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Abstract

Recognition and diagnosis of sports-related concussion (SRC) among adolescents has significantly increased. In,
fact, among high school adolescents, SRC incidence has more than doubled from 2007 to 2014, with recent es-
timates at approximately 2 per 100 athletes. SRC-related research has also increased; recognition of symptoms
that may prolong recovery have been examined, potential biomarkers have been scrutinized, return-to-learn
and return-to-play protocols have been developed and honed. However, to date, clinicians and researchers have
struggled to find effective interventions to mitigate the significant symptoms after SRC and shorten recovery
times. Despite the understood role of the brain as the primary regulator of metabolism, and the well-established
metabolic impairments evoked after a concussion, nutrition is often ignored as a core complement to the re-
covery and rehabilitation process. In this article, we will identify deficiencies and/or inadequacies in nutrients
post-concussion and provide support for potential exacerbation of injury and delayed recovery due to inadequate
intake of nutrients prior to sustaining an SRC. Additionally, we will discuss the effect of derangement of the
metabolic cascade post-concussion, and identify key nutrients, that if supplemented immediately post-injury,
could increase neuroprotection, and improve recovery outcomes. Animal and cell culture studies have provided
substantial evidence for not only the interrelationship of nutrient adequacy and the adaptation in the metabolic
cascade post-concussion on neuroprotection, but also key nutrients that if supplemented immediately post-injury

could enhance standard of care with minimal risk.

Introduction

Sports-related concussion (SRC), like other acute traumatic brain
injuries (TBIs), involves mechanical forces that shear neuronal,
glial and endothelial membranes, inducing a complex pathophysi-
ologic process that adversely affects the brain.!2 Collectively,
these forces induce a primary response involving neuronal and
tissue damage, which is subsequently amplified by a ‘secondary
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injury’ phase in response to membrane and cellular damage.? This
encompasses a cascade of biochemical changes that impairs func-
tion of the blood—brain barrier, compromises oxygenation and po-
tentiates further tissue damage.*

Targeted patient education and improved protective equipment
has led to some decrease in primary injury.’ However, to date, the
adverse health effects of secondary injury (e.g., sleep disruption,
depression, impulsivity, decline in cognitive function, migraine,
impaired vision) have not been met with effective treatment. It is
generally considered that decline in neuropsychological function-
ing is transient, resolving to pre-injury benchmarks within 7-10
days,® with the timeline paralleling the acute neurometabolic
events triggered by the concussive impact.” However, reports link-
ing the injury to long-term declines in cognitive functioning,®° de-
pression and mild cognitive impairment has propagated substantial
scrutiny of the “transient nature” of SRC,!%12 particularly during
adolescence.

The injured adolescent brain poses a unique complexity to un-
derstanding the pathophysiology of concussion from the incident
to the recovery process which extend investigation beyond adult
trauma, '3 rodent models and cell culture towards longitudinal stud-
ies assessing the short- and long-term intricate cognitive, emotion-
al, behavioral, neurobiological and neuropathological consequenc-
es of concussions that can also identify predictors and modifiers
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of outcomes.'* Clinical studies have focused predominantly on
descriptive or observational investigations into qualitative symp-
toms and/or semi-quantitative analysis of cognitive impairments.!3
As such, important elements of the underlying pathophysiology
of concussion have been delineated through experimental models
and reports of the long-term effects of concussion in adult athletes
(e.g., the National Football League).

Data collected in adults and animals, however, are unable to ac-
count for developmental differences and changes in mental status,
respectively. For example, Kerr et al.1® highlighted a difference in
return-to-play times in adolescents demonstrating the unique adap-
tions and recovery during this critical developmental period and
highlighting the need for enhanced management in this popula-
tion. Given the unique cascade of series of adaptive neurometa-
bolic responses that take place in the brain following a head injury,
optimizing treatment strategies—particularly during the critical
adolescent brain developmental period—are needed.

We review research evidence for potential benefits of nutrition
as medicine in SRC and explore the contention of how nutrient in-
adequacies affect such. According to this concept, neurometabolic
consequences contribute to the development and persistence of
post-concussive symptoms after SRC in some youth. We hypoth-
esize that a) nutrition supplementation initiated immediately post-
SRC represents a key component of rehabilitation with particular
relevance in adolescents; and b) the poorer outcomes in females
can be explained at least in part by greater inadequacies of nutri-
ents in females relative to their male counterparts prior to sustain-
ing a concussion. Addition of nutrition as medicine to guidelines
that emphasizes prompt supplementation is encouraged.

