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Brain injury occurs in two phases: the initial injury itself and a secondary cascade of pre-
cise immune-based neurochemical events. The secondary phase is typically functional
in nature and characterized by delayed axonal injury with more axonal disconnections
occurring than in the initial phase. Axonal injury occurs across the spectrum of disease
severity, with subconcussive injury, especially when repetitive, now considered capa-
ble of producing significant neurological damage consistent with axonal injury seen in
clinically evident concussion, despite no observable symptoms. This review is the first
to introduce the concept of environmental subconcussive injury (ESCI) and sets out
how secondary brain damage from ESCI once past the juncture of microglial activation
appears to follow the same neuron-damaging pathway as secondary brain damage
from conventional brain injury. The immune response associated with ESCI is strikingly
similar to that mounted after conventional concussion. Specifically, microglial activation
is followed closely by glutamate and calcium flux, excitotoxicity, reactive oxygen species
and reactive nitrogen species (RNS) generation, lipid peroxidation, and mitochondrial
dysfunction and energy crisis. ESCI damage also occurs in two phases, with the pri-
mary damage coming from microbiome injury (due to microbiome-altering events) and
secondary damage (axonal injury) from progressive secondary neurochemical events.
The concept of ESCI and the underlying mechanisms have profound implications for the
understanding of chronic traumatic encephalopathy (CTE) etiology because it has previ-
ously been suggested that repetitive axonal injury may be the primary CTE pathogenesis
in susceptible individuals and it is best correlated with lifetime brain trauma load. Taken
together, it appears that susceptibility to brain injury and downstream neurodegenerative
diseases, such as CTE, can be conceptualized as a continuum of brain resilience. At
one end is optimal resilience, capable of launching effective responses to injury with
spontaneous recovery, and at the other end is diminished resilience with a compromised
ability to respond and/or heal appropriately. Modulating factors such as one’s total
cumulative and synergistic brain trauma load, bioavailability of key nutrients needed for
proper functioning of restorative metabolic pathways (specifically those involved in the
deactivation and clearance of metabolic by-products of brain injury) are key to ultimately
determining one’s brain resilience.

Keywords: subconcussion, axonal injury, chronic traumatic encephalopathy, lipopolysaccharide, environmental
neurotoxins
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INTRODUCTION

Chronic traumatic encephalopathy (CTE) is conceptually a
devastating neurodegenerative disease that develops later in
life in susceptible individuals with history of repetitive head
injury. Early in 2011, researchers at the VA-BU-CLF Brain
Bank, the largest tissue repository in the world focused on
traumatic brain injury (TBI) and CTE (1), concluded that CTE
“is a neurodegenerative disease that occurs later in the lives
of some individuals with a history of repeated head trauma.
The exact relationship between repetitive mild traumatic brain
injury, with or without symptomatic concussion, and CTE is
not entirely clear, although it is possible that repetitive axonal
injury sets up a series of metabolic, ionic and cytoskeletal
disturbances that trigger a pathological cascade leading to CTE
in susceptible individuals” (2). There has been intense medical
and scientific focus on this issue and the field of CTE research
in general, and more specifically, efforts to better understand
the risk of repetitive brain trauma and its relationship to CTE
causation. Recent reports have been critical of initial stud-
ies noting flaws in the reporting of CTE cases (inconsistent
definition) and the scientific process (selection bias of autopsy
cases and absence of healthy controls), thereby prompt-
ing much controversy and debate within the medical and
scientific communities (3, 4). Most of the controversy stems
from the use of samples of convenience rather than random,
which inherently limits the ability to accurately determine
the prevalence of CTE in the general or specified population.
However, that being what it may, the original studies and their
conclusions seem to be consistent with mounting evidence
that supports a role for repetitive axonal injury from concus-
sions, with and without clinically evident symptoms, and the
consequent downstream neuroimmune activation, ionic shifts,
and cellular flux has on toxic proteinopathies such as amyloid
beta (AB), tau and TAR DNA-binding protein 43 (TDP-43),
cognitive dysfunction, and impaired neurotransmission that
are features classically seen in CTE (2). TDP-43 is an important
RNA-binding protein, which appears to partly colonize with
p-tau, accumulating in the frontal and temporal lobes. This
mislocation and accumulation of TDP-43 is a classic feature of
CTE, with >85% of cases presenting with some level of abnor-
mal accumulation, and severe deposits present in advanced
cases. The location of this TDP-43 pathology has a deleterious
effect on personality, behavior, and cognitive function (5, 6).
Two diverse patterns related to AP emerge in chronic cases of
CTE; approximately 50% of cases present with significant dif-
fuse amyloid plaque, while the remaining cases are essentially
devoid of diffuse amyloid plaque (2, 7). CTE also presents with
significantly more white matter injury than seen in a number
of neurodegenerative diseases (3). This may be a function of
the prominent axonal injury associated with the secondary
biochemical cascades seen in conventional concussion from
biomechanical force (contact sports, military activities, and
motor vehicle accidents) (3, 8, 9). Subconcussions, defined as
“blows to the head generating enough force to disrupt neuronal
integrity without resulting in clinically evident symptoms”
(3, 10), are a relatively recent focus of research. With the advent

of helmet technology capable of measuring the magnitude of
force, studies are now providing evidence that athletes who
are exposed to multiple hits of <15 g-force over a season
experience similar brain damage (affecting neuronal health
and white matter integrity, and impairing cognitive function)
as those with concussion (3, 10, 11). While some may argue it
is not clear if the g-forces measured from the helmets correlate
to the g-forces applied within the brain, this line of evidence
underscores the notion that subconcussions are much more
damaging than once thought (10, 11), and one could argue
they are in fact a subcategory of brain injury. Based on this
new level of insight on brain damage from subconcussions,
scientists are now taking a broader view of CTE etiology by
stating that “CTE appears to be most correlated with ‘total
lifetime brain trauma, which can be defined as a combination
of subconcussive brain trauma and concussions” (12), and
this is best measured as a cumulative dose of exposure over a
lifetime (11).

It is important to note that, while there has been considerable
progress made on understanding the correlation between repeti-
tive brain injury and CTE, the context of this understanding is
limited to repetitive brain trauma from biomechanical forces such
as motor vehicle accidents, contact sports, and military activities.
Of particular relevance to understanding CTE susceptibility, spe-
cifically among those who develop CTE apparently in the absence
of any overt repetitive brain trauma is an independent stream
of research that shows similar brain damage coming from non-
biomechanical forces, such as environmental toxins and endotox-
ins (9, 13). Brain insults arising from these external factors appear
to follow the same pathophysiology of glutamate excitotoxicity,
tauopathy, mitochondrial, and oxidative dysfunction that is seen
in secondary injury from conventional brain injury (9, 13, 14).
Furthermore, environmental toxins and bacterial endotoxins
seem to have profound synergistic properties that magnify their
effects even at seemingly inconsequential exposure levels (7). If
brain trauma from both biomechanical and non-biomechanical
forces exerts its effect via neuroimmune activation mechanisms
of secondary brain injury, then it is plausible that any event
generating enough effect, either additive or synergistic, to trigger
neuroimmune activation, whether biomechanical in nature or
not, should be accounted for when considering an individual’s
history of repetitive brain trauma. The physiological interplay
involved in CTE is complex, and many critical questions remain.
Cases with history of (clinically evident) repetitive brain injury
and yet void of any CTE pathology are also of interest, and speak
to the needed elucidation of the mechanistic roles of neurodam-
age versus neuroprotection in CTE susceptibility.

This review article explores two novel concepts: environmen-
tal subconcussive injury (ESCI), a term coined by the author to
depict environmental toxicant exposure sufficient to stimulate
neuroimmune activation, ionic shifts, and other secondary
neurochemical events resulting in axonal injury, and diminished
brain resilience (DBR), a concept first presented by the author
in 2014 to describe a specific physiological state of nutritional
functional deficiencies and altered microbiome created by
modern-day exposures and lifestyle choices thatlead to a dimin-
ished capacity to respond and recover from brain insults (15).
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In this review article, the author explores the question “do
individuals with high level of exposure to environmental toxins
have different brains or physiology that in turn affect how they
respond to further brain insults and injury?”

Before going into the discussion of how ESCI is involved in
brain resilience, it is worthwhile to review the current under-
standing of the physiological response to brain injury. Damage
from brain injury occurs in two phases. The initial phase is the
occurrence of injury itself and is where axonal shearing and tissue
damage is often recognized as a direct consequence of the initial
force of impact, especially from a rotational force (8). The second
phase of brain damage comes from a cascade of neurochemical
events that begin at the time of injury and continue for days,
weeks, or even months (11, 16). This ongoing secondary phase
results in delayed axonal white matter injury with a greater num-
ber of axonal disconnections than is seen during the initial injury,
and it is synonymous with secondary brain damage (8).

Axonal white matter injury, also referred to as traumatic
axonal injury or diffuse axonal injury, is evidenced by impaired
white matter structural integrity, axonal stretching, swelling,
and ultimately disconnection. This occurs across the spectrum
of brain trauma severity, including mild traumatic brain injury
(mTBI) and subconcussion (3, 8). Axonal injury (secondary
brain damage) is more often functional in nature, resulting from
altered cellular or physiological milieus such as ionic shifts,
altered metabolism, and dysfunctional neurotransmission. It
strongly correlates with cognitive dysfunction, poorer quality of
life, and an increased risk to subsequent brain injury, the latter
perhaps due to slower reaction time among other factors (8, 17).
Microstructural injury or secondary brain damage is generally
not visible with mainstream computed tomography imaging and
diagnostic magnetic resonance imaging but is detectible with
more sensitive imaging technology such as diffusion tensor imag-
ing (DTI), which is better at detecting microstructural changes
of white matter following brain trauma. Unfortunately, DTI is
currently used mostly in a research rather than clinical setting
(11,17).

