The bidirectional gut-brain-microbiota axis as a potential nexus between traumatic brain
injury, inflammation, and disease.

Abstract
As head injuries and their sequelae have become an increasingly salient matter of public health,
experts in the field have made great progress elucidating the biological processes occurring within
the brain at the moment of injury and throughout the recovery thereafter. Given the extraordinary rate
at which our collective knowledge of neurotrauma has grown, new insights may be revealed by
examining the existing literature across disciplines with a new perspective. This article will aim to
expand the scope of this rapidly evolving field of research beyond the confines of the central nervous
system (CNS). Specifically, we will examine the extent to which the bidirectional influence of the
gut-brain axis modulates the complex biological processes occurring at the time of traumatic brain
injury (TBI) and over the days, months, and years that follow. In addition to local enteric signals
originating in the gut, it is well accepted that gastrointestinal (GI) physiology is highly regulated by
innervation from the CNS. Conversely, emerging data suggests that the function and health of the
CNS is modulated by the interaction between 1) neurotransmitters, immune signaling, hormones, and
neuropeptides produced in the gut, 2) the composition of the gut microbiota, and 3) integrity of the
intestinal wall serving as a barrier to the external environment. Specific to TBI, existing pre-clinical
data indicates that head injuries can cause structural and functional damage to the GI tract, but
research directly investigating the neuronal consequences of this intestinal damage is lacking. Despite
this void, the proposed mechanisms emanating from a damaged gut are closely implicated in the
inflammatory processes known to promote neuropathology in the brain following TBI, which
suggests the gut-brain axis may be a therapeutic target to reduce the risk of Chronic Traumatic
Encephalopathy and other neurodegenerative diseases following TBI. To better appreciate how

various peripheral influences are implicated in the health of the CNS following TBI, this paper will
also review the secondary biological injury mechanisms and the dynamic pathophysiological
response to neurotrauma. Together, this review article will attempt to connect the dots to reveal novel
insights into the bidirectional influence of the gut-brain axis and propose a conceptual model relevant
to the recovery from TBI and subsequent risk for future neurological conditions.
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1. Introduction
Affecting millions of individuals annually, traumatic brain injury (TBI) represents the leading cause
of morbidity and mortality worldwide in individuals under the age of 451. In addition to the acute
symptoms following neurotraumatic events, there is increasing evidence that the long-term biological
sequelae of these injurious events may increase the risk of neuropsychiatric disorders such as
depression later in life while also contributing, in part, to the pathogenesis of neurodegenerative
disease2–5. In a recent report from the Centers for Disease and Control, TBI was labelled as a “silent
epidemic” due to this rising prevalence, the common underreporting of injuries, and the often
undetectable or undiagnosed neurobiological sequelae that may not clinically manifest until many
years after the initial exposure to head trauma6,7. In congruence with this assertion from the CDC, the
last decade of research has produced two important paradigm shifts in the understanding of TBI: 1)
head trauma can incur damage to the brain’s structure and function even in the absence of clinically
evident TBI, and 2) head injuries should be treated as a disease process, not a static event

8,9

. This

increased and deferred risk for future neurological disease following TBI suggests there is a large
therapeutic window. Perhaps by attenuating the ongoing secondary biological injury mechanisms that
persist following neurotrauma, it is possible to diminish the risk of neuropsychiatric illness and
potentially mitigate the pathogenesis of neurodegenerative disease. In order to do so, it is important
to examine both the local physiological processes promoting these disease processes as well as the

peripheral influences occurring outside the confines of the CNS capable of exacerbating the local
pathophysiological response and/or exert neuroprotective effects.

Concurrently to the increased attention to TBI, there has been a significant interest in investigating
the role of the gut-brain axis in neurological health and disease. The gut-brain axis can be
conceptualized as an integrative physiological model that incorporates afferent and efferent signals
of neural, hormonal, and immunological origins, and dysfunction of this axis can have
pathophysiological consequences10,11. Notably, the gut-brain axis is bidirectional with each entity
capable of modulating the health of the other in either direction. The bidirectional influence of the
gut-brain axis has been investigated for a growing variety of neuropsychiatric disorders, but how the
composition of the gut modulates both the acute and chronic biological sequelae of neurotrauma is
yet to be examined.

When examining the gut, it should be noted that recent trends in literature support the notion that the
human body should be extended to that of the “human ecosystem”; or rather, the “human biome”12.
This notion recognizes the mutualistic co-evolution of microbes and the human body. Recent
estimates suggest that there are approximately 3*1013 bacterial cells that exist in every human body
to comprise this ecosystem, a number which is thought to match or exceed the number of human
cells13. The colon is most heavily colonized area of the human body with the concentration reaching
approximately 1011 bacterial cells per gram in the colon13,14. While the entire functional significance
of this microbial population is unknown, the composition and diversity of these commensal species
inhabiting the gut can profoundly influence human physiology and, ultimately, the health of the
human host across multiple physiological systems15,16. The central nervous system (CNS) is no

exception as the composition of the gut microbiota is capable of influencing the development,
function, and health of the CNS17. With this relatively new understanding, studies are increasingly
probing the complex and varied interactions of the gut-brain-microbiota axis (GBMAx)18. While the
broad influence of the microbiota on CNS health and function is increasingly appreciated by the
scientific community, this is still a nascent field and the exact mechanisms are not fully understood19.

The gut microbiota, however, only comprises one aspect of the GBMAx, albeit an integral one. A
more well understood, and perhaps more simplistic, component of the GBMAx relates to the function
and integrity of the intestinal wall as a barrier to our external environment. It cannot be overlooked
that the intestinal wall serves as the human body’s largest interface with the surrounding environment
as the combined mucosal surfaces of the gut are much larger than the more visible epidermal barrier20.
This interface with the external environment has two critical functions, acting as 1) a filter with
selective permeability to regulate the absorption of nutrients, electrolytes, and water, and 2) a barrier
to prevent the penetration of pathogenic and harmful substances21. When the gastrointestinal (GI)
tract is structurally compromised the functional integrity of this barrier is known to deteriorate. When
this occurs, intestinal permeability increases and substances can aberrantly penetrate the barrier to
disrupt normal physiological functions. Such deficits in intestinal permeability typically lead to an
innate immune response that underpins chronically elevated levels of inflammation which are known
to promote disease20,22. Of note, the gut microbiota likely plays a critical role in regulating intestinal
barrier function23. Also of note, intestinal barrier dysfunction has been recognized as a consequence
of TBI24–26. However, it remains unclear how the GBMAx influences recovery from TBI and the
potential implications for subsequent health of the CNS.