A key pathophysiological phenomenon after a mechanical
trauma to the brain is the complex cascade of neurochemical and
neurometabolic events and consequent alterations in cerebral me-
tabolism and blood flow, which may result in an energy crisis.”!718
Two major alterations of glucose metabolism have been described:
hyperglycolysis (and thus hyperglycemia) and oxidative dysfunc-
tion (rampant activation of the inflammatory cascade). Particular-
ly, glutamate release from damaged cells leads to excitotoxicity,
mounting an adverse response including the influx of Ca* through
glutamate receptors and voltage-gated Ca®* channels.!®2? This in
turn activates calcium-dependent proteases, such as calpains and
lipases, which degrade membrane phospholipids, leading to the
release of fatty acids.”!7:!8 Fatty acids (primarily arachidonic acid,
the precursor of eicosanoids) are released from membranes and
transformed into pro-inflammatory eicosanoids which exacerbate
tissue injury by inducing vasoconstriction and platelet aggrega-
tion, increased inflammation, and production of free radicals.?!
Within hours, there is also activation of complex dynamics of local
cytokine and chemokine production. Concomitantly, synthesis and
release of anti-inflammatory factors such as the -3 polyunsatu-
rated fatty acid (PUFA) docosahexanoic acid (DHA) are oxidized
as fuel; thus, their role as structural components of membranes
needed for cellular repairs is attenuated.??

The stress response is also known to induce gluconeogenesis
and glycogenolysis, as well as the release of cortisol, further exac-
erbating hyperglycemia and as a consequence augmenting cellular
injury and secondary response.”!”!8 Increased glutamate release
and subsequent increased lactate production (and acidosis) are also
associated with hyperglycemia. Although a general characteriza-
tion of the post-concussion adaptive responses exists, each concus-
sion is unique, with developmental stage, sex and race differences
observed in addition to brain region that was affected.

We contend supplementation-specific dietary components alone
and/or in combination have the potential to positively influence
and to effectively treat the neuroinflammation associated with
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SRC. Despite the understood role of the brain as the primary regu-
lator of metabolism and the well-established metabolic impair-
ments evoked after a concussion, nutrition is often ignored as a
core complement to the recovery and rehabilitation process. Here-
in, we will identify deficiencies and/or inadequacies in nutrients
post-concussion and provide support for potential exacerbation of
injury and delayed recovery due to inadequate intake of nutrients
prior to sustaining an SRC.

Specifically, among high school adolescents, SRC incidence
has more than doubled from 2007 to 2014,23 with recent estimates
at approximately 2 per 100 athletes.?* Rapid changes in brain or-
ganization and development occur in adolescence, with profound
reshaping of the prefrontal, parietal temporal-associated, and sen-
sorimotor cortex prior to achieving adult-like connections by the
mid-20s. These areas, which do not fully mature until approxi-
mately 18 years of age, play a substantial role in executive func-
tions such as problem solving and decision making.'# Paralleling
the structural changes are changes in cerebral glucose metabolism
and cerebral blood flow.?

Although post-concussed adolescent athletes often display no
gross neural pathologies and have no immediate threat to their life,
profound biochemical changes induced by injury in immature,
highly-sensitive structures (e.g., the prefrontal cortex, hippocam-
pus, hypothalamus) during this critical developmental stage can
increase risk for several neuropsychiatric conditions, with far-
reaching acute and chronic systemic effects. Brain injury, of any
severity, in the developing brain is complicated by ongoing cer-
ebral maturation.?® Of crucial importance in prognosis is the rapid
increase in reactive stressors that heighten the metabolic demand
on the brain.?’