As the secondary cascade of neurochemical events and injury
progresses, clinically relevant symptoms associated with early
stages of CTE emerge revealing difficulties of concentration,
disorientation and dizziness, impaired memory/cognition, and
affective disorders such as impulsivity, aggression, depression,
suicidality, and ultimately diminished motor control (3).

CONCUSSIVE BIOMECHANICAL FORCE:
MECHANISMS OF INJURY

Brain injury activates an early and primary (innate) immune
response dominated by two activation events of microglia, the
brain’s dominant immune cells (18), and toll-like receptors
(TLRs), specialized proteins critically involved in the innate
immune system’s response to danger (19-21). The immune
response can be described as a double-edged sword, with one
side mounting a rapid and largely destructive response to injury
or invading pathogens, and the other side providing a restorative,
cooling down process that returns physiological homeostasis

after the danger has passed. In the case of brain trauma, these
early and primary activation events are critical for mTBI-induced
inflammatory signaling for tissue repair, removal of debris, neuro-
genesis, and eventual dampening of the immune response. The
immune system, however, also responds rapidly to danger from
either injury or invading pathogens with the release of neurotoxic
substances, extracellular and intracellular accumulation of toxic
glutamate and Ca++, respectively, blood-brain barrier (BBB)
breakdown and reactive oxygen species-induced lipid peroxida-
tion (LP) (16, 21, 22). The complex interplay of multiple destruc-
tive post-injury response events sets the stage for profound
energy crisis and impaired glucose metabolism, which occurs
acutely 3-5 days post-injury (17).

NEUROIMMUNE ACTIVATION, IONIC
SHIFTS, AND CELLULAR FLUX

As described earlier, the initial reaction to brain injury is an
immune response. The inflammatory response to brain trauma
is associated with activation of innate immunity, specifically via
TLRs. TLRs are pattern-recognition receptors that respond to
pathogens via pathogen-associated molecular patterns (PAMPs)
and tissue injury via damage-associated molecular patterns
(DAMPs). In response to central nervous system (CNS) infec-
tion and/or injury, PAMPs and DAMPs bind to TLRs to elicit an
immune response (23). TLR4, the most studied TLR, has evolved
as the receptor that responds to pathogenic infections, specifically
via interaction with lipopolysaccharide (LPS), a potent endotoxin
of Gram-negative bacteria (24). What is now increasingly com-
ing to light is that TLR4 responds to BOTH pathogenic infection
from Gram-negative bacteria/LPS AND tissue injury from TBI
with strong evidence that TLR4 activation is pivotal in brain
trauma and the secondary neuroinflammatory events that lead
to CNS neurodegeneration and neural injury (21, 24). TLR4
activation is also implicated in astrocyte signaling, a step critical
for tissue repair/scarring and neurogenesis post TBI (16, 21, 25).
In the brain, microglia primarily express TLR4, the activation of
which stimulates microglia (26) to start the deleterious neuro-
chemical cascade of events post-injury. TLR4 is also expressed by
astrocytes and neurons among brain cells (21). TLR4 activation
and its pivotal role in response to brain trauma have profound
implications, which will be made clear shortly, to increased risk of
DBR, vulnerability to subsequent brain insults, and downstream
neurodegeneration in pathologies such as CTE.

Another primary immune event is microglia activation. One
of the most profound consequences of this early and primary
event is increased glutamate levels from indiscriminate efflux
of massive amounts of glutamate from both activated microglia
and astrocytes, as well as impaired glutamate homeostasis and
clearance from dysfunctional glutamate transport systems.
Glutamate is the primary excitatory neurotransmitter in the CNS
and is critical for normal brain functioning including memory,
cognition, and learning. However, in high amounts, extracel-
lular glutamate is toxic, leading to tissue injury via excitotoxicity
(27). Accumulation of excessive extracellular glutamate over-
stimulates glutamate receptors, increasing axonal membrane
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permeability and triggering a toxic increase of intracellular
Ca++. This indiscriminate efflux of glutamate followed by an
influx of Ca++ is a critical step in glutamate excitotoxicity, which
is central to secondary axonal injury. This is a delayed degenera-
tive process that involves, among other things, lethal metabolic
changes, free radical generation, and mitochondrial dysfunction,
which ultimately leads to axonal disconnection and neuronal
death (8, 9, 15).

Magnesium, one of the brain’s most abundant ions, is essential
in virtually every biochemical and physiological function includ-
ing oxygen uptake, energy production, metabolite transport, and
as an ionic gradient, to name a few (15, 28). Research shows that
the increase in intracellular Ca++, and its subsequent accumula-
tion in mitochondria, is essential for the efflux of magnesium
from the mitochondria (29). Of clinical relevance, a rapid and
prolonged drop in magnesium is correlated with a significantly
worse prognosis (15), perhaps as a result of the generation
of cytokines that stimulate a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptors, making cells more sensitive
to excitatory neurotransmitters like glutamate (15, 30). Moreover,
as described in Section “Energy Crisis and Reduced Glucose
Metabolism,” magnesium is needed to stabilize ATP and create
bioavailable energy.

Cholesterol loss is also known to follow glutamate-mediated
excitotoxicity and requires high levels of intracellular Ca++ (31),
a recognized state in the secondary neurochemical cascade of
brain trauma (32). This “dumping” of cholesterol has significant
implications to concussion pathophysiology, yet is rarely, if ever,
mentioned. Cholesterol is a major regulator of neural function and
synaptic transmission and a key component of lipid rafts, which
among other things are involved in endocytosis and intracellular
signaling for cell survival. Reduced cholesterol impairs glutamate
intracellular storage in vesicles, and membrane cholesterol loss
inhibits synaptic transmission (31).

ENERGY CRISIS AND REDUCED
GLUCOSE METABOLISM

As with the pattern of ionic shifts noted above, there is a well-
documented pattern of energy demand and glucose metabolism
that follows brain injury (17, 33). Post-injury, there is an acute and
intense increased demand for energy as ATP-dependent pumps
rev up in an attempt to stabilize ionic gradients perturbed by the
injury. The increased demand for energy from ATP-dependent
pumps creates a state of hyper or intense cerebral glucose metabo-
lism precisely when there is significantly reduced cerebral blood
flow (CBF). This mismatch between supply and demand leads to
a profound energy crisis (17).

Moreover, there are other contributing factors that increase
the demand for ATP and/or reduce the synthesis or availability
of ATP/cellular energy thereby exasperating the energy crisis.
One such factor is cholesterol, which is critical for, among other
things, proper neurotransmission and appropriate storage of
glutamate within cellular vesicles. In the adult brain, neurons
rely on astrocytes to facilitate synthesis of cholesterol, an energy
intense process, which adds to an already high demand post

trauma (31, 34), which is likely one of the reasons there is a prolif-
eration of astrocytes observed post-injury. In 2012, Sodero et al.
postulated that “at least some of the typical signs and symptoms
of the pathological conditions that are accompanied by exces-
sive glutamatergic neurotransmission such as stroke, epileptic
seizures, or TBI, may be due to glutamate-triggered cholesterol
dyshomeostasis” (31).

On the other end of the equation of supply and demand is the
supply or bioavailability of enough ATP to meet the increased
energy demand. A few factors come into play in this regard.
Magnesium is a cofactor of ATP, making it critical for ATP bio-
availability (35). Like cholesterol, studies show a rapid and pro-
longed decline of this important ion, post-injury. The increased
demand of magnesium for ATP bioavailability occurs when it is
in short supply, a mismatch of supply and demand like that of the
energy crisis. This drop in magnesium supply would pragmati-
cally lead to a situation where even if adequate amounts of ATP
were being produced, the lack of magnesium would essentially
add to the energy crisis, with insufficient levels of bioavailable
ATP. Fluoride, a ubiquitous chemical is also known to inhibit
ATP bioavailability (36).

The brain depends on a steady supply of glucose for proper
metabolism, and CBF is critical for aerobic glucose metabolism
(37). After acute injury, increased glycolysis with resulting
pyruvate and lactate production is seen. This increased glucose
metabolism is in line with the increased demand for energy;
however, efficient ATP synthesis requires glucose and oxygen,
both of which are in short supply post-injury (32). Therefore,
in a state of compromised CBEF, the normal aerobic process of
ATP production is severely compromised. Brain injury uniquely
challenges the normal cerebral metabolism creating a state
known as “hyper-glycolysis,” a term used to describe the level of
metabolic crisis occurring after acute injury (37). As a potential
explanation of the pyruvate and lactate seen after concussion, an
alternative mechanism that does not require oxygen seems pos-
sible. Generating only 6 ATPs as compared with 30 ATPs when
metabolized aerobically in the mitochondria, anaerobic glucose
metabolism within the cytoplasm is clearly much less efficient.
Interestingly, with the help of amyloid beta, which is uniquely able
to stimulate lactate dehydrogenase, pyruvate is broken down into
lactate via anaerobic fermentation, which is capable of producing
significantly more ATP (38). Because lactate is an energy form
that is useable by neurons, it has been suggested that the increased
lactate produced post trauma may be shuttled to neurons as a
way to offset the lack of oxygen (32, 38). This alternative energy
mechanism involving amyloid beta has some intriguing implica-
tions from a plausible defensive strategy deployed to address the
post trauma energy crisis, and may in fact serve as a neuroprotec-
tive aspect of amyloid precursor protein (APP), discussed in more
detail below, as a mechanism to lessen the energy crisis and thus
reduce the level of cell death.