In this article, we explore the bidirectional involvement of the GBMAx following TBI. Specifically,
based on published pre-clinical, clinical, and epidemiological data, we propose a theoretical
framework that highlights the potential mechanisms by which the GBMAx may peripherally
influence recovery from TBI and the subsequent risk of latent neurological disease. To provide a
comprehensive picture of GBMAx involvement, the scope of this article will extend beyond the broad
implications of gut microbiota alterations to also include the more distinct influence of intestinal
barrier dysfunction. The proposed framework revolves around the current evidence highlighted in the
reviews below that:
1) neurotrauma results in local inflammation within the brain, which induces microglial
priming27,
2) primed microglia increase the brain’s vulnerability to exaggerated immune responses to
future external (e.g., subsequent TBI) or internal (e.g., infection) insults28,
3) if left unchecked, these hyperactive immune cells in the brain may become neurotoxic and
trigger the pathophysiological cascade of various neurological conditions (e.g., depression,
Alzheimer’s, etc.)29,
4) and therefore, perpetual neuroinflammation increases the risk of neuropsychiatric and
neurodegenerative disease30,31.
5) By looking beyond the confines of the CNS and incorporating the gut, it is clear that
systemic and peripheral influences occurring outside the CNS can exacerbate the local
pathophysiological response to TBI occurring within the brain, including ongoing
neuroinflammation32.
6) TBI can cause structural and functional damage to GI tract24,

7) this type of intestinal barrier dysfunction typically leads to increased intestinal
permeability33,
8) increased intestinal permeability is associated with a systemic immune response34, and
9) the systemic inflammatory response emanating from the damaged gut will exert influence
on

the

vulnerable

and

previously

primed

microglia

to

further

exacerbate

neuroinflammation14,35,36.
.
2. Background
2.1. New perspectives for TBI
Most commonly, TBI is generally defined as a closed head injury as a result of
acceleration/deceleration forces, and it is traditionally classified into three categories: mild, moderate,
and severe, based on the Glasgow Coma Scale (GCS), which scores the patient’s level of
consciousness37. Notably, 80-90% of head injuries can be classified as mild TBI and the majority of
these injuries occur in the absence of LOC, which leaves only more subtle signs and symptoms
available for diagnosis38. Despite this simplistic and traditional classification system, TBIs are
remarkably heterogeneous. While the majority of mild TBI patients recover within days or weeks, it
is estimated that symptoms persist for at least 3 months in ~30% of patients and up to one year postinjury in ~10% among patients suffering from this mild TBI39. Ambiguity surrounding the
terminology and classification of neurotrauma has been the subject of additional scrutiny in part due
to the many studies reporting the consequences of “subconcussive” hits to the head 8. Here,
“subconcussive” refers to neurotrauma that does not result in clinically evident signs of head injury,
yet may still provoke an occult neurobiological response40. Certain subpopulations such as members
of the armed forces and athletes participating in contact sports are more frequently exposed to such

neurotraumatic forces, both concussive and subconcussive. For example, studies of collegiate
American football players equipped with accelerometers in their helmets found that athletes can
sustain well over 1000 hits to the head in a single season41. This repetitive exposure can induce
significant changes to the structure and function of the brain, even if each of the traumatic insults is
deemed subconcussive in the absence of a clinically evident head injury42–45. While it has yet to be
fully elucidated, this data suggests it is possible that damage to the brain can accumulate over time,
and that the secondary biological injury mechanisms can be induced gradually without a singular
concussive event.

This is relevant given the mounting evidence that prompted the recent paradigm shift to view TBI as
a disease process rather than a static injurious event9. Literature suggests that the neuronal damage
consequential to TBI is not exclusively induced by primary injury mechanism of mechanism of
mechanical tearing/shearing and therefore, is not limited to static moment of the trauma. Rather,
emerging evidence supports that much of the long-term axonal damage may be attributable to
secondary biological injury mechanisms that are progressive and can persist long after the initial
mechanical forces46,47. Even in cases of a single TBI, studies examining axonal pathology report that
deleterious effects do not merely persist, but actually progress and continue to worsen for weeks,
months, and years after the primary mechanical injury46. This effect is exacerbated in individuals who
are exposed to repetitive head trauma, even when these blows to the head are deemed to be
subconcussive48. With this consideration, the pathophysiology of TBI should no longer be considered
an irreversible outcome of a static injury event. Rather, there is likely a large therapeutic window to
curb this ongoing injury process in order to mitigate chronic damage to the brain and reduce the

otherwise heightened risk of neurological conditions, including depression and degenerative diseases
such as Chronic Traumatic Encephalopathy (CTE).

The following section will provide an overview of this biological process with an emphasis on the
neuroinflammatory response since this appears to be at risk of becoming chronically hyperactive
following head injuries and is closely related to peripheral influences from the gut28,49.

2.1.1. Immunological perspectives of TBI sequelae
Glial cells outnumber neuronal cells by approximately 10 to 1 in the brain50. Among these glial cells
are microglia, which are the primary immune cells of the CNS and are chiefly involved in the immune
response to neurotraumatic events. The inflammatory response following TBI is nuanced; there are
both beneficial and detrimental effects, which likely differ in the acute and chronic phases of recovery
following the injury27,49,51. Generally, the immune system must respond appropriately to the primary
injury, but it must do so transiently and in a regulated manner52. Secondary injuries mediated by
biological mechanisms occur when the CNS immune response becomes dysregulated and shifts to a
perpetual state of neuroinflammation

53,54

. These feedforward loops of perpetual inflammation, which

may be triggered by TBI, increase the risk for neuropsychiatric illness and neurodegenerative disease
that may not be clinically evident until many years after the initial injury54.