Concussion induces inflammatory sensory stimulus that is
preferentially transmitted to brainstem and specific hypothalamic
nuclei which have direct connection to the hypothalamic paraven-
tricular nucleus. Specifically, activation of the inflammatory cas-
cade, increased protein catabolism and altered energy metabolism
have been well-established as inducing long-term adverse effects
on the developing brain via altered neuroendocrine and physiologic
processes.?® Increased inflammation markedly affects neurotrans-
mission within emotional regulatory brain circuits and can dys-
regulate the hypothalamic-pituitary-adrenal axis. Consequently, a
strategy that enhances the brain’s response against harmful effects
of inflammation and protein catabolism may potentiate damaging
post-concussive effects in the stress-sensitive brain structures of
the adolescent athlete.

Energy (macronutrient) and micronutrient (vitamin and min-
eral) needs during adolescence are relatively high, as compared
to in adulthood. While few studies have evaluated the dietary pat-
terns of young athletes, particularly those participating in sport
at the community/high school level and especially based on sex,
race/ethnicity and socioeconomic status, it has been reported that
dietary intakes in young athletes are reportedly superior to their
non-athletic counterparts.?*-32 However, the increased demands of
competition in the context of growth and development imply that
the potential consequences of a deficiency may be more detrimen-
tal in athletes.

To get a better understanding of how certain nutrients may aid
in the treatment of SRC, it is important to understand the neuromo-
lecular cascade that occurs in the brain after a concussion, which
has been best studied in animal TBI models.** Observational data
consistently show that during the initial post-concussed state, ener-
gy and protein deficits are apparent and are associated with worse
outcomes. Insufficient micronutrient intakes in the general popula-
tion adolescent population can profoundly impact energy and ma-
cronutrient metabolism, particularly for the B vitamins, vitamin D
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and iron. In this review, we will demonstrate specific nutrients can
be utilized for post-SRC supplementation based on their putative
roles in the mechanisms of brain injury.??

Energy crisis

In an effort to restore cellular homeostasis and membrane potential,
hyperactive adaptive responses of adenosine triphosphate (ATP)-
requiring ion pumps occur, causing hyperglycolysis and concomi-
tant low intracellular energy reserves.® In the context of reduced
cerebral blood flow (due to edema), a mismatch between energy
supply and demand ensues. Disturbance in intracellular calcium
flux, manifests into sequestration of calcium into mitochondria,
which can then result in mitochondrial dysfunction, exacerbate
oxidative metabolism and worsen the cellular energy crisis. Af-
ter an initial period of hyperglycolysis and metabolic uncoupling,
glucose metabolic rates go into a state of hypoglycolysis. Energy
crisis is associated with behavioral impairments in spatial learning
as well as altered gene expression and enzyme/transporter regula-
tion, which may underlie long-term sequelae.

Glucose

The post-injury energy crisis and glucose metabolic disturbance is
exacerbated by increased flux of glucose through the pentose phos-
phate pathway and inhibition of key glycolytic enzymes. Emerg-
ing data suggest that under these post-brain injury conditions of
impaired glycolytic metabolism, glucose may not be the best fuel
for the injured brain.3*-3¢ While the neuroprotective benefit of a
ketogenic diet after SRC has yet to be investigated systematically,
some studies in animals have demonstrated improvement in contu-
sion volume and behavioral outcomes with a ketogenic diet.3’

Protein

Protein and its amino acid building blocks play critical roles in
various metabolic and energetic pathways. As a substantial amino
acid pool does not exist, protein homeostasis depends upon a func-
tioning system of protein degradation and recycling.?® The effects
of energy crisis trigger protease activation and apoptotic cell death,
limiting protein synthesis. Further, the profound increases in rest-
ing energy expenditure in the injured brain and associated negative
nitrogen balance induce transient protein inadequacy.?®

The lack of availability of essential amino acids due to sec-
ondary inflammatory cellular damage not only adversely affects
cell survival and function in the injured brain but can also induce
system-wide detrimental effects. Increased protein catabolism is
observed within 24 hours of injury, and low levels of branched-
chain amino acids (BCAAs), histidine and methionine have been
shown to persist 2 months after injury.**-*} Protein catabolism and
subsequent hypoalbuminemia can also disrupt mineral availability
(e.g., zinc, iron),** further exacerbating oxidative stress.*S Restora-
tion of protein and nitrogen balance may reduce oxidative stress
secondary to concussive injury and facilitate recovery.*®