Finally, unlike other cells in the body, brain cells rely on gly-
colysis for energy because they are unable to directly convert or
utilize fatty acids (fats) as an alternative energy source. While fatty
acids do not cross the BBB, ketone bodies, which are water-soluble
molecules synthesized in the liver from fatty acids, do. Therefore,
ketone bodies represent another alternative fuel for the brain
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in its compromised state post-acute injury (39). Further, some
interesting research from University of California, Los Angeles
suggests that the brain is not static in its preferential use of fuel,
but rather responds rapidly and dynamically to neuropathologic
conditions such as TBI, by shifting to be more receptive to ketone
metabolism (40).

Taken together, the state of energy crisis or hyper-glycolysis,
and the level of efficient shift into alternative energy sources, has
a profound impact on one’s ultimate risk and vulnerability to
subsequent injury.

ROS-INDUCED LP

Lipid peroxidation, a further consequence of glutamate efflux
and Ca++ influx, is considered a “hallmark” and one of the most
significant pathophysiological processes involved in TBI (22, 41).
Significant amounts of free radicals, both ROS and reactive
nitrogen species (RNS), are created via multiple mechanisms, and
these are among the most noted aspects of secondary injury in
TBI (22). Notably, RNS peroxynitrite contributes significantly to
LP-induced damage in acute brain injury as well as ROS acrolein
and 4-hydroxynonenal, one of most toxic aldehydic by-products
of LP. These reactive species serve to further intensify ROS/
RNS production, significantly worsening the situation (22, 42).
LP-induced damage includes but is not limited to:

o Cellular and mitochondrial impaired function.

o Impaired glutamate transport mechanisms, worsening gluta-
mate-mediated excitotoxicity.

o Impaired Ca++ homeostasis, as well as mobilization of Ca++
from intracellular stores.

Glutathione, the brain’s primary antioxidant, is part of a cri-
tical system involved in neutralization and clearance of reactive
species and xenobiotics, respectively. The Nrf2 pathway regulates
antioxidant processes, such as those in the glutathione and
thioredoxin/peroxiredoxin systems via cooperative cross talk
between neurons and astrocytes: neurons responding with
activity-dependent antioxidant support and astrocytes with
intrinsic antioxidant support (43). The relationship between post-
injury increases in ROS and RNS production and the countering
function of the Nrf2 pathway elucidate the significant increased
demand for glutathione in brain trauma.

TWO FATES OF APP

Amyloid precursor protein, which is most often associated with
the damaging effects of A seen in Alzheimer’s disease, is interest-
ingly also acutely upregulated post-acute injury, and this acute
upregulation is considered to be neuroprotective posttrauma.
Upregulated APP is also considered to be a sensitive marker of
axonal injury (33, 44). This cellular response is an important one
as APP metabolism has two fates. The first is an amyloidogenic
pathway, which leads to the production and accumulation of
neurotoxic Af, and the other is a non-amyloidogenic pathway,
which is highly neuroprotective against excitotoxicity. The neu-
roprotective mechanism is likely due to APP’s ability to activate
potassium channels thereby reducing cellular Ca++ influx,

protecting against hypoglycemic damage, and limiting induction
of ROS, among other things. The APP pathways are dependent
on enzymatic action, specifically soluble APPP for amyloido-
genic metabolism and soluble APPa for non-amyloidogenic
metabolism. Docosahexaenoic acid (DHA) and heparan sulfate
(HS) proteoglycans are critically important for APP’s neuropro-
tective pathway, and DHA supplementation is shown to increase
the neuroprotective effect of sSAPP, which is correlated to its abil-
ity to bind to heparin (44). Functional deficiencies in the above
noted nutrients or genetic polymorphisms might explain the
inconsistent pattern of amyloid beta plaque seen in CTE cases.

ESCI: MECHANISMS OF INJURY

Many studies show systemic brain inflammation is intimately
connected to neurodegenerative disease. While the mechanisms
of the response have yet to be elucidated, studies are now showing
an innate immune response to chemical exposure to be associated
with increased extracellular glutamate, oxidative stress, and LP,
which are events consistent with the cascade of neurochemical
events responsible for secondary brain injury (9, 13).

Here, the author outlines a novel concept that the central
mechanism of secondary brain damage from environmental
forces is via an indirect route of altered microbiome and increased
levels of the endotoxin, LPS. LPS is a virulent component of
Gram-negative bacteria, which elicits a strong immune response.
As mentioned earlier, TLRs are pattern-recognition receptors that
respond to pathogens via PAMPs and tissue injury via DAMPs.
In response to CNS infection and/or injury, PAMPs and DAMPs
bind to TLRs to elicit an immune response (23). TLR4, the most
studied, has evolved as the receptor that responds to pathogenic
infection, specifically LPS from Gram-negative bacteria (24).

There is mounting evidence that chemicals, especially environ-
mental toxins, have a deleterious effect on the human microbi-
ome, by shifting the balance of gut bacteria toward higher levels
of Gram-negative bacteria (45-48). Higher populations of Gram-
negative bacteria naturally increase the amount of circulating
LPS, which is believed to activate the innate immune response
and cascade of neurochemical events. The author suggests that
both streams of innate immune response (DAMP and PAMP)
map to the juncture of microglia activation after which they fol-
low the same progressive secondary neurochemical events, albeit
from slightly different mechanisms of TLR4 activation (direct
versus indirect). Restated, tissue injury from biomechanical
force stimulates TLR4 via DAMP, while pathogen LPS (indirectly
from environmental exposure) stimulates TLR4 via PAMP. After
microglial activation, the mechanisms of secondary brain injury
are consistent between both types of brain injury.

With respect to neurological TLR4 activation from LPS, it
is important to note that a fundamental debate has centered on
whether LPS and other TLR4 ligands cross the BBB and directly
activate TLR4s or activation is via some other mechanism (24).
In 2012, studies by a Swedish scientist, Carina Mallard, suggested
that “TLR4 ligands do not seem to cross the BBB” but rather “cells
of the BBB synthesize immune signal molecules to activate cells in
the CNS in response to peripheral LPS” (24). In support, evidence
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shows that endothelial cells in the BBB seem to be the main target
of neuroimmune activation, and the presence of TLR4s on these
endothelial cells is required for chronic brain inflammation from
LPS exposure (24, 49).

Most studies looking at the relationship between LPS exposure
and brain inflammation from glutamate and calcium flux, study
the response when LPS is delivered directly to CNS tissue. What is
of particular relevance to this discussion are multiple studies that
document an opening up of both the BBB and gastrointestinal
(GI) barrier within hours post-acute injury. GI permeability is
thought to be triggered by vagus nerve stimulation while BBB
permeability is thought to be enhanced as a mechanism to allow
systemic immune mediators to cross the BBB into the CNS
(50-53). In the presence of an altered microbiome, an acute injury
from biomechanical force would likely have profound implica-
tions with respect to LPS translocating from the gut directly into
the brain. Regardless of the pathway of TLR4 activation from LPS,
there are numerous studies that support this connection between
LPS and neurological inflammation. Borges et al. showed micro-
glia activation in the brain with chronic exposure to LPS (54),
and others showed a rapid rise in intracellular Ca++ in microglia,
a primary event during brain injury, after systemic exposure to
LPS (55).

In short, environmental toxins are now shown to alter the
human microbiome largely through their preferential antibiotic
effect on Gram-positive bacteria, such that the microbiome
balance swings to be Gram-negative dominant. This imbalance
increases the load of LPS the body is exposed to. Peripheral LPS
either stimulates the BBB immune signaling molecules to activate
TLR4 via PAMP or is translocated in the presence of a compro-
mised (open) GI barrier, and thus initiates the neuroimmune
response within the CNS. The response to ESCI is strikingly
similar to that mounted after tissue injury from biomechanical
force. Specifically, microglial activation is followed closely by
glutamate and calcium flux, excitotoxicity, ROS/RNS generation,
LP, and mitochondrial dysfunction and energy crisis, among
other events.

In summary, Figure 1 illustrates the mechanisms of injury
from non-biomechanical force (ESCI) demonstrating how
ESCI maps into the same pathway of secondary brain injury as
from biomechanical force once past the juncture of microglial
activation.

DISCUSSION

This review article synthesizes important scientific literature cross-
linking the subfields of neuroscience, nutrition, biochemistry,
and environmental toxicology. The result of this lateral approach
is the revelation that brain trauma due to environmental toxins
may follow a very similar mechanism of secondary injury as that
of conventional brain trauma.

Like with conventional biomechanical brain trauma, ESCI dam-
age occurs in two phases. The primary damage is the occurrence
of injury to the microbiome via exposure to microbiome-altering
toxins, and the secondary damage results from the cascade of
neurochemical events that occur from the point of TLR4 activa-
tion, which can persist indefinitely. Below, four broad categories

of microbiome-altering events that lead to primary damage are
discussed: environmental toxins, traditional antibiotic therapy,
additives, and lifestyle factors.

ESCI—Primary Damage

Environmental Toxins

Two environmental toxicants, glyphosate and fluoride are
discussed below. Glyphosate, the most widely used herbicide
is primarily used for two functions (15, 56). Glyphosate’s pri-
mary function is as an herbicide. However, more troubling is
that it is now being used for desiccation, a process of drying
out grains before harvest (15, 57). When glyphosate is applied,
it accumulates on plants and cannot be removed by washing
or cooking, and it remains stable for a year or more (58).
Recent studies are documenting increased concentrations of
the herbicide in human food supplies, the meat of slaughtered
animals, and in humans who follow a standard or conventional
diet (57-59). In a recent study by an independent, Food and
Drug Administration-registered laboratory, glyphosate residues
measured 1,125.3 ppb in General Mill's Cheerios, a popular
breakfast cereal, and this figure is over 60% higher than the level
of 700 ppb set in the USA as the maximum glyphosate permit-
ted in tap water. This same study (59) reported that a popular
product labeled as certified to be non-genetically modified
(non-GMO) had levels as high as 812.53 ppb that also exceeded
the maximum tap water threshold. More foods with glyphosate
residue increase the risk of unintentional overexposure and
consequent microbiome injury. The implications to health from
the added use of glyphosate for non-agricultural purposes, such
as desiccation, may be significant.