Chronic neuroinflammation has been found to persist years after neurotrauma in both experimental
animal models of TBI55–58 and in human studies59–61. Relative to healthy controls, chronically
elevated levels of neuroinflammation, as detected via PET scan, can persists both years after a
single remote TBI as well as years after exposure to repetitive neurotrauama, even in the

absence of a clinically evident TBI61–64. Notably, one study that also investigated neuronal white
matter integrity found that levels of microglial activations correlated with structural changes in the
brain63. Recent reviews detailing this dysregulated immune response in the brain following
neurotrauma highlight the phenomenon of microglial priming as a key component of this harmful
pro-inflammatory state28,29,49. In short, priming refers to microglia that are in a hypersensitive and
hyperactive state; they are “primed” for a future exaggerated response to an internal or external
challenge. Given their hypersensitivity, these primed microglia require a lower stimulus to elicit a
toxic pro-inflammatory response to future injuries, stressors, and infections while their hyperactivity
results in an exaggerated inflammatory response to what might otherwise be regarded as a modest
secondary immune challenge29,65. Subsequent exposure to neurotrauma (i.e. repetitive head injuries)
is one apparent model for this phenomena as one head injury leaves the brain’s microglia primed and
more susceptible to becoming dysregulated with each subsequent hit28. However, non-traumatic
peripheral influences can also pose an internal challenge that interacts with primed microglia to elicit
a disproportionate inflammatory response in the brain.

To demonstrate the interaction between non-traumatic secondary peripheral challenges and primed
microglia following neurotrauma, researchers administered systemic lipopolysaccharide (LPS; Box
1) challenges to mice that either received a head injury or sham-control event thirty days prior.
Relative to the sham-controls, the mice that previously sustained an experimental head injury had a
dysregulated immune response to the LPS challenge, which was exhibited by elevated levels of
inflammatory cytokines (IL-1β, TNF-α, and IL-6) and morphological changes to microglia indicative
of priming56,36. Additionally, the secondary LPS challenge caused depressive behavior only in mice
that previously suffered head injuries and, thus, had primed microglia56. Notably, these depressive

symptoms were not observable acutely following the head injury; they only emerged after the
secondary immune challenge to the endotoxin thirty days post-injury. This indicates that 1) there is a
large therapeutic window to harness and desensitize the immune system of the CNS, and 2) the brain
may be susceptible to systemic peripheral immune challenges following TBI. The link between
microglial priming and depression is further supported by studies devoid of head trauma entirely
where repeated injections of inflammatory cytokines induce depressive symptoms only after
microglia become primed66.

While the microglial polarization is the primary focus of this paper, there are many other
neuroimmunological components involved in response to TBI. Among these processes includes the
release of damage-associated molecular patterns (DAMPs), glutamate excitotoxicity, mitochondrial
dysfunction, and the adaptive immune response mediated by T cells and B cells capable of utilizing
the lymphatic and glympahatic systems. As Simon et al explain in their comprehensive review, all of
these processes have the potential to become pathogenic67.

Box 1: Key Points Related to Lipopolysaccharide (LPS)





LPS is a bacterial endotoxin known to provoke an innate immune response68
LPS injection (aka experimental endotoxemia) is commonly used by researchers to induce a systemic immune
response in human subjects69 and experimental animal models70



In healthy adults, experimental endotoxemia is shown to robustly activate microglia indicative of
neuroinflammation69



Acutely, LPS-mediated neuroinflammation causes “sickness behavior”, including depressive symptoms 71



Experimental endotoxemia is used as a model to induce neurodegeneration in preclinical studies70



During intestinal barrier dysfunction (i.e. increased permeability), endogenous LPS can “leak” across defective
tight junctions of the intestines into the body’s circulation, which results in an immune response that can spur
neuroinflammation and neuropsychiatric illness 72



LPS can disturb previously primed microglia to exacerbate neuroinflammation and prompt disease 56



Serum LPS levels emanating from damaged intestinal walls found to correlate with disease severity for
neurodegenerative disorders in human patients (e.g., Parkinson’s) 73

2.2. GBMAx: Linking the gut and neuroinflammation
Peripheral influences are increasingly recognized as key regulators of central physiological processes
within the brain during both health and disease74. Chief among these peripheral stimuli are signals
emerging from the gut to comprise the bidirectional gut-brain axis11,19,75,76.

As introduced earlier, the gut microbiota is principally involved in the bidirectional influence of the
GBMAx. Notably, the collective genome of the 1013 microorganisms inhabiting the gut, termed the
microbiome, is both larger and more plastic than that of the human genome13,77,78. The gut microbiota
is partially inherited from the mother at birth but, in varying degrees, many environmental factors
influence the composition of the gut microbiota such as mode of birth delivery, antibiotic
consumption, and diet79–81. Despite inconclusive findings, clinical data also suggests that the
composition of the gut may be altered in the presence of disease, including those considered
neurological. Endophenotypes have been observed linking microbial dysbiosis to an expanding list
of CNS conditions that includes autism spectrum disorder, depression, and Parkinson’s disease82.
Though it remains difficult to infer causality from these correlational observations, these findings
further highlight the plastic nature of the gut microbiota and its potential implications with neuronal
health.