Beyond protein synthesis, essential amino acids, provided only
through the diet, serve as a substrate for key molecules. For exam-
ple, BCAAs are integral in overall energy metabolism, regulation
of gluconeogenesis and protein synthesis, as well as functioning
as a major source of nitrogen for glutamine and nitric oxide pro-
duction. As such, inadequate protein and BCAA availability in the
post-concussed state impacts a number of biological processes,

Casazza K. et al: Nutrition in sports-related concussion

including cytoprotection and gene expression.*” While it has been
suggested that protein inadequacy may be related to a decreased
overall intake following a brain injury, a study of healthy fasted
volunteers versus individuals with a traumatic brain injury, in
which both groups had not eaten for 7 hours demonstrated signifi-
cantly greater protein catabolism in TBI. Given that the adolescent
athlete requires approximately 1.2-1.5 g/protein/day to maintain
lean body mass and normal protein synthesis, protein supplemen-
tation post-concussion is a reasonable strategy to improve out-
comes following a SRC.

BCAAs

In the brain, BCAAs serve as important metabolic precursors for
synthesis of proteins and neurotransmitters, including dopamine,
serotonin and norepinephrine.*® Following brain injury, BCAAs
become readily oxidized, potentially contributing to the metabolic
crisis post-SRC. Lower BCAAs in TBI patients relative to controls
has been observed in various studies.**#34? BCAA supplementa-
tion in rodents has been shown to restore net synaptic efficiency
and hippocampal function and consequent restoration of cognitive
function.30-52

Creatine

Creatine is well-known for its use in athletes for purported benefits
regarding muscle hypertrophy. However, as a biochemical effect
in the central nervous system (CNS) via phosphorylation of adeno-
sine diphosphate (ADP) to make ATP, and theoretically decreasing
hyperglycolysis and oxidative damage, creatine has emerged as a
potential treatment of concussions.>* The primary role of creatine
in the body involves energy homeostasis via maintenance of con-
stant cellular ATP levels in tissues with highly fluctuating energy
demands (i.e. muscle and brain).>5% The creatine-ATP energy
system enables rapid, efficient ATP regeneration in the absence
of oxygen. The system decreases glycolysis and the consequential
synthesis and accumulation of lactic acid.

Assessment of creatine pre- and post-concussion by magnetic
resonance spectroscopy has shown decreased levels in the brain
after sustaining a concussion.5® A potential antioxidant effect has
also been hypothesized. In animal models, creatine supplementa-
tion pre-TBI has demonstrated a neuroprotective effect on mito-
chondrial function and secondary injury.>” Human studies, though
limited to severe TBI, have shown increased cognitive function
and decreased headache and dizziness.

DHA

PUFAs, specifically o-3, are essential for the rapid neurogenesis
during brain development as well as neuroprotection across the
lifespan.5® Dietary depletion has been shown across species to
impair structural and neuronal development and function in early
life.% In addition to the structural role, ®-3 PUFAs, particularly
DHA, are involved in multiple brain functions, including cell
membrane fluidity, receptor affinity and modulation of signal
transduction molecules.®!~% The mechanisms involved in ®-3
PUFAs’ neuroprotection over the life course (including injury)
include decreased neuroinflammation and oxidative stress, neuro-
trophic support and activation of cell survival pathways. The level
of total -3 PUFAs in plasma is inversely correlated with the level
of pro-inflammatory markers (IL-6, TNFa, IL-1 and C-reactive
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protein (CRP)) and the ®-6/m-3 PUFA ratio is negatively corre-
lated with IL-10 anti-inflammatory marker.

®-3 PUFAs are synthesized through desaturation and elongation
reactions from their precursor, an 18-carbon-atom fatty acid, alpha-
linolenic acid (ALA), which is available in the diet.** However,
the -3 PUFA required by the CNS is essential, and not produced
de novo in mammals. Under pathological conditions, including
SRC, phospholipases rapidly release PUFAs from membranes.>®
The accumulation of free fatty acids activates inflammatory path-
ways through cell-specific receptors and activation of protein
kinases. In turn, a large number of lipid mediators augment oxi-
dative stress and induce mitochondrial dysfunction.®> DHA, the
primary structural @-3 PUFA present in the brain, preferentially
accumulates in the frontal cortex and hippocampus, constituting
up to 97% of the o-3 PUFAs in the brain. It is converted to ox-
ylipin intermediates, thus rendering high CNS demands for DHA
unattainable.® The unavailability of DHA in such instances as
TBI, affects physical properties of membranes via alteration of
transmembrane enzymes and binder receptor proteins as well as
neurotransmitter synthesis and release.®® Substantial evidence for
animal studies investigating ®-3 PUFA supplementation before or
after TBI supports a protective effect of ®w-3 PUFA on the brain
by limiting structural damage to the axon and attenuating events
inducing neuronal apoptosis.