Fluoride is another ubiquitous toxicant in the environment
(60). It is added to public water supplies, included in dental
hygiene products as well as used in dental treatments with
the goal to reduce tooth decay (61, 62). While most fluoride
is excreted, some accumulates in the body. The regular use of
products containing fluoride may therefore also increase the
risk for unintentional overexposure. Fluoride accumulation is
shown to calcify bones and interestingly the pineal gland (63,
64). The clinical relevance of calcified pineal gland has not been
fully elucidated; however, it poses an interesting question given
the pineal gland’s role in sleep regulation regarding a potential
correlation because sleep disruption is a characteristic symptom
associated with many neurodegenerative diseases, as well as acute
brain trauma (65-67). More research seems indicated.

Of particular relevance to ESCI is how environmental toxins
disrupt the human (and animal) microbiomes. In 2010, Monsanto
was awarded a patent (first submitted in 2003) for glyphosate as
an antibiotic. Since then, studies have confirmed its antibiotic
effect, specially highlighting most beneficial bacteria (typically
Gram-positive) to be more sensitive to glyphosate’s antibiotic
effect, and conversely most pathogenic bacteria (mostly Gram-
negative) to be more resistant to the effect. With a balance tipping
to more pathogenic/Gram-negative bacteria and fewer beneficial
bacteria, there are more opportunistic pathogens and increased
LPS from the Gram-negative bacteria. Of particular interest is
testing that showed that Bifidobacterium adolescentis, a beneficial
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CENTRAL MECHANISMS OF INJURY
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FIGURE 1 | A conceptualized framework of brain injury, cross-linking subfields of neuroscience, nutrition, and environmental toxicology. (A) Biomechanical force
causes tissue damage (primary injury) and initiates neuroimmune response. Secondary injury, with a characteristic cascade of neurochemical events, occurs from
the point of primary injury and continues for days, weeks, or months. Over the course of injury, the neuroimmune response goes from fully activated, to an immune
dampening state, to finally a return to resting state. (B) Altered microbiome/increased circulating lipopolysaccharide (LPS) is hypothesized to be the primary injury,
which activates the neuroimmune response, including the classic secondary injury features and neurochemical events as seen with conventional brain trauma. It is
conjectured that this type of injury is most associated with chronic, subclinical neuroimmune activation.

strain of bacteria, which increases mucosal function and is par-
ticularly protective against intestinal LPS (68), is highly sensitive
to glyphosate (45, 68). Moreover, antimicrobial effects of fluoride
also indicate a strong effect against Gram-positive bacteria (69).
Glyphosate and fluoride are two ubiquitous chemicals whose
exposure risk is insidious in nature.

Traditional Antibiotic Therapy

Many beneficial Gram-positive bacteria within the human micro-
biome are particularly vulnerable to pharmaceutical antibiotics
(70). That said, there is no debate that responsible use of anti-
biotics saves lives. However, the larger concern with respect

to risk factors of ESCI is the common agricultural practice of
using antibiotics prophylactically. A report published in 2015
cited global use of antibiotics in food animals to be estimated at
63,000 tin 2010 with an anticipated 27% increase of consumption
by 2030. While there has been significant attention to the risk of
this widespread practice of prophylactic antibiotic use on farms
and antibiotic resistance, accurate measurement of usage remains
challenging (71, 72).

Additives
There are two categories of additives worth mentioning: additives
in food and additives in medicines.
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Processed foods are laden with chemical additives used to
improve taste, texture, stability, and shelf-life. But these culinary
benefits come at a price. Emulsifiers are chemical additives that
make food products more appealing by making ingredients blend
together. Used often in ice cream, dressings, cream cheese, and
baby formula, emulsifiers are ubiquitous in processed foods. In
a study on chronic inflammatory diseases and intestinal micro-
biome, researchers noted consumption of popular additives
such as polysorbate 80 and carboxymethylcellulose are known
not only to impact mouse but also human microbiomes (47).
Artificial sweeteners, another class of popular food additives,
have been widely studied, and consumption of which is linked
to altered microbiome (dysbiosis) (48). Furthermore, aspartame
specifically seems to play an important role in excitotoxicity with
the suggestion that the artificial sweetener may directly act on
glutamate N-methyl-D-aspartate receptors (73).

The second important category of additives is medical additives.
Vaccine adjuvants are used to generate an enhanced immune
response to the specific antigen of the vaccine (74). Recently,
TLR4 agonists administered via vaccines have been described
as “souped-up” vaccines. Monophosphoryl lipid A, a chemically
modified product of LPS, was the first TLR4 agonist approved for
use in human vaccines, and it is currently included in Cervarix™,
a vaccine for human papillomavirus (HPV) and FENDrix™, a
vaccine for hepatitis B (75). While pharmaceutical organizations
consider the use of TLR agonists as adjuvants to have improved
“overall safety profiles” (75), the concern is that they are designed
specifically to elicit a strong immune response via the same TLR4
mechanisms as is activated in brain injury. To be clear, the author
is not suggesting vaccines cause ESCI, but vaccines with TLR4
adjuvants would reasonably be expected to exacerbate TLR4
activation, especially if exposure coincides with microbiome
alterations (increased LPS).

Lifestyle Factors

Briefly, two common lifestyle factors are worth mentioning
given their roles in altering the microbiome balance: high fat
diets and alcohol use. Current popular opinion has latched onto
the mantra that low-fat/high-carb diets are the culprit for rising
obesity rates and promoting high fat, high protein, and low
carb diets. While obesity is well known to be associated with
chronic low-grade inflammation, the mechanism and origin of
inflammation has been elusive (68). However, a study by Kim
et al. investigated the role of a high fat diet on LPS induced
inflammation via TLR4 activation. Their results showed that a
high fat diet altered gut microbiome by preferentially increas-
ing Gram-negative bacteria and plasma LPS (68). Furthermore,
the study documented a significantly reduced population of
bifidobacteria, the bacterial strain associated with increased
mucosal barrier function and protection against LPS, as noted
in relation to glyphosate exposure (45, 68). It is important to
note that there is considerable research relating to the neuropro-
tective health benefits of a ketogenic diet on neurological health,
which seems in contrary to the abovementioned study. The type
of fat used in the study of Kim et al. was not detailed. It is quite
conceivable that the fats used may have been industrial-grade
fat sources, which are typically soy or canola based and known

to be produced from GMO/glyphosate crops. If so, the altered
microbiome may have been a function of the type of fat used,
versus fat itself. Further studies using different fat sources are
needed.

Alcohol consumption, albeit at physiologically relevant
concentrations, has been shown to activate microglia via TLR4
pathways and contribute to neuroinflammatory damage (18).
Studies have also documented alcohols effect on altering the
microbiome, again via a pattern of preferentially destroying
Gram-positive bacteria, thus enabling the overgrowth of Gram-
negative bacteria. It has also been established that heavy alcohol
use enhances translocation of LPS out of the gut and into the
general circulation thereby increasing plasma concentrations,
likely due to its action on bowel inflammation and disruption of
the GI barrier (76, 77).

Taken together, there are considerable every-day environmen-
tal and lifestyle exposures that alter the microbiome balance and
increase plasma LPS, which have implications of cumulative and
synergistic load exposure.

ESCIl—Secondary (Brain) Damage

As described earlier, secondary brain damage from ESCI appears
to follow the same neurodamaging pathway as secondary brain
damage from conventional brain injury, once past the juncture
of microglial activation. Here, we outline how the added variable
of LPS within the neurochemical cascade of secondary events
enhances volatility of response, specifically with respect to neu-
rodegenerative disease.

Two fundamental concepts in ESCI are microglial activation
or immune priming and the synergistic relationship between LPS
and glutamate excitotoxicity. Recall that microglia are the primary
immune cells of the brain, and their primary function is to modu-
late the inflammatory response to injury or pathogens. As shown
in Figure 1, activated microglia and increased pro-inflammatory
cytokines in response to excitotoxins can lead to neurodegenera-
tion. Microglia are fundamentally in one of three states: inactive
(ramified/resting), intermediate activation (primed), or fully
activated (predominantly neurodestructive) (7). Multiple types of
brain insults including environmental toxicants such as herbicides
and fungicides, LPS, and brain trauma all shift microglia (7) from
its natural resting position to a vigilantly primed state. In this
altered state, the microglia respond to subsequent injury in a more
rapid and virulent manner than when in their original resting state.
The significant work of Blaylock on immunoexcitotoxicity (7) elu-
cidates the synergistic properties of LPS and excitotoxicity, specifi-
cally documenting how compounds such as glutamate, aluminum,
and LPS on their own are subtoxic, but when combined become
completely neurotoxic as evidenced by the presence of excitotoxic
lesions. Fluoride, aluminum, and combined fluoride/aluminum
are also shown to increase ROS and the subsequent generation
of lipid peroxide by-products (14) consistent with mechanisms of
secondary brain injury. Furthermore, LPS involvement is being
increasingly correlated with both clinical pathological findings
and neurodegenerative diseases that present as comorbidities to
CTE. There are documented correlations between LPS and amyo-
trophic lateral sclerosis, Lewy body disease, Parkinsons disease,
amyloid beta and TDP-43 to name a few (78-80).
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MODULATING FACTORS:
NEUROPROTECTIVE OR
NEURODAMAGING

The human body has an exquisite array of protective and restora-
tive mechanisms in place to maintain homeostasis and health.
For instance, the human microbiome naturally includes both
Gram-negative and Gram-positive bacteria and is equipped
with the means to quickly recognize LPS (endotoxin) and to
effectively deactivate and detoxify (eliminate) it. Critical control
mechanisms involve various compounds, such as LPS-binding
protein, which is needed to recognize LPS; serum lipoproteins
(low-density lipoprotein and very low-density lipoprotein),
which are needed to neutralize the toxin (81-84); and acyloxyacyl
hydrolase enzymes, which also inactivate LPS (82, 85). Regarding
LP, the enzyme glutathione-S transferase 4 conjugates and detoxi-
fies the toxic by-products of oxidative stress and LP after acute
injury (41, 86).