Strong evidence from these preclinical models suggest that the GBMAx is bidirectional; mental state
(e.g., stress) can alter the gut microbiota while the gut microbiota is also capable of exerting influence
on the CNS19. Preclinical evidence demonstrating the modulatory effects of gut microbiota on the
brain are primarily derived from 1) “germ-free” models where diseases are studied in animals devoid
of microbial species, 2) models in which microbial manipulation is accomplished with antibiotics,

and 3) models of fecal microbiota transplantation (FMT)79,83–85. When examining this bottom-up
influence of the GBMAx, evidence suggests the gut microbiota is mechanistically important for the
regulation of central CNS processes. Commensal species in the gut can signal the brain to modulate
processes such as neurotransmission, neurogenesis, microglial activation, and influence behavior
under both homeostatic conditions and in response to internal/external stressors19,86,87. Evidence also
suggests that these commensal species may control the development and function of immune cells
throughout the body, including the microglia in the brain88–90. Therefore, the interaction between gut
microbiota, neuroinflammation, and disease may be implicated as a peripheral influence for the
pathogenesis of neurological disease91–93. While it is difficult to infer causality from available data,
recent studies performing FMTs from clinical patient populations (e.g., depression, PD) to murine
species provide compelling evidence as mice receiving FMTs from healthy humans remain healthy,
while those who receiving FMTs from clinical patients begin to exhibit symptoms characteristic of
the disease of the human FMT donor75,94.

Given the existing evidence suggesting that gut microbiota can influence neurological health through
mechanisms that may be mediated by inflammation, this is certainly a compelling target for future
research. However, gut barrier dysfunction may arguably be a more distinct source of systemic
inflammation that ultimately affects the brain, though this is not entirely independent of the gut
microbiota. When this barrier is structurally compromised and intestinal permeability increases,
pathogenic substances such as LPS (Box 1) can aberrantly penetrate the barrier. This provokes an
innate immune response that causes systemic inflammation while also peripherally triggering or
exacerbating ongoing neuroinflammation. In support of this association between gut barrier
dysfunction and the subsequent LPS-mediated neuroinflammation, a recent clinical trial used PET

scans to detect robust microglial activation following peripheral LPS injection in healthy adults 95.
Given our previous discussion of microglial priming, intestinal dysfunction resulting in endotoxemia
may increase one’s susceptibility to neurological disease; especially amongst those with history of
TBI. To this end, pre-clinical evidence indicates that serum LPS levels correlate with
neurodegenerative pathology and neuronal cell death35,91,96–98. This is further supported by clinical
data as studies report that circulating levels of serum LPS strongly correlate with disease severity in
AD, PD, and ALS patients73,99. Notably, levels of serum LPS in patients with neurodegenerative
disease correlate with discrete measures of intestinal permeability, which suggests that gut barrier
dysfunction is the source of this endotoxemia73. The notion of LPS mediated neurodegeneration is so
robust that peripheral LPS injections are commonly used as a model for intentionally inducing
neurodegenerative disease in pre-clinical experiments100,101.

Therefore, it is essential to maintain the health and structural integrity of the intestinal mucosa.
Indeed, the intestinal barrier is compromised in many disease states, but the resilience of the gut may
be compromised in disease free individuals as well due to nutrient deficiencies20. Dietary fiber, for
example, is arguably the most important nutrient to maintain a healthy, resilient intestinal barrier102.
Dietary fiber is technically indigestible; upon reaching the colon, it is fermented by gut microbiota.
When fiber is depleted and there are inadequate nutrients for the gut microbiota to self-sustain, the
epithelial tissue lining the gut becomes damaged which inherently compromises the functional
integrity of the barrier102. Remarkably, the National Health and Nutrition Examination Survey
(NHANES) data indicates that less than 5% of Americans across all gender and age subgroups achieve
the recommended guidelines for adequate intake of dietary fiber103. This suggests that the average
American has suboptimal health of the epithelial tissue comprising the GI tract, which may precipitate

future permeability deficits33. In addition to maintaining structural integrity of the intestinal wall,
dietary fiber intake regulates inflammation through the production of SCFAs as a metabolic
byproduct of microbial fermentation104.

As further described in the conceptual model below, the structural integrity and resilience of the
intestinal membrane may be a crucial component to one’s neurological health following
neurotraumatic events.

3. Exploring the Bidirectional GBMAx Involvement following TBI
3.1. Top-Down: Brain-to-Gut
A recent review explored the extent to which the brain influences the gut following TBI with primary
focus on GI dysfunction following TBI24. To function properly, the GI tract and other visceral organs
rely on innervation from the enteric nervous system, which is a component of the autonomic nervous
system and largely mediated by vagal pathways. As Kharrazian highlights in this review, brain
injuries often cause autonomic imbalances collectively referred to as dysautonomia24. This disruption
of the autonomic nervous system following TBI is a common symptom with 92% of patients
exhibiting significantly altered parameters of autonomic function in the first seven days post-severe
TBI105. The incidence of overt symptoms arising from dysautonomia appear to be reduced over time,
but the findings from a separate case-control study suggest that these symptoms may be a chronic
consequence of TBI106.

One major characterization of TBI induced dysautonomia is GI dysfunction107. Remarkably, head
trauma can induce both structural and functional changes to the epithelial tissue lining the gut.

Functionally, decreased contractility of the smooth muscle within the GI tract results in delayed transit
times following TBI108,109. Pre-clinical data suggests that this functional impairment is correlated with
both increased systemic inflammation in the gut and brain atrophy108. In addition to decreased
intestinal contractility, experimental neurotrauma can trigger alterations to the intestinal mucosa
morphology and significant structural damage to the tissue lining the GI tract25. This structural
damage to the intestinal barrier is evident as early as three hours post-injury, it peaked at 72 hours,
and the damage was still evident at the study’s conclusion seven days post-injury25. While the exact
mechanisms are unknown, evidence suggests that damage to the GI tract following TBI is mediated
by defective tight junctions in the intestinal wall26,110. Other observed morphological alterations of
the gut mucosa occurring within three hours of TBI include shedding of epithelial cells, fracture of
intestinal villi, fusion of adjacent villi, focal ulcer, dilation of central chyle duct, mucosal atrophy,
edema in the villous interstitium and lamina propria, and a reduced expression of intestinal tight
junction proteins (e.g., occludin, ZO-1)25,26.