While an adequate supply of DHA is recommended, worldwide
consumption is low, with most adolescents having an inadequate
intake of -3 PUFA.®7 Dietary sources of DHA are limited, with
cold-water algae being the primary producers of DHA and EPA.
Fish are also rich sources of DHA due to a diet consisting of algae.
Dietary intake of the essential FA and precursor to DHA a-linolenic
acid (ALA; 18:3n-3) is generally much higher.%%%° Although ALA
can be metabolically converted to DHA, the conversion rate is low.
Further, diets higher in ALA seem to limit the conversion rate by
increasing the rate of ALA oxidation,”” and contemporary food
manufacturing has dramatically altered the ®-3/w-6 PUFA ratio in
the Western diet. There has been an increase in o-6 PUFA intake
and concomitant decrease in ©-3 PUFA intake.

In humans, dietary supplementation with DHA against acute
and chronic inflammation within the CNS was first reported as
case studies (i.e. lone survivor of the Sago Mine disaster, TBI after
a motor vehicle accident in an adolescent), in which recovery ap-
peared to be associated with supplementation of PUFAs. Supple-
mentation of DHA has been shown to reduce glutamate-induced
excitotoxicity and both axonal and neuronal injury through mod-
ulation of ion channels. In embryonic hippocampal and cortical
neuron cultures, supplementation with DHA has been shown to
increase neurite number and length.”! In rodent models, DHA sup-
plementation post-moderate TBI was shown to decrease number
of axon apoptosis and to increase hippocampal neurons as well
as decrease pro-inflammatory cytokines and markers of oxidative
stress.71-76

Rodent models have also been fairly consistent in demonstrat-
ing a beneficial effect of DHA supplementation through multiple
signaling pathways in brain injury, spinal cord injury and cardiac
ischemia-reperfusion.®S Specifically in models of head injury,
prophylactic supplementation with DHA attenuates white matter
damage, as evidenced by fewer beta amyloid precursor-positive
axons, enhanced preservation of myelin, and protection of neu-
rofilament morphology.”>77-8" Further, DHA supplementation has
been shown to allay glutamate cytotoxicity, suppress mitochon-
drial dysfunction and the eventual development oxidative stress,
decrease calcium influx, and down-regulate a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor subunits.8! While
the preservation of white matter undoubtedly aids in maintaining
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neurocognitive function following injury, the blunting of injury-
induced reductions in molecular elements important for learning
may also play a role.8?

While the precise mechanism by which DHA confers a neuro-
protective effect is multifaceted and not completely understood,
it likely includes a series of mutual mechanisms that enhance the
structural integrity of neurons, thereby diminishing the secondary
pathological sequelae (i.e. neuroinflammation, impaired energy
metabolism, glutamate release) that occurs post-injury. In summa-
ry, -3 PUFAs have been shown to address several of the hallmark
pathologic features of brain injury, such as excitotoxicity, oxida-
tive stress, and inflammation. A dose-dependent relationship ex-
ists, whereby plasma phospholipid DHA concentrations increase
up to a dosage of approximately 2 g/day, after which any further
increase in dose negligibly increases plasma phospholipid concen-
tration.®” However, despite substantial evidence from rodent mod-
els of TBI, human-based studies examining the neuroprotective
effects of DHA have been limited to clinical case studies.

