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A B S T R A C T

Traumatic brain injury (TBI) is a devastating condition that often triggers a sequel of neurological disorders that
can last throughout lifespan. From a metabolic viewpoint, the compromising of the energy metabolism of the
brain has produced evidence linking the severity of brain injury to the extent of disturbances in the cerebral
metabolism. The cerebral metabolic crisis, however, displays that regional heterogeneity varies temporally post-
injury. It is important to note that energy generation and mitochondrial function are closely related and in-
terconnected with delayed secondary manifestations of brain injury, including early neuromotor dysfunction,
cognitive impairment, and post-traumatic epilepsy (PTE). Given the extent of post-traumatic changes in neuronal
function and the possibility of amplifying secondary cascades, different therapies designed to minimize damage
and retain/restore cellular function after TBI are currently being studied. One of the possible strategies may be
the inclusion of ergogenic compounds, which is a class of supplements that typically includes ingredients used by
athletes to enhance their performance. The combination of these compounds offers specific physiological ad-
vantages, which include enhanced energy availability/metabolism and improved buffering capacity. However,
the literature on their effects in certain biological systems and neurological diseases, such as TBI, has yet to be
determined. Thus, the present review aims to discuss the role of ergogenic compounds popularly used in sec-
ondary damage induced by this neurological injury. In this narrative review, we also discuss how the results from
animal studies can be applied to TBI clinical settings.

1. Introduction

Traumatic brain injury (TBI) causes significant behavioral/emo-
tional disabilities and long-term medical complications. Around 69
million individuals worldwide are estimated to suffer from TBI each
year [1]. It is estimated that 1.7 million TBIs/year occur in the United
States of America (USA), in which around 50,000 people die and
275,000 are hospitalized [2]. In the European Union, brain injury ac-
counts for 2.5 million people each year, causing 1 million hospital
admissions and 75,000 deaths [3,4]. This condition is characterized by
a combination of immediate mechanical dysfunction of brain tissue and

secondary damage developed over a longer period of time following the
injury [5]. The attention given to mild traumatic brain injury (mTBI),
which is also known as a concussion, has increased significantly in re-
cent years due to high incidence in professional contact sports. Epide-
miological studies have demonstrated that 3.8 million athletes suffer
concussions in sports including boxing, American Football, and Aus-
tralian Rules Football (AFL), with more than half of the retired pro-
fessional AFL players reporting multiple concussions throughout their
playing career [6,7].

Regarding TBI-induced severity, it is important to note that meta-
bolic and functional deficits after neuronal injury are interrelated
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events. Furthermore, unexpected neurological consequences char-
acterized by late cognitive decline and/or neuropsychiatric perfor-
mance, many years after neuronal injury, reinforce the idea of a dy-
namic element underlying the pathophysiology of TBI [5]. For instance,
it is well known that the variations of cerebral ATP and mitochondrial
phosphorylation capacity (measured by the ATP/ADP ratio) are influ-
enced by TBI severity. However, patients who survive TBI show early
activation of the transcriptional program for mitochondrial biogenesis,
whereas failure to activate the program leads to reduced mitochondrial
content and cellular energetic failure [13], which suggests that mi-
tochondria can be instrumental both in cell failure and cell recovery
after neuronal injury.

In support of this perspective, the inclusion of therapeutic ergogenic
compounds, which is a class of supplements with specific physiological
advantages, in treating neurological diseases has included enhanced
energy availability/metabolism and improved buffering capacity [8].
However, their potential effects on TBI pathophysiology require deeper
analysis. Thus, this review focuses on the impact of ergogenic com-
pounds on energetic metabolism and the consequences for brain func-
tion after TBI (Table 1).

2. TBI pathophysiology

Clinically, traumatic brain injuries (TBIs) are classified by severity:
mild, moderate, and severe. Brain damage in TBI is caused by a com-
bination of a primary mechanical injury that initiates a cycle of sec-
ondary injury effects that include both systemic complications and
cellular injury mechanisms [9,10]. From a metabolic viewpoint, a
crucial event that triggers neural dysfunction is the increased release of
excitatory amino acids, particularly glutamate. TBI-induced ex-
citotoxicity involves the excessive release of glutamate from pre-
synaptic nerve terminals and reversal of astrocytic glutamate uptake,
when there is excessive neuronal depolarization. N-methyl-D-aspartate
(NMDA) receptors (glutamate receptor subtype) are activated in post-
synaptic neurons, opening their receptor-operated cation channels to
allow calcium (Ca2+) influx. Elevated intracellular Ca2+ levels trigger
many cellular pathways, such as the activation of phospholipases in-
cluding calcineurin, proteases including calpains and caspases, tran-
scription factors including c-Fos, c-Jun and c-myc, nitric oxide synthase
(NOS), as well as DNA degrading endonucleases, which characterize
secondary injury mechanisms [11].

Increased extracellular glutamate concentrations also augment
cerebral glucose utilization. In order to promote the re-establishment of
ionic homeostasis, relative hyperglycemia induces extracellular lactate
accumulation [12]. Lactate is the central metabolite in cerebral energy
substrate delivery, since it is the glycolysis product and main substrate
for mitochondrial respiration [13]. In this sense, the lactate/pyruvate
ratio has important diagnostic value to distinguish between ischemia
and mitochondrial dysfunction in TBI patients [14]. In fact, deficits in
mitochondrial bioenergetics occur rapidly following experimental TBI
(< 1 h) and may persist for up to 14 days [15]. Following neuronal
injury, excessive intracellular Ca2+ can exhaust the calcium buffering
ability of mitochondria, causing mitochondrial permeability transport
pore (mPTP) formation. Consequences of mPTP may include loss of
membrane potential and consequent electron transport uncoupling
from adenosine triphosphate (ATP) production, in addition to the re-
lease of pro apoptotic factors and cell death pathways [16]. Ad-
ditionally, mPTP formation leads to the production of reactive oxygen
species (ROS) and free radicals, which may severely damage cells.