Many, if not all, homeostatic mechanisms involved in capacity
to clear and detoxify LPS, as well as damaging by-products of
TLR4 activation, excitotoxicity, free radical generation, and LP
have multiple points of failure along their metabolic pathways
that relate to nutrients. For instance, alkaline phosphatase is an
enzyme that is also involved in neutralizing LPS (87) and is zinc
dependent (88). Interestingly, low plasma alkaline phosphatase is
associated with decreased activity of tissue non-specific alkaline
phosphatase in the brain post-acute injury and is thought to
be involved in the characteristic accumulation of tau proteins
(tauopathy) seen in CTE (89). Magnesium is critical for ATP
bioavailability, and the neuroprotective effect of APP is reliant on
its binding to HS. Restated, a functional deficiency of a critical
nutrient could cause a failure of a given metabolic pathway. That
said, effective diagnostic testing of functional nutrient status is
imperfect, and many nutrients have a stringent span between
deficiency and toxicity. Table 1 offers a summary of how various
homeostatic mechanisms map to relevant modulating factors
involved in secondary brain injury.

CONCLUSION

As noted above, this review article incorporates insights across
multiple scientific bodies of knowledge to form a unique per-
spective on the epidemiology of CTE especially relating to the
cumulative dose of exposure to brain trauma over a lifetime.
However, it is important to note that while lateral thinking and
cross pollination of concepts is compelling from a discovery
perspective; the resulting conclusions are initially very much
theoretical in nature and represent a call for appropriate research
rather than a finding by itself.

In response to the question “do individuals with high level of
exposure to environmental toxins have different brains or physiol-
ogy, which in turn affects how they respond to further brain insults
and injury,” the author has detailed pivotal mechanisms of altered
physiology brought on by environmental toxicants that would
result in a hyperresponse to subsequent brain injury, in individu-
als with high cumulative or synergistic levels of environmental

TABLE 1 | Modulating factors of recovery.

Biochemical
event

Modulating
factor

Modulating effect

LP Glutathione-S-
transferase 4

MTHFR

Deactivation and detoxification of the LP
by-product 4-HNE

MTHFR is the main metabolic pathway to
produce glutathione, the brain’s primary
antioxidant. GsTa conjugates to glutathione
which reduces toxicity of 4-HNE

Excitotoxicity ~ MTHFR Low glutathione creates a state of low
antioxidant activity, which results in increased
oxidative stress. Higher oxidative stress
results in reverse transport of glutamate

thereby generating higher extracellular levels

AOAH Deactivation/detoxification Gram-negative

by-product (LPS)

Alkaline phosphatase, which detoxifies LPS
(the toxic by-product which triggers TLR4
activation), is zinc dependent

Zinc deficiency

Cholesterol ApoE ApOE is the principal cholesterol carrier in
dysregulation brain

Lipoproteins are involved in LPS neutralization

Poor toxin clearance is associated with
ApoE4

APP/AB DHA deficiency  Increased secretion of SAPPa leads to

increased neurotoxic Ap
Binding of HS to APP is required for
neuroprotective effects

HS deficiency

Energy crisis Mg deficiency ATP must bind to Mg to make it bioavailable

4-HNE, 4-hydroxynonenal; MTHFR, methylterahydrofolate reductase; GsTa, glutathione-
S-transferase class alpha; AOAH, acyloxyacy! hydrolase; LPS, lipopolysaccharide;
SAPPa, soluble APPw; TLR, toll-like receptor; APR, amyloid precursor protein; DHA,
docosahexaenoic acid; LR lipid peroxidation; HS, heparan sulfate; Ap, amyloid beta.

toxicant exposure and/or significant modulating factors related
to brain resilience.

Diminished brain resilience, a concept lightly touched on in
this paper, describes a constellation of factors that conceivably
predisposes one to increased susceptibility to various brain injury
and downstream neurodegeneration (Figure 2). Susceptibility to
brain trauma and downstream neurodegenerative diseases, such
as CTE, can be viewed on a continuum of brain resilience. On
one extreme is optimal brain resilience, characterized by normal
state of low neuroimmune activation or resting microglia, with
efficient responses to brain injury and/or insult. Optimal brain
resilience would be reasonably expected in individuals who con-
sciously take steps to reduce the cumulative and synergistic load
of both concussive and subconcussive head blows and to ESCI
by proactively managing genetic polymorphisms (e.g., methyl-
enetetrahydrofolate reductase/B vitamin status), maintaining a
properly balanced microbiome by limiting microbiome-altering
agents, and by following an organic, non-GMO, well-balanced
diet high in quality fruits and vegetables, thus ensuring optimal
nutrient bioavailability and eflicient functioning of innate
homeostatic mechanisms.

On the other extreme would be a state of chronic primed
microglia, characterized by hyperreactivity to brain injury and/
or insult and a diminished capacity to recover; this state could
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FIGURE 2 | Brain resilience and recovery time. Normal clinical recovery of
concussion is expected within 7-14 days, post-injury. 10-15% of concussed
individuals experience persistent symptoms, known as post-concussion
syndrome, lasting >3 months. Statistics are lacking regarding the percentage
of concussed individuals who experience extremely fast resolution of
symptoms 1-7 days. Brain resilience is a concept that considers various
physiological states such as nutritional deficiency and the individual’s ability to
detoxify toxic by-products like lipopolysaccharide, etc., and their impact on (a)
the functioning of various mechanisms of recovery, (b) the speed of recovery,
and (c) the efficacy of recovery. These various physiological states impact
one’s brain resilience and therefore act as modulating factors to recovery.

be called DBR. Presumably, a person with unidentified (and
therefore unmanaged) genetic polymorphisms, high exposure
to microbiome-altering events with a lack of appropriate inter-
ventions to maintain microbiome balance, multiple nutrient
functional deficiencies, and adherence to a standard American
diet that is high in processed non-organic, GMO industrialized
foods, and/or mechanical head trauma would be at a significantly
greater risk of a DBR.

In conclusion, ESCI is a new concept that may have important
implications for secondary brain injury from environmental fac-
tors, which could materially impact an individual’s CTE risk as
ESCI increases their total lifetime brain trauma load along with
subconcussive and/or concussive injury.

FUTURE STUDIES

This ESCI review article and the author’s previous work on
DBR offer a novel hypothesis that could elucidate why those

REFERENCES

1. BU Research CTE Center. VA-BU-CLF Brain Bank. (2017). Available from:
https://www.bu.edu/cte/our-research/brain-bank/ (Accessed: March 12,
2018).

2. Gavett BE, Stern RA, McKee AC. Chronic traumatic encephalopathy: a poten-
tial late effect of sport-related concussive and subconcussive head trauma. Clin
Sports Med (2011) 30:179-88. doi:10.1016/j.csm.2010.09.007

3. Sundman M, Doraiswamy PM, Morey RA. Neuroimaging assessment of
early and late neurobiological sequelae of traumatic brain injury: implica-
tions for CTE. Front Neurosci (2015) 9:334. doi:10.3389/fnins.2015.00334

with seemingly no history of brain trauma develop CTE, and
others with a history of repetitive brain trauma do not. It is the
hope that the ideas captured within this review spark useful
dialog within the research community leading to the undertak-
ing of empirical research needed to determine the veracity of
the hypothesis. Studies looking at the specific mechanisms of
how environmental factors might lead to long-term sequelae
similar to TBI sequelae are needed. While empirical research
is the goal, this domain is complex and fraught with challenges.
Three overarching limitations are problematic. First, the level of
reliability and validity of nutritional and toxicant assessments
required for empirical research may be inadequate. The human
body is known to sequester various micronutrients and toxins
as a defense mechanism when in a state of excess or deficiency.
It is unclear if levels found within plasma, urine, or hair are an
accurate measurement of toxic load or nutritional status. Levels
may be skewed higher in the case of increased excretion or lower
in the case of sequestering. Second, research into subconcussive
injuries is still fledgling with important questions remaining.
Specifically, it is unknown if the body’s response to chronic
subconcussive insults follows the exact same immune-based
neurochemical events as those involved in acute TBI and brain
trauma. Many homeostatic mechanisms have biphasic responses
to stimuli; one level creates an adaptive response, and a different
level creates a protective response. How does this concept of
biphasic response figure into subconcussive injury versus acute
TBI. Finally, the sheer number of modulating factors acting on
a large number of variables would require significant funding
to facilitate the required complex research designs and analysis
methods.

AUTHOR CONTRIBUTIONS

WM has reviewed the scientific literature, wrote the manuscript,
and has read and approved the final version of the manuscript.

ACKNOWLEDGMENTS

The author wishes to express sincere thanks to Dr. Stephanie
Seneff and Dr. Christine Till for their generous academic support
and critical reading of the manuscript.