Taken together, alterations to the gut’s structure and function following head injuries leads to
increased intestinal permeability and gut barrier dysfunction25,26,111–114. Aberrant intestinal
permeability results in endotoxemia that prompts significantly greater levels of inflammation within
the gut115–117. Elevated levels of CD40 expression, NF-kβ, TNF-α, IL-6 and other inflammatory
cytokines in response to increased intestinal permeability can trigger or exacerbate a vicious proinflammatory cascade effecting systems outside the gut, including the CNS. Importantly, measures
of intestinal permeability (e.g., lactulose/mannitol ratio) correlate with both levels of plasma
endotoxin and inflammation at all time points following experimental TBI25. Also of note, pre-clinical
data indicates that bacterial translocation following TBI is only evident within the intestine and

bacterial colonies are not detectable in the lung, liver, spleen, or kidney when measured at 7 days
post-injury118. This same study reports that interventions supporting intestinal barrier function can
rescue intestinal permeability deficits to prevent bacterial translocation118. Whileore research is this
suggests that intestinal dysfunction is mechanistically relevant for the post-TBI endotoxemia and
resultant systemic inflammatory response.

In the context of mechanical TBI, there is limited data showing the “top-down” effects of head injury
on gut microbiota alterations. In their experimental weight-drop model, Houlden et al. observed TBI
induced dysbiosis in mice. Specifically, they report that TBI severity correlated with changes in
Bacteroidetes, Porphyromonadaceae, Firmicutes, and Proteobacteria119. More insights can be gained
by investigating alternative mechanisms of acute brain injury (See: Section 3.3).

3.2. “Bottom-Up”: Potential Gut-to-Brain Signaling
Considering the effects of neurotrauma on the structure and function of the gut, it is necessary to
examine the potential influence of the GBMAx in the opposite direction; how does neurotrauma
induced damage to the gut affect the brain? Given the local immunological aspects of the sequelae
following TBI within the CNS, could gut barrier dysfunction and/or microbiota alterations spur a
peripheral inflammatory cascade that further exacerbates the dysregulated hyperactivity of the
microglia in the CNS initially perturbed by the primary insult?

While this has not been directly investigated, we can look to studies that induce experimental
endotoxemia by peripherally injecting LPS, which effectively simulates TBI induced intestinal

dysfunction. Even in healthy adults, trials consistently demonstrate that the LPS-mediated systemic
inflammatory response is capable of peripherally modulating CNS health and function120,121.
Collectively, the neurological symptoms following acute exposure to LPS challenge are referred to
as “sickness behavior”71. Notably, the LPS-induced systemic inflammatory cytokines that are
elevated by experimental endotoxemia and thought to provoke “sickness behavior” are the same
inflammatory markers previously found to be predictive of a worse outcome following TBI122. Su
and colleagues report that elevated levels of CRP, which is indicative of systemic inflammation, at 1,
2, and 3 months after a mild TBI was significantly correlated with persistent neuropsychological
symptoms 122. Of particular note, the typical symptoms of sickness behavior following injections of
LPS in models of experimental endotoxemia shares considerable overlap with a constellation of
symptoms

often referred “post-concussion syndrome (PCS)”

71,123,124

. In fact, Rathbone and

colleagues recently made a compelling case to re-term PCS as “post-inflammatory brain syndrome”
given this extensive overlap125. Perhaps the GBMAx is mechanistically involved in these persistent
symptoms following neurotrauma in the subset of patients experiencing PCS. This was indirectly
tested in a preclinical model where rats displayed significantly worsened outcome following an
experimental head injury only upon exposure to a latent LPS injection116. The researchers attributed
this secondary brain damage following the LPS exposure to persistent neuroinflammation, which may
be occult in patients with damaged gut. Is it possible that the inflammatory cytokines released in
response to peripheral endotoxemia can alter the activity of microglia in the brain to influence
neuronal health following TBI?

There is evidence supporting that 1) locally, TBI induces neuroinflammation and primes microglia28;
2) even in healthy adults, peripheral LPS injection produces robust microglial activation95; and 3)

hyperactive microglia predispose individuals
to neurological disease31. Therefore, if head
trauma causes intestinal barrier dysfunction,
the resultant endotoxemia mediated peripheral
inflammation can significantly influence the
microglia that are already primed and
vulnerable from the primary injury forces. In
this conceptual model, we hypothesize that this
may cause a harmful positive feedback loop as
the microglia, which are already primed in
response to the mechanically injured neuronal
cells,

may

be

aggravated

and

further

dysregulated by the peripheral immune
response originating in the gut (Figure 1). As a
point of emphasis, this conceptual model has
yet to be directly investigated.

3.3. Closing the Loop: Insights from acute
cerebral ischemic events
While the primary context of the article relates
to the pathophysiological mechanisms of TBI
insights may be gathered from studies

Figure 1: Proposed Conceptual Model for the Bidirectional
Involvement of GBMAx following TBI: a) Neurotraumatic event
occurs. Rotational and/or linear mechanical forces (e.g.,
acceleration/deceleration) of the event cause the “primary injury”
to
neuronal
tissue
(e.g.,
axonal
shearing). Locally,
neuroinflammation occurs as a consequence of this mechanical
insult and microglia become primed. b) Neurotrauma can cause
structural (e.g., defective tight gap junctions) and functional (e.g.,
decreased smooth muscle contractility) damage to the GI tract. c)
Both the functional and structural changes to the intestinal
membrane compromise the integrity of the intestinal wall barrier.
This results in increased intestinal permeability. d) Increased
intestinal permeability promotes a state of endogenous
endotoxemia. Toxins (e.g., LPS) aberrantly permeating across the
intestinal membrane trigger a systemic immune response with the
release of pro-inflammatory cytokines (e.g., TNF-a, NFK-B, IL-6).
e) Systemic release of pro-inflammatory cytokines peripherally
influences the CNS. These inflammatory cytokines act on the
microglia to stimulate a state of neuroinflammation. f) The
microglia are previously primed from the local traumatic injury and,
thus, are more vulnerable to future internal/external insults. Upon
being peripherally stimulated by this systemic immune response
in the gut, the microglial mediated neuroinflammation exacerbates
the ongoing local secondary injury mechanisms.
*Pre-clinical data suggests that the gut microbiota are
bidirectionally involved, but there is not enough evidence to
elucidate the complex role of these commensal species

investigating the bidirectional involvement of the GBMAx following other acute ischemic brain
injuries126–128.