The term “hyperglycolysis” is used to connote the extent of meta-
bolic crisis following injury, since cerebral glucose is rapidly depleted
leading to cerebral lactate production. Moreover, brief periods of hy-
perglycolysis in the acute phase (i.e., first few days postinjury) are
followed by global reduction in glycolysis until recovery (weeks to
months postinjury) in humans [17]. Metabolic changes following TBI
are measured by microdialysis in the injured brain and include

excitatory amino acids, ATP utilization (i.e., adenosine, inosine, hy-
poxantine) and depletion, neurotransmitters/neuromodulators release,
cellular membrane degradation (glycerol) induction, and ROS genera-
tion [18]. Emphasizing the association between metabolic dysfunction,
hypercatabolic states, and TBI severity contributes to some symptoms
including fatigue and learning and memory dysfunctions [19]. Other
factors that may transiently or persistently alter energy metabolism
after TBI are decreased by cerebral blood flow (CBF) and cerebral
ischemia, which may induce oxidative stress and, subsequently, mPTP
opening [20].

Oxidative damage plays an important role in cell death pathway
activation, axonal injury, and impaired synaptic plasticity, leading to
cognitive deficits post-TBI [21,22]. Reactive oxygen species (ROS)
generated by dysfunctional mitochondria and reactive nitrogen species
generated through glutamate-mediated NMDA receptor activation can
form the highly reactive species peroxynitrite (ONOO−), which is toxic
to cells. Peroxynitrite induces protein nitration, lipid peroxidation, and
DNA fragmentation, activating caspase independent apoptotic cell
death [23]. Any cellular constituent can be targeted by free radical
damage, some of which increase cellular excitability after neuronal
injury. Sodium‑potassium pump (Na+, K+-ATPase) is one of these
targets, being the main factor responsible for maintaining ion gradients
across plasma membranes and controlling ATP consumption in neurons
[24]. The inhibition of neuronal Na+,K+-ATPase activity with a con-
comitant increase of oxidative stress markers (protein carbonylation
and lipoperoxidation) suggest that failure of this pump increases cel-
lular excitability after TBI [25]. Furthermore, involvement of neu-
trophil infiltration, generation of inflammatory, and free radicals in the
collapses of ion gradient homeostasis after neuronal injury has already
been reported [26,27]. Accordingly, Na+,K+-ATPase inhibition is eli-
cited by prostaglandin E2 [28], suggesting that the major prostaglandin
lipid mediators of inflammation may increase brain excitability and,
thus, contribute to a variety of TBI-induced inflammatory responses.

Frequently, TBI results in chronic disability characterized by mul-
tiple interacting secondary injury cascades. Considering that metabolic
and functional deficits that occur after TBI are interrelated events,
mechanistic studies may open new avenues to better understand TBI
pathology and establish scientific-based rehabilitative strategies. There
are currently few therapeutic options to mitigate the consequences of
TBI, which is probably due to a single mechanism of action [29]. One of
the possible strategies is the inclusion of ergogenic compounds, in-
cluding caffeine, taurine, branch-chain amino acids, creatine, gluta-
mine, and β-alanine. These supplements offer specific physiological
advantages, which include enhanced energy availability/metabolism
and improved recovery capacity [30,31]. Despite the well-recognized
benefits of ergogenic aids in the form of dietary supplements on phy-
sical performance and/or recovery, these compounds were not used in
this context in the present review [32]. Our goal herein is to summarize
and discuss the potential prophylactic and/or therapeutic role of er-
gogenic compounds on the pathophysiology of TBI (Fig. 1).

3. Metabolic effect of creatine/phosphocreatine system in central
nervous system

Creatine (N-[aminoiminomethyl]-N-methyl glycine) is a guanidine
compound endogenously produced by the liver, kidneys, and pancreas
from glycine, methionine, and arginine. Creatine is provided equally by
the diet and endogenous synthesis by the rate-limiting enzyme L-argi-
nine: glycine amidinotransferase (transamidinase), which conjugates
arginine and glycine to produce guanidinoacetate. Then, guanidinoa-
cetate is methylated by S-adenosyl-methionine and catalyzed by gua-
nidinoacetate-methyltransferase (GAMT) to produce creatine [33]. The
circulating creatine enters the cells via specific plasma membrane Na+/
Cl− transporter, creatine transporter, and is transiently phosphorylated
to phosphocreatine (PCr) by creatine kinases. Thus, when energetic
needs are high, PCr can restitute the high energy phosphate bond to
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adenosine diphosphate (ADP) to regenerate ATP, which then becomes
directly available for ATP-driven events [8].

Neurological deficits associated with inborn errors in creatine pro-
duction and its storage reflect the importance of creatine to the central
nervous system (CNS) [34]. Although creatine supplementation in-
creases brain levels by one third as much as our muscular reserves,
neuroprotection exerted by creatine includes enhanced energy buf-
fering, which is a non-energetic role by rephosphorylating ADP that
utilizes a proton (PCr + Mg ADP + H+ → creatine + Mg ATP) [35].
The ability to quench superoxide reinforces its protective effect due to
antioxidant effects. Indeed, improved brain circulation [36] and spe-
cific binding of creatine to benzodiazepine binding sites of gamma
aminobutyric acid type A (GABAA) receptors [37] induced by creatine
suggest neuroprotection. Moreover, PCr promotes glutamate uptake
into synaptic vesicles [38], which may account for its neuroprotective
capacity against glutamate toxicity in neuronal cell cultures [39].