FUNDING

This research was self-funded.

4. Maroon JC, Winkelman R, Bost ], Amos A, Mathyssek C, Miele V. Chronic
traumatic encephalopathy in contact sports: a systematic review of all reported
pathological cases. PLoS One (2015) 10:¢0117338. doi:10.1371/journal.pone.
0117338

5. McKee AC, Stern RA, Nowinski CJ, Stein TD, Alvarez VE, Daneshvar DH,
et al. The spectrum of disease in chronic traumatic encephalopathy. Brain
(2013) 136:43-64. doi:10.1093/brain/aws307

6. Stein TD, Alvarez VE, McKee AC. Chronic traumatic encephalopathy: a spec-
trum of neuropathological changes following repetitive brain trauma in ath-
letes and military personnel. Alzheimers Res Ther (2014) 6(1):4. doi:10.1186/
alzrt234

Frontiers in Neurology | www.frontiersin.org

March 2018 | Volume 9 | Article 166


https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
https://www.bu.edu/cte/our-research/brain-bank/
https://doi.org/10.1016/j.csm.2010.09.007
https://doi.org/10.3389/fnins.2015.00334
https://doi.org/10.1371/journal.pone.
0117338
https://doi.org/10.1371/journal.pone.
0117338
https://doi.org/10.1093/brain/aws307
https://doi.org/10.1186/alzrt234
https://doi.org/10.1186/alzrt234

Morley

ESCI, Axonal Injury, and CTE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Blaylock RL, Maroon J. Immunoexcitotoxicity as a central mechanism in
chronic traumatic encephalopathy — a unifying hypothesis. Surg Neurol Int
(2011) 2:107. doi:10.4103/2152-7806.83391

Park E, Bell D, Baker AJ. Traumatic brain injury: can the consequences be
stopped? CMAJ (2008) 178:1163-70. doi:10.1503/cmaj.080282

Ezza HAS, Khadrawyb YA. Glutamate excitotoxicity and neurodegeneration.
J Mol Genet Med (2014) 8:1-3. doi:10.4172/1747-0862.1000141

Bailes JE, Petraglia AL, Omalu BI, Nauman E, Talavage T. Role of subconcus-
sion in repetitive mild traumatic brain injury. ] Neurosurg (2013) 119:1235-45.
doi:10.3171/2013.7.JNS121822

Dashnaw ML, Petraglia AL, Bailes JE. An overview of the basic science of con-
cussion and subconcussion: where we are and where we are going. Neurosurg
Focus (2012) 33:1-9. doi:10.3171/2012.10.FOCUS12284

Nowinski C. Hit parade: the future of the sports concussion crisis. Cerebrum
(2013) 2013:2.

Cattani D, de Liz Oliveira Cavalli VL, Heinz Rieg CE, Domingues JT, Dal-
Cim T, Tasca CI, et al. Mechanisms underlying the neurotoxicity induced
by glyphosate-based herbicide in immature rat hippocampus: involvement
of glutamate excitotoxicity. Toxicology (2014) 320:34-45. doi:10.1016/j.
t0x.2014.03.001

Akinrinade ID, Memudu AE, Ogundele OM, Ajetunmobi OI. Interplay of
glia activation and oxidative stress formation in fluoride and aluminum
exposure. Pathophysiology (2015) 22:39-48. doi:10.1016/j.pathophys.2014.
12.001

Morley WA, Seneff S. Diminished brain resilience syndrome: a modern day
neurological pathology of increased susceptibility to mild brain trauma,
concussion, and downstream neurodegeneration. Surg Neurol Int (2014) 5:97.
doi:10.4103/2152-7806.134731

Ziebell JM, Morganti-Kossmann MC. Involvement of pro- and anti-
inflammatory cytokines and chemokines in the pathophysiology of traumatic
brain injury. Neurotherapeutics (2010) 7:22-30. doi:10.1016/j.nurt.2009.10.016
Giza CC, Hovda DA. The new neurometabolic cascade of concussion.
Neurosurgery (2014) 75:524-33. doi:10.1227/NEU.0000000000000505
Fernandez-Lizarbe S, Pascual M, Guerri C. Critical role of TLR4 response in
the activation of microglia induced by ethanol. ] Immunol (2009) 183:4733-44.
doi:10.4049/jimmunol.0803590

Leow-Dyke S, Allen C, Denes A, Nilsson O, Maysami S, Bowie AG, et al.
Neuronal toll-like receptor 4 signaling induces brain endothelial activation
and neutrophil transmigration in vitro. J Neuroinflammation (2012) 9:230.
doi:10.1186/1742-2094-9-230

Lew WY. Endotoxin attacks the cardiovascular system. ] Am Coll Cardiol
(2003) 42:1663-5. doi:10.1016/j.jacc.2003.08.006

Ahmad A, Crupi R, Campolo M, Genovese T, Esposito E, Cuzzocrea S.
Absence of TLR4 reduces neurovascular unit and secondary inflammatory
process after traumatic brain injury in mice. PLoS One (2013) 8:e57208.
doi:10.1371/journal.pone.0057208

Mustafa AG, Al-Shboul OA. The role of free radicals and reactive species
following traumatic brain injury. OA Biotechnol (2013) 2:23. doi:10.13172/2052-
0069-2-3-875

Schieber M, Chandel NS. ROS function in redox signaling and oxidative
stress. Curr Biol (2017) 24:R453-62. doi:10.1016/j.cub.2014.03.034

Carina M. Innate immune regulation by toll-like receptors in the brain. ISRN
Neurol (2012) 2012:701950. doi:10.5402/2012/701950

ZhuHT, Bian C, Yuan JC, Chu WH, Xiang X, Chen F, etal. Curcumin attenuates
acute inflammatory injury by inhibiting the TLR4/MyD88/NF-kB signaling
pathway in experimental traumatic brain injury. ] Neuroinflammation (2014)
11:59. doi:10.1186/1742-2094-11-59

Rivest S. Does circulating leptin have the ability to cross the blood-brain barrier
and target neurons directly? Endocrinology (2002) 143:3211-3. doi:10.1210/
en.2002-220655

Domercq M, Sdnchez-Gomez MV, Sherwin C, Etxebarria E, Fern R, Matute C.
System xc- and glutamate transporter inhibition mediates microglial toxicity
to oligodendrocytes. J Immunol (2007) 178:6549-56. doi:10.4049/jimmunol.
178.10.6549

Morley WA, Seneff S. Cellular nutrient deficiency precipitates metabolic
failure. 2nd World Congress on NeuroTherapeutics: Dilemmas, Debates,
Discussions. Congress Program. Prague, Czech Republic (2015). p. 41-2.
Shindo Y, Fujimoto A, Hotta K, Suzuki K, Oka K. Glutamate-induced
calcium increase mediates magnesium release from mitochondria in rat

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

hippocampal neurons. ] Neurosci Res (2010) 88:3125-32. doi:10.1002/jnr.
22467

Erickson MA, Hartvigson PE, Morofuji Y, Owen JB, Butterfield DA,
Banks WA. Lipopolysaccharide impairs amyloid beta efflux from brain: altered
vascular sequestration, cerebrospinal fluid reabsorption, peripheral clearance
and transporter function at the blood-brain barrier. J Neuroinflammation
(2012) 9:150. doi:10.1186/1742-2094-9-150

Sodero AO, Vriens ], Ghosh D, Stegner D, Brachet A, Pallotto M, et al.
Cholesterol loss during glutamate-mediated excitotoxicity. EMBO ] (2012)
31:1764-73. doi:10.1038/emboj.2012.31

Giza CC, Hovda DA. The neurometabolic cascade of concussion. ] Athl Train
(2001) 36:228-35.

Giza CC, DiFiori JP. Pathophysiology of sports-related concussion: an update
on basic science and translational research. Sports Health (2011) 3:46-51.
doi:10.1177/1941738110391732

Pfrieger FW, Ungerer N. Cholesterol metabolism in neurons and astrocytes.
Prog Lipid Res (2011) 50:357-71. doi:10.1016/j.plipres.2011.06.002

Feeney KA, Hansen LL, Putker M, Olivares-Yaiez C, Day ], Eades L], et al.
Daily magnesium fluxes regulate cellular timekeeping and energy balance.
Nature (2016) 532:375-9. doi:10.1038/nature17407

Gutowska I, Baranowska-Bosiacka I, Baskiewicz M, Milo B, Siennicka A,
Marchlewicz M, et al. Fluoride as a pro-inflammatory factor and inhibitor of
ATP bioavailability in differentiated human THP1 monocytic cells. Toxicol
Lett (2010) 196:74-9. doi:10.1016/j.toxlet.2010.03.1167

Brooks GA, Martin NA. Cerebral metabolism following traumatic brain injury:
new discoveries with implications for treatment. Front Neurosci (2014) 8:408.
doi:10.3389/fnins.2014.00408

Seneff S. APOE-4: The Clue to Why Low Fat Diet and Statins May Cause
Alzheimer’s. (2009). Available from: http://people.csail. mit.edu/seneft/alzhei-
mers_statins.html (Accessed: March 12, 2018).