Vitamin D

Vitamin D, most notably studied for its role in calcium homeosta-
sis, has emerged as a significant contributor to a broad range of
physiologic activities, including muscle function, metabolic con-
trol and immune modulation. More recently, it has been identified
as a substance with substantial involvement in brain development,
health and function.®® The vitamin D receptor (VDR) protein is
reportedly expressed broadly in the brain, including the neurons
and glial cells.®* Further, 1,25(OH)D appears to influence neuronal
cell differentiation and exert neuroprotective actions against cyto-
toxicity. Vitamin D deficiency exacerbates inflammatory response
and cell death.®3

The role of vitamin D supplementation post-TBI and/or inves-
tigation of the role of vitamin D deficiency on outcomes following
TBI was recently reviewed.? A significant reduction in phospho-
rylation of nuclear factors, which in turn stimulate downstream
genes involved in the inflammatory cascade, were shown to be
reduced by vitamin D treatment post-TBIL.35 In separate studies,
Tang et al.3¢ and Cekic et al.37 demonstrated that vitamin D defi-
ciency was associated with more adverse pathophysiological out-
comes following TBI. Of note, an estimated 40% of adolescents
have insufficient vitamin D.8 Further, in a clinical sample, Hua et
al.® observed improved functional outcomes with vitamin D sup-
plementation post-TBI.

Despite its emergence as an integral cofactor in brain health,
there have been no clinical trials to assess the efficacy of vitamin
D as a treatment for mild TBI. Studies conducted in other aspects
of neurocognition (i.e. stroke, Alzheimer’s, dementia) have es-
tablished an association with vitamin D insufficiency and suggest
prevention of vitamin D deficiency may serve a valuable role as a
neuroprotective therapy.*590:91

Thiamin

Restoration of energy metabolism and membrane homeostasis
may reduce oxidative stress secondary to concussive injury and
facilitate recovery. “Much of the role in neuronal excitability has
been derived from the evaluation of effects of alcohol on thiamine
diphosphate in the context of the brain and Wernike-Korsakoff
syndrome. The synergistic effects of thiamin deficiency and alco-
hol-induced neurotoxicity from excessive glutamate release elicit
acute cerebral damage and subsequent irreversible neuronal dam-
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age.”®? It is biochemically analogous that, in TBI, changes due
to inadequate thiamin primarily involve decreased activity of the
enzymes, a process that leads to energy deficits as a consequence
of impairment of the tricarboxylic acid (TCA) cycle which can
ultimately lead to neuronal apoptosis.

Altered energy metabolism, secondary to unavailability of thia-
min co-factors, also results in the development of lactic acidosis
in response to impaired TCA cycle activity. This acidosis can con-
tribute to cytotoxic brain edema, a contributor to excitotoxicity,
as well as a net increase in free radical production and oxidative
stress along with development of inflammatory processes. Because
thiamin represents an integral cofactor involved in processes asso-
ciated with the metabolism of lipids, glucose, amino acids and neu-
rotransmitters, inadequate levels can lead to severe complications
in the nervous system.?® Diminished availability of thiamin in the
brain profoundly limits enzyme activity, leading to alterations in
mitochondrial activity, impairment of oxidative metabolism, de-
creased energy status, and exacerbation of secondary injury path-
ways.”?

Accumulating evidence indicates that deficiency in thiamin in-
duces mild chronic impairment of oxidative metabolism of micro-
glia, astrocytes and endothelial cells, as well as abnormalities of
cerebral glucose metabolism. This in turn, increases neuronal apo-
ptosis. In animal models, thiamin inadequacy is associated with
pathology of brain injury.®* Compromised mitochondrial function,
is also apparent and leads to increased free radical production that
contributes to neuronal dysfunction and apoptosis. Further, inad-
equate thiamin dysregulates glucose metabolism, which induces
alterations in cerebral blood flow, along with compensatory stimu-
lation of lactic acidosis, which contributes to impairments in the
blood-brain barrier (BBB) breakdown. BBB disruption then leads
to decreased fatty acid synthesis, which itself can lead to demyeli-
nation and decreased nucleic acid synthesis.??

Niacin

Niacin (nicotinamide; vitamin B3) is regarded as a broad-spectrum
neuroprotectant. Its role is as a precursor for NAD+, the coenzyme
commonly known for its role in the electron transport chain, al-
lowing for the production of ATP.45 Activation of microglia in TBI
causes up-regulation of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase and activation of the inflammatory cas-
cade and consequent cytotoxicity. Nicotinamide supplementation
has been shown to attenuate secondary damage in TBL>