Recently, a considerable body of evidence has suggested a non-en-
ergetic neuromodulatory role for creatine. Creatine is not only syn-
thesized and taken up by neurons, but also released in an action-po-
tential-dependent manner [40]. Furthermore, creatine represents a
neuromodulator that may be released in the synapse, reuptaken by
presynaptic plasma membrane creatine transporter (SLC6A8) and may
either depress post-synaptic GABAergic neurotransmission or stimulate
post-synaptic glutamatergic pathways. In this context, creatine in-
creases the amplitude and number of population spikes in the stratum
radiatum of the hippocampal CA1 subfield. This effect was attenuated
by selective NMDA receptor antagonism. Creatine also increases [3H]
MK-801 binding to hippocampal membranes by 55% [41] and leads to
spatial learning improvement, which is possibly by modulating the
binding site at the NMDA receptor [42] as well as molecular Ca2+/
calmodulin-dependent protein kinase II and cyclic AMP (cAMP)-re-
sponse-element-binding protein phosphorylation [43]. Creatine has
also been described as one of the main cellular osmolytes in muscles
and CNS cells [44,45]. Indeed, in vitro studies involving rat cortical
brain slices and primary astrocytic cultures using 1H- and 31P-magnetic
resonance spectroscopy (MRS) have shown that decreased intracellular
creatine promotes the opposite effect during hyper-osmotic conditions

[46]. Decreased cerebral creatine was also demonstrated in an in vivo
model of hepatic encephalopathy [47]. Finally, creatine has also been
suggested as a potential regulator of the appetite and weight in hy-
pothalamic nuclei [48–50].

Our current knowledge on creatine importance in normal neurolo-
gical function and diseases is evidenced in a myriad of roles. It acts as
potential sensor of cell methylation and energy status, a neuromodu-
lator of GABAergic/glutamatergic pathway, a therapeutic agent en-
dowed with anaplerotic properties, and bestows energetic and anti-
oxidant actions along with osmolyte [5]. Creatine depletion in the brain
may be associated with the disruption of neuronal functions and its
augmentation in excitatory neurotransmitter efflux results in ex-
citotoxicity after TBI. Therefore, it is useful to understand how sup-
plemental creatine works to prevent or attenuate TBI-induced neuro-
logical and bioenergetic dysfunctions.

4. Creatine in TBI

Secondary damage caused by TBI is often larger in extent than the
primary insult and is, at least in part, due to ischemia and cellular
bioenergetic dysfunctions [9]. The reductions in N-acetyl aspartate
(NAA)/Creatine, Choline (Cho)/Creatine, and/or NAA/Cho ratios ob-
served in patients and animals with TBI [51] contribute to persistent
symptoms after TBI. A prospective randomized study with children and
adolescents suffering from TBI revealed that creatine supplementation
improves clinical recovery in cognitive, personality/behavior, self-care,
and communication aspects [52]. Indeed, daily creatine intake at a
dosage of 0.4 g/kg in an oral suspension form for 6 months also de-
creased the duration of posttraumatic amnesia (PTA), intubation, and
time in intensive care [53]. When patients experience rapid and acute
brain or spinal cord injury it seems, however, unlikely that they im-
mediately benefit from creatine supplementation, since exogenous
creatine is absorbed slowly into CNS tissue [54]. These data suggest
that this compound should be delivered as soon as possible after the
insult directly to the injury sites, such as by perfusion of the affected
region or intra-cerebroventricular administration, which are ways that
have been shown to lead to quick increases of creatine levels in the

Fig. 1. Actions of ergogenic compounds in
TBI prevention and/or treatment. In the
schematic drawing above, the black arrows
represent the beneficial effects of compost
on the brain or gut, the blue up-arrows re-
present increases, the blue down-arrows
represent decreases, and the blue shields
represent protection. Creatine acts as an
energetic buffer by keeping the mitochon-
dria in operation, thus, it may contribute to
diminished brain damage. Caffeine is com-
monly used in sports, although it decreases
proinflammatory cytokines and contributes
to minimizing Tau hyperphosphorylation in
the brain. Glutamine decreases neuronal
apoptosis in the brain, and in the gut, it
decreases inflammatory processes and in-
testinal mucosal permeability. Carnitine
contributes to increased antioxidant de-
fenses and decreased cortical lesion, al-
though little is known about its effects. L-
arginine increases cerebral-blood-flow
(CBF) and preserves the blood-brain-barrier
by inhibiting matrix metalloproteinases,
thus diminishing neuronal damage. Taurine
decreases glutamate excitotoxicity effects,
oxidative stress, and increases CBF. For in-
terpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.
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brain [9].
The ability of dietary creatine to alter brain energetics, promote

neurogenesis, and improve brain function safely and effectively opens
up the possibility for creatine monohydrate to provide a novel and
natural strategy for treating TBI-induced psychiatric disorders [55,56].
The high-energy phosphoryl transfer reduction evidenced in TBI pa-
tients is not solely related to neuronal cell loss but may also depend on
energetic impairment due to posttraumatic mitochondrial dysfunction
[57,58]. In fact, perfusion-weighted imaging, three-dimensional (3D)
magnetic resonance spectroscopic imaging, and diffusion tensor ima-
ging (DTI) studies have detected many injuries in patients and animals
with TBI characterized by impaired axonal function, neuronal meta-
bolism, and perfusion [51,59,60].

Furthermore, experimental research has revealed that chronic in-
gestion of creatine before cortical damage increases brain levels of PCr
[61] and ATP maintenance after moderate traumatic brain injury
(moTBI) [62]. The same authors revealed that mitochondrial mem-
brane potential significantly increased, intramitochondrial ROS and
Ca2+ levels significantly decreased, and ATP levels were remained
stable in animals fed with creatine [62]. These results are very inter-
esting since reduced cellular ATP and increased ROS levels in sy-
naptosomes may trigger neuronal cell death, and elevated intracellular
Ca2+ levels trigger proteases and mPTP formation [16,62]. Moreover,
creatine supplementation stabilizes mitochondrial CK activity after TBI,
which is an enzyme associated to the mitochondrial adenine nucleotide
translocator. This translocator inhibits mPTP through structural and
functional interactions [62], an opening channel linked to mitochon-
drial depolarization and swelling, cessation of ATP synthesis, and
apoptosis cascade [16]. The lactate and free fatty acid levels were also
lower in animals treated with creatine before moTBI [63], suggesting
that the mechanistic basis for the neuroprotective effects of creatine
involves alterations of the insult-induced depletion of cellular ATP.
Some evidence has pointed out interesting prophylactic properties of
creatine, and the understanding of post-injury dysregulation is also
essential to establish successful scientific-based strategies. One of these
strategies may be supported by creatine, considering its role in reducing
the initial damage, which limits secondary neuronal death outcomes
and promotes neural repair and behavioral rehabilitation after TBI [5].