Prins ML, Matsumoto JH. The collective therapeutic potential of cerebral
ketone metabolism in traumatic brain injury. J Lipid Res (2014) 55:2450-7.
doi:10.1194/j1r.R046706

Prins ML. Cerebral metabolic adaptation and ketone metabolism after brain
injury. J Cereb Blood Flow Metab (2008) 28:1-16. doi:10.1038/sj.jcbfm.9600543
Faiez Al Nimer MS-M. Naturally occurring variation in the glutathione-
S-transferase 4 gene determines neurodegeneration after traumatic brain injury.
Antioxid Redox Signal (2013) 18:784-94. doi:10.1089/ars.2011.4440

Hill RL, Singh IN, Wang JA, Hall ED. Time courses of post-injury mitochon-
drial oxidative damage and respiratory dysfunction and neuronal cytoskeletal
degradation in rat model of focal traumatic brain injury. Neurochem Int (2017)
111:45-56. doi:10.1016/j.neuint.2017.03.015

Baxter PS, Hardingham GE. Adaptive regulation of the brain’s antioxidant
defences by neurons and astrocytes. Free Radic Biol Med (2016) 100:147-52.
doi:10.1016/j.freeradbiomed.2016.06.027

Plummer S, Van den Heuvel C, Thornton E, Corrigan F, Cappai R. The neu-
roprotective properties of the amyloid precursor protein following traumatic
brain injury. Aging Dis (2016) 7:163-79. doi:10.14336/AD.2015.0907

Shehata AA, Schrodl W, Aldin AA, Hafez HM, Kriiger M. The effect of gly-
phosate on potential pathogens and beneficial members of poultry microbiota
in vitro. Curr Microbiol (2013) 66:350-8. doi:10.1007/s00284-012-0277-2

Hu J, Raikhel V, Gopalakrishnan K, Fernandez-Hernandez H, Lambertini L,
Manservisi E, et al. Effect of postnatal low-dose exposure to environmental
chemicals on the gut microbiome in a rodent model. Microbiome. (2016) 4:26.
doi:10.1186/540168-016-0173-2

Chassaing B, Van de Wiele T, De Bodt ], Marzorati M, Gewirtz AT. Dietary
emulsifiers directly alter human microbiota composition and gene expres-
sion ex vivo potentiating intestinal inflammation. Gut (2017) 66:1414-27.
doi:10.1136/gutjnl-2016-313099

Suez ], Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA, Maza O, et al.
Artificial sweeteners induce glucose intolerance by altering the gut microbi-
ota. Nature (2014) 514:181-6. d0i:10.1038/nature13793

Chakravarty S, Herkenham M. Toll-like receptor 4 on nonhematopoietic cells
sustains CNS inflammation during endotoxemia, independent of systemic cyto-
kines. J Neurosci (2005) 25:1788-96. d0i:10.1523/]NEUROSCI.4268-04.2005
Bansal V, Costantini T, Ryu SY, Peterson C, Loomis W, Putnam J, et al.
Stimulating the central nervous system to prevent intestinal dysfunction
after traumatic brain injury. J Trauma (2010) 68:1059-64. doi:10.1097/TA.
0b013e3181d87373

Frontiers in Neurology | www.frontiersin.org

March 2018 | Volume 9 | Article 166


https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
https://doi.org/10.4103/2152-7806.83391
https://doi.org/10.1503/cmaj.080282
https://doi.org/10.4172/1747-0862.1000141
https://doi.org/10.3171/2013.7.JNS121822
https://doi.org/10.3171/2012.10.FOCUS12284
https://doi.org/10.1016/j.tox.2014.03.001
https://doi.org/10.1016/j.tox.2014.03.001
https://doi.org/10.1016/j.pathophys.2014.
12.001
https://doi.org/10.1016/j.pathophys.2014.
12.001
https://doi.org/10.4103/2152-7806.134731
https://doi.org/10.1016/j.nurt.2009.
10.016
https://doi.org/10.1227/NEU.0000000000000505
https://doi.org/10.4049/jimmunol.0803590
https://doi.org/10.1186/1742-2094-9-230
https://doi.org/10.1016/j.jacc.2003.08.006
https://doi.org/10.1371/journal.pone.0057208
https://doi.org/10.13172/2052-
0069-2-3-875
https://doi.org/10.13172/2052-
0069-2-3-875
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.5402/2012/701950
https://doi.org/10.1186/1742-2094-11-59
https://doi.org/10.1210/en.2002-220655
https://doi.org/10.1210/en.2002-220655
https://doi.org/10.4049/jimmunol.178.10.6549
https://doi.org/10.4049/jimmunol.178.10.6549
https://doi.org/10.1002/jnr.
22467
https://doi.org/10.1002/jnr.
22467
https://doi.org/10.1186/1742-2094-9-150
https://doi.org/10.1038/emboj.2012.31
https://doi.org/10.1177/1941738110391732
https://doi.org/10.1016/j.plipres.2011.06.002
https://doi.org/10.1038/nature17407
https://doi.org/10.1016/j.toxlet.2010.03.1167
https://doi.org/10.3389/fnins.2014.00408
https://people.csail.mit.edu/seneff/alzheimers_statins.html
https://people.csail.mit.edu/seneff/alzheimers_statins.html
https://doi.org/10.1194/jlr.R046706
https://doi.org/10.1038/sj.jcbfm.9600543
https://doi.org/10.1089/ars.2011.4440
https://doi.org/10.1016/j.neuint.2017.03.015
https://doi.org/10.1016/j.freeradbiomed.2016.06.027
https://doi.org/10.14336/AD.2015.0907
https://doi.org/10.1007/s00284-012-0277-2
https://doi.org/10.1186/s40168-016-0173-2
https://doi.org/10.1136/gutjnl-2016-313099
https://doi.org/10.1038/nature13793
https://doi.org/10.1523/JNEUROSCI.4268-04.2005
https://doi.org/10.1097/TA.
0b013e3181d87373
https://doi.org/10.1097/TA.
0b013e3181d87373

Morley

ESCI, Axonal Injury, and CTE

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Bansal V, Costantini T, Kroll L, Peterson C, Loomis W, Eliceiri B, et al.
Traumatic brain injury and intestinal dysfunction: uncovering the neuro-
enteric axis. ] Neurotrauma (2009) 26:1353-9. doi:10.1089/neu.2008-0858
Thal SC, Neuhaus W. The blood-brain barrier as a target in traumatic
brain injury treatment. Arch Med Res (2014) 45:698-710. doi:10.1016/j.
arcmed.2014.11.006

Katzenberger R], Ganetzky B, Wassarman DA. The gut reaction to traumatic
brain injury. Fly (Austin) (2015) 9:68-74. d0i:10.1080/19336934.2015.1085623
Borges BC, Rorato R, Antunes-Rodrigues J, Elias LLK. Glial cell activity is
maintained during prolonged inflammatory challenge in rats. Braz ] Med Biol
Res (2012) 45:784-91. doi:10.1590/50100-879X2012007500069

Wuchert E, Ott D, Murgott J, Rafalzik S, Hitzel N, Roth J, et al. Rat area pos-
trema microglial cells act as sensors for the toll-like receptor-4 agonist lipo-
polysaccharide. ] Neuroimmunol (2008) 204:66-74. doi:10.1016/j.jneuroim.
2008.07.017

Benbrook CM. Trends in glyphosate herbicide use in the United States and
globally. Environ Sci Eur (2016) 28(1):3. doi:10.1186/s12302-016-0070-0
Myers JP, Antoniou MN, Blumberg B, Carroll L, Colborn T, Everett LG, et al.
Concerns over use of glyphosate-based herbicides and risks associated with
exposures: a consensus statement. Environ Health (2016) 15:19. doi:10.1186/
$12940-016-0117-0

Kriiger M, Schledorn P, Schr6dl W, Hoppe HW, Lutz W, Shehata AA. Detection
of glyphosate residues in animals and humans. J Environ Anal Toxicol (2014)
4:210. doi:10.4172/2161-0525.1000210

Food Democracy Now! and The Detox Project. Glyphosate: Unsafe on Any
Plate. Food Testing Results and Scientific Reasons for Concern. (2016). Available
from: https://s3.amazonaws.com/media.fooddemocracynow.org/images/FDN_
Glyphosate_FoodTesting_Report_p2016.pdf (Accessed: March 12, 2018).
Grandjean P, Landrigan PJ. Neurobehavioural effects of developmental
toxicity. Lancet Neurol (2014) 33:330-8. doi:10.1016/S1474-4422(13)70278-3
Government of Canada. Fluoride and Human Health. (2010). Available
from: https://www.canada.ca/en/health-canada/services/healthy-living/
your-health/environment/fluorides-human-health.html  (Accessed: March
12, 2018).

Main D. Facts About Fluoridation. (2015). Available from: https://www.livescience.
com/37123-fluoridation.html (Accessed: March 12, 2018).

Luke J. Fluoride deposition in the aged human pineal gland. Caries Res (2001)
35:125-8. doi:10.1159/000047443

Safe Drinking Water Foundation. Water Fluoridation in Canada. (2017). Available
from: https://www.safewater.org/fact-sheets-1/2017/1/23/water-fluoridation-
in-canada (Accessed: March 12, 2018).

Mantua J, Henry OS, Garskovas NF, Spencer RMC. Mild traumatic brain
injury chronically impairs sleep- and wake-dependent emotional processing.
Sleep (2017) 40:1-11. doi:10.1093/sleep/zsx062

Theadom A, Cropley M, Parmar P, Barker-Collo S, Starkey N, Jones K, et al.
Sleep difficulties one year following mild traumatic brain injury in a popu-
lation-based study. Sleep Med (2015) 16:926-34. doi:10.1016/j.sleep.2015.
04.013

Hood S, Amir A. Neurodegeneration and the circadian clock. Front Aging
Neurosci (2017) 9:170. doi:10.3389/fnagi.2017.00170

Kim KA, Gu W, Lee IA, Joh EH, Kim DH. High fat diet-induced gut microbiota
exacerbates inflammation and obesity in mice via the TLR4 signaling pathway.
PLoS One (2012) 7:¢47713. doi:10.1371/journal.pone.0047713

Yoon NA, Newman MG. Antimicrobial effect of fluorides on Bacteroides mela-
ninogenicus subspecies and Bacteroides asaccharolyticus. ] Clin Periodontol
(1980) 7(6):489-94. doi:10.1111/j.1600-051X.1980.tb02155.x

Mitchell E. Gram Positive vs Gram Negative Bacteria and the Fight Against
HAIs. (2014). Available from: http://blog.eoscu.com/blog/gram-positive-vs-
gram-positive (Accessed: March 12, 2018).