The mechanistic underpinnings of the purported benefits have
been linked to increased bioavailability of ATP to cells following
the neural insult, an inhibition of injury-induced poly-adenosine
diphosphate-ribose polymerase-1 (PARP-1) and sirtuin-1 activa-
tion, both of which act to deplete NAD+ and reductions in apoptot-
ic and necrotic death. The decrease in NAD+ is that which is often
linked to apoptosis. NAD+ theoretically provides cytoprotection
through pathways that involve poly(ADP-ribose) polymerase, Akt,
mitochondrial membrane potential and cysteine protease activity,
and prevents apoptosis by maintaining DNA integrity as well as
protects against microglial activation with subsequent phagocytic
destruction of cells.”® Niacin is also actively involved in redox re-
actions, modulates the mitochondrial permeability transition pore
and replenishes nicotinamide adenine dinucleotide phosphate lev-
els with resultant increases in glutathione reducing free radicals
produced following injury.

Direct and indirect inhibition of PARP-1, has also been re-
ported to have beneficial effects on tissue and behavior following
injury, while activation of the PARP-1 pathway has been shown
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to be detrimental. In clinical trials, nicotinamide supplementation
has been reported to significantly reduce injury volume, decrease
glial fibrillary acidic protein activation, reduce the blood brain
barrier breach, reduce acute edema, reduce behavioral impair-
ments, and improve outcomes.”” Additionally, niacin treatment has
been shown to counteract gene expression changes due to TBI via
down-regulation of genes activated by injury.

Iron

The increased need for iron in adolescents to support growth, ex-
pansion of red blood cell volume and addition of lean body mass
have been long appreciated. Iron is important to maintain adequate
hemoglobin concentrations as well as total iron stores during
growth. Furthermore, it is well documented that iron deficiency
anemia can lead to fatigue, performance, and learning ability.?8:%?
Brain injury is associated with iron deficiency and has been shown
to exacerbate symptoms of fatigue and muscle weakness.!”0 In
turn, iron deficiency impairs erythropoiesis and enhances erypto-
sis, resulting in anemia. Improper distribution of iron within the
body has been suggested to contribute to the iron deficit in the
erythropoietic system and iron overload in the substantia nigra
in neuroinflammatory conditions, such as Parkinson’s disease.!"!
Moreover, iron modulates dopamine synthesis and re-uptake (as
does vitamin C at the level of dopamine B-hydroxylase); tyros-
ine hydroxylase, an enzyme responsible for dopamine synthesis,
is iron-dependent. Iron deficiency has also been shown to impair
dopamine re-uptake in rodents.!?

Sex differences in concussion outcomes

Although arguably confounded by across-sport participation num-
bers and inconsistencies in baseline measures, sex differences in
both the incidence and outcomes of concussions have been re-
ported.193:1%4 Collectively, in evaluations of sports played by both
sexes (e.g., soccer, baseball/softball, basketball), concussions rep-
resented a greater proportion of total injuries in females, with a
greater number and severity of symptoms, poorer outcomes, and
longer duration to recover.!%®195-111 The mechanisms underlying
this sex difference are unclear, and may in part relate to biological
differences that are compounded by cultural distinctions in how
concussions are reported and managed. Proposed differences in
neck strength, movement biomechanics and symptom reporting
prevalence in females compared with males have been suggested.
However, we contend dietary factors likely play a substantial role.

Nutrition parameters in adolescent athletes are sparse, with the
majority focused at the college level. In female collegiate athletes,
Sato et al.""? reported blood thiamin concentration decreased sig-
nificantly during training, with a greater magnitude in females.
Iron balance of the female adolescent athletes, beyond the tradi-
tional explanation of dietary intake/iron loss balance, has emerged
as a significant concern. A recent study among collegiate athletes
observed 2.2% iron deficiency anemia and 30.9% iron deficien-
cy without anemia in females, as compared to 1.2% and 2.9%, re-
spectively, in males.!'? Further, Sandstrom and colleagues recently
reported lower serum iron and elevated hepcidin in the athlete
group relative to that in the non-athlete group.''4

Impaired iron balance also influences metabolic fuel availabil-
ity and associated growth hormone (GH) function.'* In addition,
inadequate iron suppresses ghrelin concentrations. Moreover, iron
deficiency coupled with impaired GH function observed in SRC
may reduce free fatty acid availability to further lower serum glu-
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cose concentrations and enhance muscle protein degradation. !