Indeed, GI dysfunction is a known consequence of acute ischemic brain injuries129. Preclinical data
from experimental models of ischemic stroke report direct evidence of intestinal barrier dysfunction,
which leads to ‘bacterial translocation’130–132. Bacterial translocation can be defined as the invasion
of indigenous bacteria or endotoxins across the gut mucosa and into the circulation causing systemic
inflammation and distant organ injury133. This is the same phenomena that we propose may be
influencing outcome and risk of neurological disease following TBI. Across these various
mechanisms of brain injury, future research is required to further elucidate the mechanisms mediating
the subsequent intestinal permeability deficit. In a preclinical model of acute ischemic stroke, Stanley
and colleagues observed that intestinal barrier dysfunction correlated with significant enteric neuronal
loss in the submucosal plexus of the ileum, which they report may be mediated a misbalance between
adrenergic and cholinergic signaling in post-stroke mice. Notably, the structural integrity of the gut
barrier was observed at 8 different time points across a 24-hour time period post experimental injury,
with intestinal permeability peaking at three hours post-injury130. There is also clinical data in support
of these experimental findings suggesting stroke induced intestinal barrier dysfunction. In acute
ischemic stroke patients, a biomarker for endotoxemia (Lipopolysaccharide Binding Protein; LBP) is
not only significantly correlated with serum markers for inflammation, but LBP levels were also
predictive of patients who were at highest risk of post-stroke infections134. Though there were no
healthy controls in this study, stroke patients who eventually had an infection had significantly
elevated levels of LBP relative to the “no infection” cohort of patients as early as 12 hours post-injury.

In addition to gut-barrier dysfunction, studies of acute ischemic stroke provide further insight into the
potential alterations to the composition of the gut microbiota and the implications of this dysbiosis.
Houlden et al investigated the effects of neurotrauma on gut microflora with two separate
experimental models for both closed head TBI and surgical ischemic brain injury119. This preliminary
study reports neurotrauma induced alterations in gut microflora in both groups of mice, though they
differed. In both the models of TBI and ischemic stroke, the bacterial population shifts correlated with
both severity of the injury and neurological deficits. However, the specific microbial population shifts
differed between the two models; the surgical ischemic brain injury produced significant shifts in
Peptococcaceae (increased) and Prevotellaceae (decreased), which were both absent in the closedhead model of TBI. Notably, these microbial shifts correlated with lesion severity. The researchers
note that these microbial alterations following neurotrauma may be mediated by goblet cells and the
noradrenergic response of the autonomic nervous system. This study also emphasizes the potentially
confounding effects of microbial population shifts following sham surgeries119.

To highlight the gut-to-brain influence of dysbiosis in acute brain injury, one experimental model
artificially induced dysbiosis in mice with a two week course of antibiotics prior to surgical ischemic
injury. Indeed, the microbial compositions of the gut significantly influenced outcome following
stroke. This data suggests that the gut microflora is mechanistically involved in mediating the immune
response to experimental brain injury, specifically through regulation of intestinal T cells 135. The
findings of Singh et al further demonstrate the bidirectional influence of the GBMAx following acute
ischemic brain injury. To demonstrate this bottom-up effect that dysbiosis is causally linked to
deteriorated stroke outcome, Singh et al utilized both germ-free mice and fecal microbiota transplants.
There were three cohorts of mice: a) injured, b) sham, and c) germ-free & injured. The microbiota

colonized mice who received stroke became dysbiotic. When germ-free mice received fecal
microbiota transplant from the dysbiotic post-stroke mice, it exacerbated lesion volume and
functional deficits. Alternatively, recolonization with a transplant of the normal sham-control
microbiota improved stroke outcome in both cohorts of injured mice while also normalizing the
lesion-induced dysbiosis136. Notably, the researchers suggest that the gut microbiota exert influence
through modulating the neuroinflammatory response. In another experimental model, researchers
report that artificially depleting gut microbiota with broad-spectrum antibiotics pre-ischemic injury
is associated with a significantly worsened outcome137. Alternatively, pre-clinical data also indicates
that modulating the gut microbiota with probiotics is neuroprotective as behavioral deficits were
rescued following cerebral ischemia/reperfusion injury138. This data has immediate clinical relevance
considering the high-rates of antibiotic use in order to combat post-stroke infections.

There is also emerging clinical data to further support these preliminary experimental findings. To
date, these clinical studies are observational in nature and report on the “top-down” implications of
the GBMAx following stroke. Swidsinski et al were amongst the first researchers to report a
significant dysbiotic shift in the gut microbiota amongst stroke patients. The researchers note that the
dysbiotic response to ischemic brain injury is worse than what is typically observed in patients with
ulcerative clolitis patients, suggesting severe GI dysfunction139. This was supported by a case-control
study that observed significant gut dysbiosis following ischemic brain injury when compared to
asymptomatic age-matched controls with atherosclerosis140. Most recently, a study found that
dysbiotic alterations correlated with markers of systemic inflammation (e.g., IL-6, CRP) following
stroke141. Notably, causality cannot be inferred from this clinical data since there are no pre-stroke

measures of gut microflora in these patients. Future research is required in this emergent field to more
comprehensively elucidate the GBMAx involvement in brain injury patients.

4. Discussion and Future Directions
4.1 Potential Clinical Implications
As previously discussed, heightened levels of systemic inflammatory markers are indicative of worse
outcomes following TBI, even those considered mild122. Therefore, in this conceptual model, we
postulate that the GBMAx may be a therapeutic target to attenuate this systemic inflammatory
response to augment recovery in the acute and/or subacute phases following the head injury (Figure
2). In this context, the GBMAx may serve as a bidirectional loop of inflammation with primed
microglia that are being further provoked by peripheral inflammatory stimuli originating in the gut.
Alternatively, this model may more aptly apply to stroke and severe TBI patients as a means to
mitigate the risk for infection that is otherwise heightened due to bacterial translocation and/or
separate mechanisms of immunosuppression, which may have immediate clinical potential for stroke
patients. Despite the debilitating neurological deficits and injury to neuronal tissue, infection, namely
bacterial pneumonia, is considered the leading cause of death after stroke142. Recent evidence suggests
the bacteria responsible for these potentially lethal infections following stroke emanate from the
gut130. Perhaps this is, in part, caused by intestinal barrier dysfunction whereby indigenous microbial
species aberrantly penetrate the compromised barrier?

