapies are 
needed to improve outcome after TBI in children. Scafidi 
et al. [12] found that young rats treated with ALCAR after 
controlled cortical impact traumatic brain injury (TBI) at 
21–22 days of age had improved novel object recognition 
and motor function compared to rats treated with saline. 
Rats treated with ALCAR also had smaller lesion volumes 
at 7 days after TBI than rats treated with saline [12].

Thus treatment with ALCAR during the first 48 h after 
HI on postnatal day 7, or after TBI on day 21–22 led to 
long-term protection of the ipsilateral hemisphere and 
improved behavioral outcome [12, 39]. It is important 
to note that there was no evidence that administration of 
ALCAR to 7 day old rat pups was harmful in either males 
or females studied until 35 days of age [39].

In recent years there have been increasing concerns 
about possible adverse effects of general anesthesia on the 
rapidly developing brains of infants and young children. 
Several studies have also reported that l-carnitine, and par-
ticularly ALCAR can protect the developing brain from 
deleterious effects of exposure to clinically used anesthetic 
agents [154–157]. Treatment with ALCAR protected from 
neuroinflammation and apoptosis resulting from asesthesia 
[154–157]. It is particularly important that some of these 
studies used newborn or very young nonhuman primates 
[154, 155, 157].

ALCAR and Acetylcholine

A number of studies have shown that ALCAR administra-
tion maintains and/or increases acetylcholine levels in brain 
[101, 158–161]. De Simone et  al. [158] found increased 
activity of choline acetyltransferase and expression of nerve 
growth factor (NGF) receptor in the striatum, and increased 
NGF protein levels in the hippocampus of rat pups after 
intracerebroventricular injection of ALCAR every other 
day from 0 to 21 days of age.

Maintaining acetylcholine levels is important as this 
neurotransmitter has a crucial role in learning and memory 
[162, 163]. Cholinergic pathways in the basal forebrain 
and hippocampus are necessary for attention, learning and 
memory [164]. Acetylcholine triggers hippocampal and 
cortical synaptic plasticity in part through astrocyte-neu-
ron interactions [165]. The carnitine shuttle has a role in 
providing acetyl-CoA groups for acetylcholine synthesis 
(Fig. 3), and in buffering the level of free coenzyme A in 
the cytosol which can inhibit acetylcholine synthesis via 
choline acetyltransferase [101].

Acetylcholine and/or cholinergic stimulation have an 
important role in protecting developing brain from inflam-
mation. Furukawa et  al. [166] demonstrated that pretreat-
ment of 7 day old rat pups with the acetylcholinesterase 
inhibitor galantamine (5  mg/kg injected i.p.) 2  h prior to 

HI led to significantly reduced damage in the hippocam-
pus and cortex at 7 days after injury [166]. Pretreatment 
of rat pups with galantamine also led to decreased micro-
glial accumulation and less IL-1β in brain 7 days after HI. 
Another study by this group [167] reported that administra-
tion of multiple doses of the acetylcholine receptor agonist 
carbacol decreased microglial activation and inflammation, 
and decreased brain damage after hypoxia-ischemia in 7 
day old rat pups. Furukawa et al. [168] suggested that cho-
linergic stimulation can ameliorate neonatal brain damage. 
Thus strategies to potentiate cholinergic transmission and/
or acetylcholine levels could be neuroprotective in newborn 
brain.

Neuroprotection of Developing Brain

There is an urgent need for therapies that can improve out-
come after neonatal and pediatric brain injury as current 
therapies are only partially effective [134, 135, 169–172]. 
Any therapies used must be safe for infants and children, 
and must also protect and/or support the complex and 
highly regulated process of normal brain development. 
Indeed, injury to the brain in children and/or infants can 
be particularly devastating because it is superimposed on 
the precisely orchestrated and energy demanding processes 
required for brain development [134]. The developing brain 
has high energy needs for basic cellular functions and for 
synthesis of neurotransmitters, nucleic acids, proteins, car-
bohydrates and lipids needed for cell growth and myelina-
tion [134]. Acute injury to pediatric brain can disrupt the 
complex and highly regulated normal developmental pro-
cesses [134].

Effective neuroprotection involves attenuating inflam-
mation, preventing energy failure, preventing oxidative 
damage to key cellular and mitochondrial proteins, and 
maintaining neuronal and glial functions and biosynthetic 
capabilities. Although l-carnitine fulfils some of these 
requirements, acetyl-l-carnitine fulfills these requirements 
and also has the additional capability to provide an acetyl-
CoA that can be oxidized for energy, used as a precursor for 
acetylcholine, or incorporated into glutamate, glutamine, 
GABA, and into lipids for myelination and cell growth.

The capability of both l-carnitine and ALCAR treat-
ment to decrease oxidative stress [37, 53, 103, 104] and 
subsequent oxidative DNA damage [86], and lipid per-
oxidation [86] is key to neuroprotection [88]. Treatment 
with l-carnitine influenced signal transduction pathways 
in a preclinical adult brain injury model [86]; this has not 
been reported, and likely not yet studied with ALCAR. 
Both l-carnitine and ALCAR led to less loss of tissue 
in neonatal and/or young rats, supporting the efficacy 
for neuroprotection in developing brain [12, 19, 37, 39]. 
l-Carnitine treatment protected the level of CPT I and 
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CPT II, as well as oligodendrocytes and myelin [86]. The 
efficacy of ALCAR in protecting enzymes of the carni-
tine shuttle and myelin has not been addressed. Protec-
tion of oligodendrocytes, myelin and neurons would be 
particularly important after neonatal or pediatric brain 
injury.

Preclinical studies using a number of models of 
chronic and/or acute brain injury have shown that ani-
mals treated with ALCAR had improved energy metabo-
lism [97] and mitochondrial respiration [147]. The abil-
ity of ALCAR to increase nerve growth factor [105] and 
enhance cholinergic activity may be particularly impor-
tant for neuroprotection in developing brain [1, 106].

Protecting tissue from energy failure and oxidative 
stress that can lead to cell death is important; however, 
a crucial standard of preclinical efficacy is protection of 
functional outcomes. Thus, the evidence of preserved 
synaptic function [86] and long term improvement in 
learning in rats treated with l-carnitine after injury [86] 
is particularly important, and more studies determining 
functional outcomes are needed. In addition, more in vivo 
studies using treatment with l-carnitine after injury are 
needed since several studies used pretreatment and/or 
in vitro models.

There is compelling evidence that administration 
of ALCAR after injury in developing brain can attenu-
ate injury and improve long term functional outcome 
[39]. The preclinical studies showing that treatment 
with ALCAR after perinatal HI, or after pediatric TBI 
improved motor function and both short and long term 
memory [12, 39] are particularly promising and transla-
tionally relevant. Additional studies using more complex 
learning paradigms would provide more insight into the 
potential therapeutic efficacy of ALCAR for protecting 
developing brain.

There is a crucial need for therapies that can lead to 
improved outcome after neonatal and pediatric brain 
injury as the currently used therapies are only partially 
effective [134, 135, 169–172]. Additional studies, par-
ticularly in vivo studies with long term functional out-
comes are needed to better explore the potential of L-car-
nitine and ALCAR for protection of developing brain.
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