Key points

e  Although impaired glucose metabolism is characteristics
of SRC under post-brain injury conditions of impaired gly-
colytic metabolism, glucose may not be the best fuel for
the injured brain.

e Protein is essential for normal brain energy metabolism.
Inadequacy leads to a wide-ranging cascade of events,
many of which overlap, and may interact, ultimately re-
sulting in neuronal apoptosis.

e  Given the consistent reporting of depressed endogenous
levels and absence of adverse outcomes from supplemen-
tation of BCAAs, supplementing appears feasible.

e A potential synergistic effect of creatine supplementation
post-SRC on muscular and cognitive function warrants in-
vestigation.

e  Animals supplemented with ©-3 PUFAs consistently ex-
hibit enhanced resilience to TBI, with functional outcomes
mirroring those biological indicators of injury, even fol-
lowing multiple mild TBIs, similar to that which would
be observed in repetitive sports-related concussive injuries
over a lifetime of play.

e  Thiamin is essential for normal brain energy metabolism.
Inadequacy leads to a wide-ranging cascade of events,
many of which overlap, and may interact, but ultimately
result in neuronal apoptosis.

e  Evidence for improved outcomes using vitamin D supple-
mentation, particularly in those who are deficient, lends
credence to the potential for use to limit complications.

Future directions/prospective/prediction

Because of the complex and multifactorial nature of the adverse
effects of the TBI process, identifying a single strategy that will
be sufficient to address the sequelae of physical, behavioral and
cognitive manifestations is unlikely. However, capitalizing on the
multitude of beneficial effects of dietary components represents a
cost- effective strategy for reducing both the cognitive and behav-
ioral deficits. Further study in humans is needed to demonstrate
the utility of post-concussive supplementation for cognitive and
behavioral recovery after mild TBI.

While nutritional intervention has been shown to change meta-
bolic function in cell culture, brain function in animal models of
mild TBI as well as other neurological populations, some impor-
tant unanswered questions remain. For example, with similar se-
verity of injury, why are complications more severe among some
individuals? Will baseline nutritional status prior to concussion in-
fluence response to treatment? We hypothesize that the differences
in response to and recovery from concussion include physiologic
as well as environmental factors.

Though improving treatment post-concussion has received
recent attention, lack of baseline data describing the underlying
processes limits identification of a successful approach to improve
long-term outcomes and elucidate differences in complications be-
tween sexes as well as emerging differences among racial groups.
Future studies will require a pre-participation baseline assessment
in student athletes. Given the intense consequences of lack of fuel
availability for recovery of the injured brain, with little informa-
tion on the nutritional needs in the still developing adolescent
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brain, evaluation of baseline nutritional status (i.e. energy metabo-
lism, essential nutrient adequacy) is required.

Conclusions

Treatment strategies of adolescents sustaining an SRC often in-
clude principles, guidelines and recommendations developed for
adults. A number of unique concerns remain with respect to the
developing brain, including the greater susceptibility to long-term
sequelae. The sudden and profound “neurotoxicity” induced by
biochemical changes following SRC manifest energy crisis, mi-
tochondrial dysfunction, activation of the inflammatory cascade,
and metabolic vulnerability to nutritional inadequacies. Prompt
initiation of nutritive therapy represents an integral facets of con-
cussion management. Concussive outcomes may differ in terms
of the precise underlying biochemical anomalies and functional
impairments, and by sex.

Current best-practice guidelines recommend a period of cogni-
tive and physical rest, followed by a gradual return to school and
activity, with little (if any) focus on restoring metabolic sufficien-
cy. The concept of physical and cognitive rest as the cornerstone
of concussion management asserts that during the acute (1-7 days,
which are arguable longer in youth) post-injury period of increased
metabolic demand and limited ATP reserves, non-essential activity
draws oxygen and glycogen away from injured neurons. This “shut
down” or “dark closet” approach following concussion ignores nu-
trition as a key component of therapy.

Nutrient adequacy is essential for compensatory metabolic reg-
ulation, yet is often overlooked as a critical component to metabol-
ic recovery after concussion. Sufficiency of endogenous substrates
is a strong determinant of recovery and rehabilitation; thus, nutri-
tion supplementation represents a viable and valuable component
of treatment, particularly in adolescents post-SRC.
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