Van Boeckela TP, Browerb C, Gilbert M, Grenfella BT, Levina SA, Robinsoni TA,
et al. Global trends in antimicrobial use in food animals. Proc Natl Acad Sci
U S A (2015) 112:5649-54. doi:10.1073/pnas.1503141112

Carmo LP, Schiipbach-Regula G, Miintener C, Chevance A, Moulin G,
Magouras I. Approaches for quantifying antimicrobial consumption per
animal species based on national sales data: a Swiss example, 2006 to

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

2013. Euro Surveill (2017) 22:30458. doi:10.2807/1560-7917.ES.2017.22.6.
30458

Humphries P, Pretorius E, Naudé H. Direct and indirect cellular effects of
aspartame on the brain. Eur ] Clin Nutr (2008) 62:451-62. doi:10.1038/
sj.jcn. 1602866

O’Hagan DT. New-generation vaccine adjuvants. Encyclopedia of Life Sciences.
Chichester, UK: John Wiley & Sons Ltd (2007).

Johnson DA. TLR4 agonists as vaccine adjuvants: a chemist’s perspective.
Expert Rev Vaccines (2013) 12:711-3. doi:10.1586/14760584.2013.811189
Wang HJ, Zakhari S, Jung MK. Alcohol, inflammation, and gut-liver-brain
interactions in tissue damage and disease development. World | Gastroenterol
(2010) 16:1304-13. doi:10.3748/wjg.v16.i11.1304

Li X, Wang C, Nie J, Lv D, Wang T, Xu Y. Toll-like receptor 4 increases intes-
tinal permeability through up-regulation of membrane PKC activity in alco-
holic steatohepatitis. Alcohol (2013) 47:459-65. doi:10.1016/j.alcohol.2013.
05.004

Correia AS, Patel P, Dutta K, Julien J-P. Inflammation induces TDP-43
mislocalization and aggregation. PLoS One (2015) 10:e0140248. doi:10.1371/
journal.pone.0140248

ZhangR, Miller RG, Gascon R, Champion S, Katz], Lancero M, etal. Circulating
endotoxin and systemic immune activation in sporadic Amyotrophic Lateral
Sclerosis (sALS). ] Neuroimmunol (2009) 206:121-4. doi:10.1016/j.jneuroim.
2008.09.017

Blaylock RL. Parkinson’s disease: microglial/macrophage-induced immuno-
excitotoxicity as a central mechanism of neurodegeneration. Surg Neurol Int
(2017) 8:65. doi:10.4103/sni.sni_441_16

Topchiy E, Cirstea M, Kong HJ, Boyd JH, Wang Y, Russell JA, et al.
Lipopolysaccharide is cleared from the circulation by hepatocytes via the
low density lipoprotein receptor. PLoS One (2016) 11:¢0155030. doi:10.1371/
journal.pone.0155030

Munford RS. Detoxifying endotoxin: time, place and person. ] Endotoxin Res
(2005) 11:69-84. doi:10.1177/09680519050110020201

Vreugdenhil AC, Snoek AM, van't Veer C, Greve JW, Buurman WA. LPS-
binding protein circulates in association with apoB-containing lipoproteins
and enhances endotoxin-LDL/VLDL interaction. ] Clin Invest (2001)
107:225-34. doi:10.1172/JCI10832

Kitchens RL, Wolfbauer G, Albers JJ, Munford RS. Plasma lipoproteins pro-
mote the release of bacterial lipopolysaccharide from monocyte cell surface.
] Biol Chem (1999) 274:34116-22. doi:10.1074/jbc.274.48.34116

Shao B, Lu M, Katz SC, Varley AW, Hardwick ], Rogers TE, et al. A host lipase
detoxifies bacterial lipopolysaccharides in the liver and spleen. J Biol Chem
(2007) 282:13726-35. doi:10.1074/jbc.M609462200

Hayes JD, Strange RC. Glutathione S-transferase polymorphisms and their bio-
logical consequences. Pharmacology (2000) 61:154-66. doi:10.1159/000028396
Huizinga R, Kreft KL, Onderwater S, Boonstra JG, Brands R, Hintzen RQ,
et al. Endotoxin- and ATP-neutralizing activity of alkaline phosphatase as
a strategy to limit neuroinflammation. ] Neuroinflammation (2012) 9:266.
doi:10.1186/1742-2094-9-266

King JC. Zinc: an essential but elusive nutrient. Am ] Clin Nutr (2011)
94:679S-84S. doi:10.3945/ajcn.110.005744

Arun P, Oguntayo S, Albert SV, Gist I, Wang Y, Nambiar MP, et al. Acute
decrease in alkaline phosphatase after brain injury: a potential mechanism
for tauopathy. Neurosci Lett (2015) 609:152-8. doi:10.1016/j.neulet.2015.
10.036

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Morley. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

12

March 2018 | Volume 9 | Article 166


https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
https://doi.org/10.1089/neu.2008-0858
https://doi.org/10.1016/j.arcmed.2014.11.006
https://doi.org/10.1016/j.arcmed.2014.11.006
https://doi.org/10.1080/19336934.2015.1085623
https://doi.org/10.1590/S0100-879X2012007500069
https://doi.org/10.1016/j.jneuroim.
2008.07.017
https://doi.org/10.1016/j.jneuroim.
2008.07.017
https://doi.org/10.1186/s12302-016-0070-0
https://doi.org/10.1186/s12940-016-0117-0
https://doi.org/10.1186/s12940-016-0117-0
https://doi.org/10.4172/2161-0525.1000210
https://s3.amazonaws.com/media.fooddemocracynow.org/images/FDN_Glyphosate_FoodTesting_Report_p2016.pdf
https://s3.amazonaws.com/media.fooddemocracynow.org/images/FDN_Glyphosate_FoodTesting_Report_p2016.pdf
https://doi.org/10.1016/S1474-4422(13)70278-3
https://www.canada.ca/en/health-canada/services/healthy-living/your-health/environment/fluorides-human-health.html
https://www.canada.ca/en/health-canada/services/healthy-living/your-health/environment/fluorides-human-health.html
https://www.livescience.com/37123-fluoridation.html
https://www.livescience.com/37123-fluoridation.html
https://doi.org/10.1159/000047443
https://www.safewater.org/fact-sheets-1/2017/1/23/water-fluoridation-in-canada
https://www.safewater.org/fact-sheets-1/2017/1/23/water-fluoridation-in-canada
https://doi.org/10.1093/sleep/zsx062
https://doi.org/10.1016/j.sleep.2015.04.013
https://doi.org/10.1016/j.sleep.2015.04.013
https://doi.org/10.3389/fnagi.2017.00170
https://doi.org/10.1371/journal.pone.
0047713
https://doi.org/10.1111/j.1600-051X.1980.tb02155.x
https://blog.eoscu.com/blog/gram-positive-vs-gram-positive
https://blog.eoscu.com/blog/gram-positive-vs-gram-positive
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.2807/1560-7917.ES.2017.22.6.30458
https://doi.org/10.2807/1560-7917.ES.2017.22.6.30458
https://doi.org/10.1038/sj.ejcn.1602866
https://doi.org/10.1038/sj.ejcn.1602866
https://doi.org/10.1586/14760584.2013.811189
https://doi.org/10.3748/wjg.v16.i11.1304
https://doi.org/10.1016/j.alcohol.2013.
05.004
https://doi.org/10.1016/j.alcohol.2013.
05.004
https://doi.org/10.1371/journal.pone.0140248
https://doi.org/10.1371/journal.pone.0140248
https://doi.org/10.1016/j.jneuroim.
2008.09.017
https://doi.org/10.1016/j.jneuroim.
2008.09.017
https://doi.org/10.4103/sni.sni_441_16
https://doi.org/10.1371/journal.pone.0155030
https://doi.org/10.1371/journal.pone.0155030
https://doi.org/10.1177/09680519050110020201
https://doi.org/10.1172/JCI10832
https://doi.org/10.1074/jbc.274.48.34116
https://doi.org/10.1074/jbc.M609462200
https://doi.org/10.1159/000028396
https://doi.org/10.1186/1742-2094-9-266
https://doi.org/10.3945/ajcn.110.005744
https://doi.org/10.1016/j.neulet.2015.
10.036
https://doi.org/10.1016/j.neulet.2015.
10.036
https://creativecommons.org/licenses/by/4.0/

	Environmental Subconcussive Injury, Axonal Injury, and Chronic Traumatic Encephalopathy
	Introduction
	Concussive Biomechanical Force: Mechanisms of Injury
	Neuroimmune Activation, Ionic Shifts, and Cellular Flux
	Energy Crisis and Reduced Glucose Metabolism
	ROS-Induced LP
	Two Fates of APP
	ESCI: Mechanisms of Injury
	Discussion
	ESCI—Primary Damage
	Environmental Toxins
	Traditional Antibiotic Therapy
	Additives
	Lifestyle Factors

	ESCI—Secondary (Brain) Damage

	Modulating Factors: Neuroprotective or Neurodamaging
	Conclusion
	Future Studies
	Author Contributions
	Acknowledgments
	Funding
	References