It is important to note that the progression of neuronal damage
during the first 1–2 months post-injury corresponds to a period when
most of the electrophysiology alterations imply in an increased excit-
ability at injured tissue [64]. Recent data from our research group re-
vealed that chronic changes in hippocampal GABAergic innervation are
associated to seizure susceptibility induced by TBI and delayed sup-
plementation (one week after neuronal injury) of creatine (300 mg/kg)
protects against TBI-induced GABAergic dysfunction and reduced sei-
zure susceptibility induced by subconvulsant pentylenetetrazole (PTZ),
an effect that persists one week after creatine privation [65]. These
experimental data reveal a great therapeutic window of opportunity for
TBI treatment. Early creatine supplementation has been shown to
protect against fluid percussion injury (FPI)-induced protein carbony-
lation and lipoperoxidation when neural analyses were performed 4-
and 8-days post-injury [66]. However, creatine administration had no
effect on Na+,K+-ATPase inhibition and TBI-induced seizures, which
suggests that the antioxidant effects exerted by creatine do not protect
against early excitatory inputs generated [66]. Furthermore, it is
plausible to propose that protein carbonylation and lipoperoxidation
occur separately from convulsive episodes and the ability of creatine to
reduce this oxidative damage is not related to its anticonvulsant action.
However, this discussion is speculative in nature and the mechanisms of
action for creatine in certain biological systems and neurological dis-
eases, such as TBI, have yet to be determined.

5. Metabolic effect of L-carnitine

L-Carnitine (β-hydroxy-y-trimethylaminobutyric acid) is a small

water-soluble molecule involved in fatty acid metabolisms and phy-
siologically synthesized by using L-lysine and l-methionine as sub-
strates. L-Carnitine is present in red meat (e.g. beef and lamb) and other
sources such as fish, poultry, and milk. Essentially, L-carnitine trans-
ports fatty acid chains into mitochondrial matrix, thus allowing cells to
break down fat and acquire energy from stored fat reserves [67]. L-
Carnitine is also found in plasma and tissue as free carnitine or bound to
fatty acids as acylcarnitine derivatives [68]. In this context, the in-
tracellular homeostasis of carnitine is controlled by different membrane
transporters – the organic cation transporters (OCTNs), which operate
on intestinal absorption and renal reabsorption of L-carnitine and play a
major role in tissue distribution and variations in transport rates.

In mammals, L-carnitine is synthesized mainly in the liver, kidneys,
and in some species by the testis and brain, from essential amino acids
lysine and methionine as ultimate precursors to form trimethyllysine
(TML) [69]. The availability of the intermediate TML limits carnitine
biosynthesis, and most TML is located in skeletal muscles. Conse-
quently, skeletal muscle protein turnover is considered the rate-limiting
step of carnitine biosynthesis [70]. In CNS, acetyl-L-carnitine (ALC) can
cross the blood-brain barrier (BBB) and act as a powerful antioxidant by
preventing brain cell deterioration [71]. Moreover, ALC energizes the
brain by improving the energy metabolism of neurons, equally facil-
itating the release and synthesis of neurotransmitters involved in short-
term and long-term memory, such as acetylcholine [72]. Despite >
95% of the total carnitine in the body being stored within skeletal
muscle tissues [73], ALC supplementation was demonstrated to mod-
ulate cerebral glucose utilization [74,75] and under some metabolic
conditions, blood levels of free acetyl-CoA and ketones may become
important for brain energy substrate [76]. Clinical and experimental
trials with ALC showed that L-carnitine readily enters the brain and may
delay the progression of Alzheimer's disease, relieve depression related
to senility and other forms of dementia, and improve memory in the
elderly [77–81].

6. L-Carnitine in TBI

Although mitochondria plays a pivotal role in cerebral metabolism
and regulation of oxidative stress [82,83], TBI-induced cerebral meta-
bolic crisis displays regional heterogeneity and varies temporally post-
injury and according to injury severity [84,85]. In support of this per-
spective, TBI survivors show depletion of mitochondrial transcripts and
proteins, reduced mitochondrial content, and cellular energetic failure,
in addition to an early activation of the transcriptional program of
mitochondrial biogenesis [86] In this regard, L-carnitine may improve
mitochondrial function by detoxifying free-radicals and enhancing the
activity of endogenous antioxidants [87,88]. In humans, a 7-day enteral
feed with L-carnitine initiated within 24 h after severe TBI (sTBI) sus-
tained both reduced brain edema and preserved neurological function
for at least 90 days [89].

Evidence obtained from animal models of traumatic brain and
spinal cord injury point towards the pyruvate dehydrogenase complex
(PDHC) as a critical metabolic enzyme that is particularly sensitive to
inhibition within a few hours after the event by either oxidative mod-
ifications or serine phosphorylation [90,91]. Considering that the
overall reaction catalyzed by this complex constitutes the bridge be-
tween glycolysis and the first step of the tricarboxylic acid (TCA) cycle,
impairment of the aerobic energy metabolism at the level of PDHC may
potentially be overcome by using alternative fuels that enter the cycle
distal. One of these fuels is ALC, a metabolic intermediate involved in
transmitochondrial-membrane acetyl units trafficking for catabolic and
anabolic metabolism inside the mitochondrial matrix that is converted
into acetyl CoA and free carnitine via carnitine acyl transferases [92].
Consequently, ALC acts as a powerful antioxidant, which helps prevent
brain cell deterioration in several TBI models [93–95] and patients
suffering neurological injury [89,96].