Figure 2: This figure illustrates the hypothetical acute/subacute implications of this proposed model. 1)
In healthy aging, the brain becomes naturally more susceptible to neurological disease (green line). 2)
The brain typically recovers from TBI, but is now less resilient as TBI is a risk factor for numerous
neurological conditions (blue line). 3) If the GBMAx is involved acutely following TBI, there may be TBI
induced dysbiosis and/or intestinal dysfunction (red line). The resultant systemic inflammatory
response can impair recovery and the brain will be more susceptible to neurological disease. Preclinical
and clinical data to date support that systemic inflammation following TBI is associated with worse
outcomes. Preclinical data reviewed in Section 3 of this manuscript further demonstrates that the
GBMAx may be a source of this systemic inflammatory response.

When considering the long term implications of the proposed model, it is notable that multiple lines
of evidence support the pathogenic role of inflammation in both neuropsychiatric illness and
neurodegenerative disease31,101,143. There are experimental models highlighting the correlation
between ongoing neuroinflammation in both neuropsychiatric symptomology and in the progression
of neurodegenerative pathology144–154. In clinical data, there are observational findings of elevated
levels of neuroinflammation in CNS conditions ranging from depression to Alzheimer’s disease30,155–

161

. Further, longitudinal epidemiological data suggests that chronic systemic inflammation often

precedes the onset of these conditions and therefore, is a likely risk factor162–164. This interaction
between neurotrauma, microglial priming, and systemic inflammation is likely involved in the
mechanisms that predispose individuals to neurological conditions in the years that follow TBI54,165–
168

. With this consideration, we believe it is crucial to harness the systemic immune response to

attenuate these disease processes, which may be mediated by GBMAx.

The concept of microglial priming is crucially involved in the proposed model when considering this
latent influence of the GBMAx on the susceptibility to neurological disease. The capacity for
microglia to stay regulated can be conceptualized as a key component to the brain’s resilience against
future neurological disease169,170. When microglia become primed, as they do following TBI, the
immune system of the CNS becomes less resilient to future internal or external stressors. We propose
that isolated and remote events GBMAx dysfunction later in life could be a source of internal stressors
that provoke the previously primed microglia to further predispose individuals to disease(Figure 3).

Figure 3: This figure illustrates the hypothetical long-term implications of the proposed model. 1) In
healthy aging, the brain remains resilient yet becomes naturally more susceptible to neurological disease
over time (green line). 2) The brain typically recovers from TBI, but is less resilient to future insults. This
decreased resiliency is partially mediated by the microglial priming that occurs and persists following
the TBI. This increased risk for latent neurological disease following TBI is well supported in the clinical
data (blue line). 3) In the absence of TBI, a secondary peripheral immune challenge does not provoke a
sustained pathological response, which was demonstrated in a pre-clinical model of experimental
endotoxemia following TBI (Fenn et al. 2014) (orange line). 4) The resiliency deficit from the initial TBI
leaves the brain susceptible to sustained neurological disease when exposed to secondary immune
challenges (Fenn et al 2014). The GBMAx, even if not directly affected by the initial injury, could latently
influence neurological health following TBI. Any future GBMAx disruption leading to gut dysbiosis
and/or intestinal barrier dysfunction could spark a secondary immune challenge that the brain is unable
to withstand due to the previously primed microglia that increase susceptibility to disease. Such GBMAx
disruptions include antibiotic induced dysbiosis, Inflammatory Bowel Disease, Irritable Bowel
Syndrome, stress, poor diet, etc. Therefore, per this hypothesis, therapeutic intervention that fortify the
intestinal barrier may have a neuroprotective effect against latent neurological disease (red line).

There are numerous and varied examples of isolated GBMAx disruptions independent of TBI that
could cause intestinal barrier dysfunction and/or gut dysbiosis such as 1) mental stresss14, 2)

inflammatory bowel disease, which is increasingly prevalent171, 3) antibiotic induced dysbiosis, and
4) even the poor Western Diet of the average American is reported to promote dysbiosis and impair
intestinal barrier function172. This may be a greater concern as individuals age because the aging
process influences the activity of these glial cells in a manner that further shifts microglia towards the
‘primed’ phenotype, which we hypothesize decreases the brain’s resilience173. This hypothesis is
similar to that of other research groups who have postulated that TBI is lowering the brain’s resilience
(or ‘cognitive reserve’) through these microglial-mediated mechanisms53,54,168,174. Given the
extensive literature reviewed in this article, we believe it is necessary to consider the influence of the
GBMAx as a source of secondary insults that exacerbates neuroinflammation to increase
susceptibility to disease.

Future research is needed, but we hypothesize that increasing the “resilience” of gut health may have
neuroprotective effects and mitigate the risk of latent neurological disease by reducing the chance of
an independent secondary peripheral challenge.

4.2 Potential Therapeutic Strategies
This integrative understanding of the pathophysiology of head injuries opens the door to novel
therapeutic approaches with the potential to improve patient outcomes and mitigate risk for the onset
of latent neurological diseases. This nascent field of research offers many potential avenues to further
investigate the influence of the GBMAx to halt secondary injury mechanisms from continuing to
cause insidious damage following neurotrauma.