In fact, [93] intraperitoneally (i.p.) ALC administration (100 mg/kg
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in different times after neurological injury reduced cortical lesion by
approximately 50% and protected against moTBI-induced memory
dysfunction in immature rats using cortical controlled-impact (CCI)
models. The neuronal acetyl CoA maintenance elicited by ALC admin-
istration protected against TBI-induced energy metabolism dysfunction
and lactate accumulation [97,98]. It is important to note that exo-
genous ALC administration is also metabolized for energy via the TCA
cycle in astrocytes and neurons within the forebrain [93]. In this sense,
ALC incorporated into GABA, glutamate, and glutamine via TCA cycle
metabolism protects against TBI-induced secondary damage [99]. In
agreement to this view, previous studies have demonstrated the ability
of this compound in activating antioxidant gene expressions [100] and
general anti-inflammatory actions [101]. A previous study utilizing
female Sprague-Dawley rats showed that L-Carnitine reduces oxidative
stress and increases endogenous antioxidant MnSOD, with enhanced
mitochondrial functional markers at 24 h after moderate brain injury
with a small focal lesion [29]. In addition, since metabolic response to
sTBI requires early nutritional resuscitation, plasma free carnitine de-
creases in TBI patients presenting 18 μmol/L median value, which re-
inforces the idea that carnitine and ester acetyl-L-carnitine utilization
have neuro-protective effects [96].

7. Metabolic effect of L-arginine

L-arginine is a basic amino acid engaged in several mammalian
metabolic pathways [102]. L-arginine is it not only a precursor for the
synthesis of proteins, urea, and ornithine, but also polyamines, proline,
glutamate, creatine, and agmatine [103]. Healthy adults synthesize
adequate amounts of L-arginine and an important part comes directly
from the diet [104]. L-arginine is used as a dietary supplement in
subgroups of healthy individuals (i.e. bodybuilders, in whom standard
supplemental doses are 12–18 g/day) and patients with all forms of
malnutrition [105]. On the other hand, under conditions of stress, L-
arginine supplementation must be acquired from the diet to maintain
sufficient circulation and cellular L-arginine for essential bodily func-
tions. In this context, approximately 10–12% of newborns exhibit L-
arginine deficiency, a condition that inhibits normal growth and de-
velopment [106]. Plasma L-arginine is also reported to be insufficient in
low birth weight and preterm infants, as they are susceptible to in-
testinal inflammation and necrotizing enterocolitis [107].

Several factors affect the bioavailability of dietary L-arginine in
infants and adults: the levels of lysine, manganese, and n-3 fatty acids in
the diet and circulating hormones including cortisol, growth hormones,
leptin, cytokines, endotoxins, as well as other biomolecules such as
creatine, lactate, ornithine, and methylarginine [106]. L-arginine is the
only substrate for nitric oxide (NO) production [108]. The NO is in-
volved in several physiological processes including vasodilatation, cy-
totoxicity, immunity, and neurotransmission [109,110]. Considering
that NO production induces vasodilation with a consequent elevation of
blood flow in skeletal muscle during contraction, L-arginine supple-
mentation reduces physiological fatigue by decreasing the plasma
concentration of ammonia [108,111]. The L-arginine (1 g/kg) supple-
mentation before a bout of eccentric exercise also improves the re-
solution of inflammation during the early phase of skeletal muscle re-
pair and increases the expression of myogenic differentiation
[112,113]. Moreover, NO inhibits platelet aggregation and neutrophil
adhesion, in addition to scavenging superoxide generated during and
after maximal or submaximal exercise [114]. Indeed, L-arginine has a
protective role against oxidative stress, and this action is likely medi-
ated via its interaction with superoxide (O2

·−) [115], inhibition of the
xanthine oxidase pathway (an enzyme that produces ROS in rats sub-
jected to hypoxia), and increased expression and/or activity of anti-
oxidant enzymes [116–118].

8. L-Arginine in TBI

Regarding the effects of L-Arginine on TBI-induced pathophy-
siology, it is important to note that under physiological conditions, the
amino group containing compounds exert fundamental biochemical
roles in CNS [119]. For this reason, TBI studies have mainly focused on
amino acid involvement in neurotransmission, especially regarding
changes in their extracellular concentrations [120–122]. Considering
that O2

·− produced by TBI can inactivate NO by converting it to
ONOO−, NO maintenance elicited by L-arginine restores CBF, reduces
neuronal damage, and protects against tyrosine nitration after TBI
[123–126]. Moreover, NO production by neuronal and endothelial ni-
tric oxide synthase (eNOS) also plays an obligatory role in CBF reg-
ulation, thus L-arginine-induced vasodilatation may decrease in-
tracranial pressure after TBI [123,127–129]. L-arginine has intrinsic
capabilities to cross the BBB and increment CBF without detrimentally
increasing intracranial pressure [124,130,131]. Arginine-rich peptides
also maintain mitochondrial integrity, reduce brain extracellular matrix
destruction, and preserve BBB by inhibiting matrix metalloproteinases
after TBI [132]. In this context, experimental research has shown that
300 mg/kg of L-arginine given within 5 min after neurological injury is
the best dosage and therapeutic window to increase CBF
[124,126,127,133] and neuron density in the hippocampal CA1 sub-
field [130], and reduce contusion volume [127,130], intracranial
pressure [130] and nitrotyrosine-positive neurons in the cortex and
hippocampus after TBI. Notably, contusion volume was only reduced
when L-arginine was used 5 min or 1 h after TBI, although no adverse
effects when it was administered 48 h after injury [130]. In humans,
300 mg/kg administered 12 and 24 h after sTBI did not change in-
tracranial pressure or brain oxygenation, despite increasing internal
carotid artery flow volume [134].

Many studies have suggested that the psychiatric, physical, and
biological aspects of posttraumatic stress disorder (PTSD) may be as-
sociated with dysfunctions in several cellular processes including NO
production [135–139]. Global arginine bioavailability, which is a
marker of NO synthetic capacity in vivo, is lower in veterans with PTSD
and negatively associated with some inflammation markers as well as
with measures of PTSD symptom severity [140]. Reduced responsive-
ness to L-arginine after TBI may indicate that excessive damage to the
cerebrovascular endothelium hinders its response and eNOS activity is
inhibited, uncoupled, or L-arginine is diverted to another competing
pathway, such as arginase. In line of this, arginase is the rate-limiting
enzyme for ornithine production that serves as the precursor for proline
and 4-hydroxyproline synthesis that form collagen [141–143]. Con-
sidering that TBI decrease collagen synthesis, it is plausible to propose
that L-Arginine-induced collagen maintenance may be an important
process of restoring BBB function after neuronal injury [141].

9. Metabolic effects of taurine

Taurine (2-aminoethane sulfonic acid) is an abundant free amino
acid in the brain, retina, and skeletal muscle not used to synthesize
proteins [144–146]. A small portion of taurine is produced in the liver
and brain by two pathways. In the first way, it occurs from cysteine
oxidation to cysteinesulfinic acid, is catalyzed by cysteine dioxygenase,
decarboxylated by cysteine sulfonate decarboxylase, and oxidated by
the resulting hypotaurine to taurine by a putative hypotaurine dehy-
drogenase [146]. In the second one, cysteine is incorporated into
coenzyme A, followed by the release of cysteamine during coenzyme A
turnover [147].

In the human body, taurine is absorbed from food throughout the
small intestinal brush border membrane through Na+ Cl− dependent
channels, such as taurine transporter (TauT) and the H+/amino acid
transporter 1 (PAT1) [146,148]. In recent years, energy drinks with a
high content of taurine (1 g/250 mL) have become more frequent and
present positive effects in the Peripheraland Central Nervous System
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(CNS) through relaxation of pre-contracted airway smooth muscle cells
in the lungs [149], and improvement of myocardial oxygen consump-
tion, electrical activity, and exercise capacity in response to exercise in
heart failure patients [150]. High taurine concentrations also increase
Ca2+ accumulation rates in the sarcoplasmic reticulum and stimulate
the process of excitation–contraction of skeletal muscles [151]. On the
other hand, taurine depletion is associated with muscle cramping and
exercise-induced muscle injury [152,153].

Peripheral taurine may be transported into the brain through the
BBB by taurine transporters (TauT) [154,155]. Protective taurine ef-
fects occur through Ca2+ channel inhibition, such as Na+/Ca2+ pumps,
voltage-gated calcium channels (VGCCs), including L-, N-, and P/Q-
types, and NMDA receptors [156–158]. Such inhibition reduces the
glutamate-induced excitotoxicity [156,159] that activates the calpains,
resulting in the inhibition of cytochrome C release and apoptosis cas-
cade [156]. In addition, taurine influences proliferation signaling
pathways of neural stem cells [160,161], acts as a mitochondrial
modulator and protector [162–167], antioxidant [168–170], and can
maintain cell membrane stability through the relation with Na+/Ca2+

exchanger [156]. In addition to the beneficial effects as an ergogenic
aid, taurine has potential therapeutic effects on several disorders, such
as depression [154], diabetes mellitus [171], ischemic stroke [172],
and TBI [173–175].

10. Taurine in TBI

It is well known that TBI alters the concentration of free amino acids
in the CNS [119,176–180]. Considering taurine acts as an osmolyte in
cell volume regulation [176], the extracellular taurine increase [176] in
severely brain-injured patients [178] is attributed to a compensatory
effect on glutamate-induced cell swelling [181–184]. In this manner,
taurine interacts with NMDA receptor subtype, decreases the glutamate
binding [156–158], and neutralizes glutamate excitotoxic effects after
TBI. Recently, studies have supported the hypothesis that post-trau-
matic cytotoxic edema is directly related to mitochondrial function
[185,186]. In this sense, taurine has been proven to improve the ac-
tivity of respiratory chain complexes by depressing mitochondria-
mediated cell death [187], removing free radicals such as O2

·− and
decreasing oxidative stress [173,188]. Considering that mitochondrial
function is closely connected to glutamate toxicity, Ca2+ overload, and
ROS production, a recent study concluded that taurine promotes an
anti-glutamate toxicity effect by maintaining the normal mitochondria
structure and respiratory complex activity [173].

In agreement to this view, Sun et al. [175] tested different doses (2,
5, 15, and 50 mg/kg) of taurine administered intravenously (i.v.)
30 min after TBI. The authors showed that taurine protects against
body-weight loss and neurological dysfunctions characterized by oxi-
dative stress and neuronal death in the hippocampus (CA1 and CA3
subfields) 7 days after TBI in a dose-dependent manner [189]. Simi-
larly, taurine (50 mg/kg, i.v., 30 min and 4 h again after TBI) attenuates
corpus callosum damage and hippocampal neuronal death (CA1 and
CA3 subfields), in addition to suppressing the over-activation of cal-
pain, which represents protective effects against grey and white matter
damage [190]. However, other studies involving TBI have utilized an
even higher dose of taurine (200/mg/kg) to attenuate or reverse TBI-
induced dysfunction [173,174,191]. In this context, 200 mg/kg of
taurine administered by tail i.v. injection once a day for 7 days after
TBI, in addition to CBF, reduced neuron damage (cortex and hippo-
campus) and apoptosis rates, alleviated mitochondrial swelling, and
increased the activities of respiratory complexes I and II [173]. Essen-
tially, in all animal cells including astrocytes and neurons, the me-
chanism to adjust cell volume in response to osmolarity change is
preserved to prevent disruption of the cytoarchitecture and maintain
normal cell functions [192]. In order to re-establish their normal vo-
lume after swelling, astrocytes release taurine through a process termed
regulatory volume decrease via volume-sensitive organic osmolyte/

anion channel [193]. In TBI, such cell swelling is known as cytotoxic
edema. Indeed, taurine concentration increases after TBI according to
the duration of the cytotoxic edema observed morphologically in
human patients [176,178,194,195].

11. Metabolic effects of glutamine

Circulating glutamine is the most abundant amino acid [196] and
makes up > 20% of free amino acid pool in the blood and 40% in the
muscles [197]. Glutamine is a crucial amino acid for the organism
[198,199], and particularly under catabolic conditions, its consumption
is augmented by the kidney, immune compartment, and gastro-
intestinal tract [200]. The diet can serve as a source of glutamine (a
non-essential amino acid) from digested foods absorbed through the
small intestine, although the human body can also synthesize it. Glu-
tamine is maintained at a constant level in the circulation due to de
novo synthesis and release from skeletal muscles, the lungs, and adipose
tissues [201,202]. To maintain acid–base homeostasis, the kidneys re-
lease ammonia from glutamine, and nitrogen excess is eliminated by
the liver and kidneys as urea from glutamine via the urea cycle [203].

Glutamine is absorbed into the cells by transporters [204] to be later
used for biosynthesis or exported from cells by antiporters in exchange
for other amino acids [205]. Glutamine is converted to ammonium ions
and glutamate by mitochondrial glutaminases into cells. Thus, gluta-
mate can be converted to α-ketoglutarate, which enters the TCA cycle
to generate ATP through nicotinamide adenine dinucleotide and flavin
adenine dinucleotide production. Glutamate can also contribute to tri-
peptide glutathione synthesis (glutamate-cysteine-glycine). In this re-
gard, glutathione peroxidase neutralizes hydrogen peroxide, being the
best known pathway by which glutamine controls ROS levels [206].

In physical exercises, for instance, glutamine supplementation is
reported to occur during recovery after marathon running [207,208].
The ergogenic benefits are related to increased strength, quicker re-
covery, decreased infection frequency [209], prevention of overtraining
[210], decreased proinflammatory cytokines [211], and intestinal
permeability [212], along with increased anti-inflammatory cytokine
levels [207,213]. Furthermore, glutamine increases heat shock protein
expression [214,215] when associated with exercise [216]. Activation
of the heat shock response leading to the inactivation of the nuclear
factor-kappa B (NF-κB) inflammatory pathway may be the mechanism
of cytokine inhibition provided by glutamine supplementation
[217,218].

It is important to note that formulas containing elevated nutrient
levels associated with immune modulation may positively influence
immune response to stress in adult surgical and trauma patients [219].
Promising results from the feeding of enteral diets with specific ad-
ditives, such as glutamine, arginine, omega-3 fatty acids, probiotics,
symbiotics, and nucleotides have been reported recently, with various
studies suggesting decreased septic complications, hospital costs or
even mortality rates [220–222]. In this context, the understanding of
how supplemental compounds, such as glutamine, may be applied to
prevent or attenuate TBI-induced neurological dysfunction is extremely
important.

12. Glutamine in TBI

Low plasma glutamine levels are associated with worse clinical
outcomes, thus adequate nutrition may benefit patient care with TBI
[223]. There is reluctance in using nutritional strategies through glu-
tamine for TBI patients because it may result in increased intracerebral
glutamate levels, which are associated to neuronal damage and apop-
tosis [224]. However, Berg and colleagues revealed that glutamine in-
fusion (200 mg/mL for 20 h) following sTBI in humans increased
plasma glutamine levels by 30%, although plasma glutamate con-
centrations remained unaltered [225]. In addition, Nägeli [226]
showed that high doses of L-alanine-L-glutamine (0.75 g/kg via
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continuous iv infusion for 5 days) increased plasma and brain glutamine
and alanine levels, which were not associated with potential glutamate-
mediated cerebral injury, thus suggesting positive effects of glutamine
in TBI patients. However, the authors did not include only L-alanine or
L-glutamine groups for more detailed comparisons [226]. Notably, this
was the only study found to combine the selected ergogenic compounds
considered in this review.

Traumatic brain injuries may also induce persistent inflammatory
responses, several histopathological changes, and promote apoptosis in
the intestine [227,228]. In this sense, TBI experimental studies have
demonstrated that supplementation with glutamine (3% glutamine
mixed powdered chow) 5 days after parietal cortical injury by the
weight-dropping method decreased intestinal NF-κB activity, NF-kB
p65 protein expression, concentrations of proinflammatory cytokines,
and reduced apoptosis in the gut of male rats [229,230]. Indeed, Zhang
[231] showed that glutamine supplementation protects against in-
testinal mucosal permeability and increased dopamine receptor ex-
pression after TBI. Fu et al. [232] evaluated the combination of hy-
perbaric oxygen treatment with glutamine nutritional therapy in TBI
outcomes for controlled cortical impact and showed that this combi-
nation was effective in reducing neuronal apoptosis and improving
neurological function in rats with TBI.

Clinical studies have investigated the enteral glutamine supple-
mentation effect on immune function, wound healing, and length of
hospital stays [233]. Glutamine supplementation after TBI normalizes
the total lymphocyte and activated T helper lymphocyte counts, the
response of lymphocytes to mitogens, as well as interleukin-2 plasma
levels [234]. The effects of glutamine on TBI-induced damage may be
an interesting target for therapeutic intervention for recovery and
ameliorate functions in patients affected by this event.

13. Metabolic effects of caffeine

Caffeine (1,3,7-trimethyl-xanthine) is a purine alkaloid and con-
sidered the most widely consumed stimulant in the world [235]. About
80% of the world population consumes it daily and it is estimated that
four out of five American individuals ingest it through food or drinks
(coffee and tea) [236]. Caffeine is rapidly absorbed through the gas-
trointestinal tract in approximately 45 min, its plasma concentration
peak is between 30 and 90 min, and its half-life is nearly 4–6 h
[237,238]. This compound undergoes metabolism in the liver by the
cytochrome P450 (CYP) enzyme CYP1A2. The enzymatic activity re-
sults in the primary metabolite paraxanthine (72–80%), however,
theobromine and theophylline are also formed in smaller concentra-
tions [239].

This stimulant compound exerts action in multiples pathways in the
body. Caffeine may antagonize adenosine receptors (A1, A2A, A2B, and
A3), being mostly mediated by the inhibition of high-affinity receptors
A1 and A2A [240,241]. Many intracellular signaling pathways, in-
cluding the cAMP pathway, affect these G-protein coupled receptors.
The A1 and A3 subtype receptor activation leads to adenylate cyclase
enzyme inhibition through an inhibitory G protein, decreasing in-
tracellular levels of cAMP. On the other hand, the activation of A2A and
A2B receptors stimulates adenylate cyclase of a stimulatory G protein
by increasing the intracellular levels of cAMP [242]. In vascular smooth
muscle cells, caffeine inhibits the cAMP degradating-enzyme (phos-
phodiesterase) by stimulating its intracellular signaling [243]. Caffeine
also acts as a full agonist in ryanodine receptors and mobilizes Ca2 ions
from within the sarcoplasmic reticulum [241].

The pharmacological effects of caffeine include increased energy
metabolism, decreased smooth muscle contraction, neurotransmitter
release, and increased blood pressure [244]. Moreover, caffeine is one
dietary component that has been extensively investigated for its role in
sports. In fact, several reviews have documented the ergogenic prop-
erties of caffeine in endurance sports as well as in repeated or sustained
high-intensity events [245,246]. In terms of endurance performance,

caffeine may be ergogenic by sparing muscle glycogen, increasing force
production, decreasing perceptions of pain, and stimulating the CNS,
which delays fatigue and enhances athlete performance [247–249].

14. Caffeine in TBI

The ability of caffeine to ameliorate some neurodegenerative dis-
orders has been proven in several studies, as it modulates many path-
ways in the organism [250]. Most studies discuss a relationship be-
tween the neuroprotective effect of caffeine and A2A receptor
antagonism, which leads to decreased excitatory neurotransmitter re-
lease [251]. To determine the role of caffeine in TBI-induced patho-
physiology, cerebrospinal fluid (CSF) concentrations of caffeine and its
metabolites (theobromine, paraxanthine, and theophylline) were mea-
sured in adults after sTBI. Favorable Glasgow outcome scale was seen
more often in patients with increased CSF caffeine concentrations, in
addition to the fact that the caffeine metabolites theobromine and
paraxanthine were also associated with favorable outcomes [252]. The
authors speculate that caffeine may be neuroprotective by the long-
term upregulation of adenosine A1 receptors or acute inhibition of A2A
receptors [252].

Three weeks of caffeine administration in mice showed neuropro-
tection following a CCI characterized by neurological deficits, cerebral
edema, and inflammatory cell infiltration (Li et al., 2008). The same
study also revealed that chronic, but not acute caffeine administration,
decreased glutamate release and inflammatory cytokine production,
both effects correlated with an upregulation of brain A1 receptor mRNA
after TBI. Furthermore, chronic caffeine consumption 3 weeks before
TBI attenuates the decreased density and morphological degeneration
of dendritic spines. Pharmacological A2 antagonism elicited by pre-
vious caffeine supplementation (0.25 g/L/day) reduced the level of tau
phosphorylation and attenuated dendritic-spine degeneration, cogni-
tive dysfunction, and spatial memory dysfunction induced by TBI
[253], suggesting an interesting role of this ergogenic compound
against TBI.

Nevertheless, many mechanisms involved in the evolution of sec-
ondary damage after TBI suggest that adverse and/or lack of protection
of caffeine is associated with the dose and its effects through different
pathways. For instance, caffeine at doses of 50, 100 or 150 mg/kg given
i.p. 30 min before moTBI/sTBI increased righting latency, neurological
deficiency, and mortality in a dose-dependent manner, in addition to
exacerbating neutrophil infiltration, edema, disruption of the BBB, se-
vere hemorrhage, and augmented lipid peroxidation [254]. This ex-
acerbation of adverse outcomes after TBI is possibly a result of a
blockade of adenosine receptors [254]. In another interesting study, 5
or 15 mg/kg of caffeine administered i.p. 30 min before TBI was in-
effective in protecting against neurological deficits, apoptosis index,
and glutamate and proinflammatory cytokine levels, while the dose of
50 mg/kg resulted in seizure activity and animal death [255]. However,
25 mg/kg of caffeine given i.p. right after sTBI prevented lethal apnea
and epileptiform bursting reduction after sTBI, suggesting a potential
role in modulating epilepsy development, although the compound did
not change neuromotor function and histological outcomes [256]. To-
gether, these studies with dose-response approaches in rodents indicate
that a single dose of caffeine lower than 15 mg/kg or > 50 mg/kg is
ineffective to counteract TBI and may even aggravate TBI-induced
disturbances.

Ning et al. tested the use of caffeine (0.25 g/L/day) before (bTBI),
after (aTBI), and before and after (baTBI) blast-induced TBI. Caffeine
given before and/or after TBI improved memory deficit and protected
against excitotoxicity, inflammation, astrogliosis, and neuronal loss at
different stages of injury [257]. Notably, baTBI played positive a role in
both early and prolonged stages of TBI, while bTBI and aTBI tended to
exert neuroprotective effects (including adenosine A1R gene expres-
sion) at early and prolonged stages of TBI, respectively [257]. After-
wards, the same authors compared mice treated with caffeine (0.25 g/
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L/day) for 29 days and withdrawal for one day before blast-induced TBI
with the baTBI protocol explained above. The baTBI group showed
alleviated brain injury, although the group also presented increased
cumulative and time-segmented mortality postinjury [258]. However,
more importantly, withdrawing caffeine intake before TBI resulted in
favorable outcomes in mortality [258], although in vitro and in vivo
animal studies suggest caffeine may also have a therapeutic role in
patients with TBI, despite the risks and benefits of this ergogenic
compound being controversial. Thus, long-term pre-clinical and clinical
studies are necessary to better understand the action of caffeine in this
neurological disease.

15. Conclusions

In summary, TBI is commonly followed by significant behavioral
disabilities including permanent neurological disabilities and a wide
range of behavioral and emotional problems. Clinical and experimental
evidence suggests that the pervasive effects of TBI disrupt brain plas-
ticity due to the inability of the brain to metabolize energy. In this
context, a better understanding of neurological adaptations after this
neuronal injury may provide important information necessary to de-
velop new and more effective therapeutic strategies. One possible
strategy may be the inclusion of ergogenic compounds, which is a
popular term used for any device intended to enhance athletic perfor-
mance, despite there being currently no FDA-approved therapeutic
treatment for TBI. Although their functions are often unreported in
clinical practice and poorly studied in animal models of TBI (many
studies published in low-impact journals), promising results from er-
gogenic compounds suggest formulas containing nutrients that offer
specific physiological advantages, including enhanced energy avail-
ability/metabolism and improved buffering capacity, which may posi-
tively influence the treatment of TBI-induced pathophysiology.
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