4.2.1 Targeting the Microbiota

The plastic nature of the human microbiome makes it a potential therapeutic target, and probiotic
supplementation is one avenue to alter the composition of the gut microflora. One mechanism by
which probiotics may influence the pathophysiological response to head injuries is through regulating
intestinal permeability175. Mechanistically, probiotics generally work to tighten gap junctions176,
which are often a source of disruption following TBI. In fact, existing preclinical data provides direct
evidence in support of this in a model where probiotic supplementation after the neurotrauma
significantly lowered the intestinal permeability that was otherwise increased by the damage to the
intestinal mucosa following TBI118. These findings suggest that probiotics can fortify the intestinal
barrier to mitigate neurotrauma induced endotoxemia and inhibit systemic dysregulation of the
immune system that may otherwise peripherally hyper-activate the brain’s microglia187–189. This is
supported by emerging evidence from multiple experimental models further suggests that probiotic
supplementation may have protective role against LPS induced neurodegeneration178,179. Even in the
absence of TBI or endotoxemia, the host microbiota inhabiting the gut play a critical role in the
maturation and function of the microglia in the brain89.

Recent studies provide further support of this novel approach of healing the gut to treat the brain.
Using an experimental murine model to induce an inflammatory response in the gut, D’Mello and
colleagues observed sickness behavior and hyperactive microglia upon ex-vivo examination of
neuronal tissue relative to sham-control group. After administering either probiotics or placebo
treatment to the mice, the researchers observed a significant reduction of systemic inflammation,
sickness behavior, and suppression of microglial hyperactivation only in the mice that received
probiotics177.

As the appreciation of the microbiome has continued to grow, more studies are beginning to
investigate the effects of probiotic supplementation in humans across different disease states. Multiple
placebo-controlled, double-blind randomized control trials across various patient populations
demonstrate the ability of probiotics to reduce levels of serum endotoxin and pro-inflammatory
cytokines while simultaneously increasing levels of anti-inflammatory cytokines180–184. These studies
make no effort to investigate the influence of these probiotics on neuronal function or health, but the
clinical data from Sandiego et al illustrate that attenuating systemic inflammation will likely aid in
regulating microglial activity in the brain to benefit recovery following head injury95. Human studies
with a more focused interest on neuronal function and health provide further evidence for the ability
of probiotics to influence the CNS through the GBMAx185,186.

Importantly, prebiotic supplementation of dietary fiber is another therapeutic arm with significant
leverage. Of particular relevance, prebiotics have been found to attenuate the behavioral deficits and
the pathophysiological response to LPS in multiple experimental models of endotoxemia190191.

4.2.2 Nutritional Supplementation
The gut microflora is also intricately involved in our ability to process nutrients, many of which
influence brain health192. Docosahexaenoic acid (DHA), for example, is an omega-3 fatty acid that
exhibits strong anti-inflammatory and neuroprotective effects193. In experimental models of TBI,
DHA supplementation is known to reduce axonal damage in rodents194. This finding was recently
supported in a clinical study of collegiate football players where prophylactic DHA supplementation
significantly reduced serum levels of a known biomarker (Neurofilament Light; NFL) for axonal
damage that was otherwise significantly elevated over the course of the season in athletes without

DHA195. Notably, researchers have found that administration of probiotics augments DHA
metabolism and leads to significantly greater levels of DHA in the brain to further promote its
neuroprotective effects196,197. This suggests a possible synergistic effect between DHA and probiotic
supplementation to optimize this GBMAx intervention to protect the brain from neurotruama.

In addition to DHA, there are many other nutritional interventions that may be viable therapies for
TBI
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. Focusing solely on fortifying the gut, there are many nutrients that may strengthen the

integrity of the intestinal barrier. For example, Zinc, Vitamin D, and Magnesium are all known to
improve the health of the intestinal mucosa lining201–203. Interestingly, all of these nutrients have been
shown to improve outcomes following neurotraumatic events, but these studies focus on alternative
mechanisms. Further research is needed to understand the influence of nutritional supplementation as
a neuroprotective strategy.

4.2.3 Vagus Nerve Stimulation
A complete understanding of the GBMAx following head injuries is not possible without proper
consideration of the vagus nerve. The vagus nerve mediates much of the GBMAx communication
and may be significantly implicated in this positive feedback loop of inflammation204. Remarkably,
vagotomised rats, do not experience sickness behavior following LPS injection205 and experimental
models have demonstrated that vagus nerve stimulation (VNS) is an effective therapy for attenuating
inflammation triggered by endotoxemia206. In addition to promoting an anti-inflammatory cholinergic
response, VNS also directly improves the integrity of the tight gap junction proteins that regulate
intestinal permeability207. VNS has also been shown to decrease intestinal permeability and improve
the integrity of the blood-brain barrier, both of which would be beneficial following TBI208,209.

Indeed, preclinical data directly demonstrates the ability of VNS to be protective when applied both
prophylactically before TBI and as a therapeutic tool when performed during the recovery process.
As a prophylactic intervention, VNS was shown to prevent neurotrauma induced intestinal
permeability in a model of experimental TBI111. Other early preclinical studies investigating the
therapeutic effects of VNS following head injuries demonstrate that it improves motor and cognitive
outcomes while also reducing secondary neuronal damage210. Given the mounting evidence in support
of the emerging hypothesis that neurodegenerative pathology may start in the gut before spreading to
the CNS via the vagus nerve, the bidirectional involvement of the GBMAx and the vagus nerve in
the pathophysiological response to TBI warrants further investigation211.

4.2.4: Gut-derived Neuropeptides
Ghrelin is a orexigenic hormone produced in the gut that functions as a neuropeptide in the CNS. In
murine models of endotoxemia (experimentally induced sepsis via cecal ligation and puncture),
studies have demonstrated that ghrelin is effective at ameliorating intestinal dysfunction and downregulating the subsequent systemic pro-inflammatory immune response212,213. Researchers report that
this effect is likely mediated through vagus nerve stimulation as mice that received a vagotomy did
not respond to ghrelin212.

The effects of ghrelin have been directly investigated as a therapeutic

intervention for neurotrauma induced intestinal dysfunction in pre-clinical trials. In a weight-drop
model of experimental TBI, ghrelin administered immediately before and after TBI was found to
prevent 1) physical damage to intestinal tissue, 2) intestinal permeability, and 3) systemic
inflammatory response. Ghrelin led to a significant suppression of MLCK (a marker of injury to
intestinal epithelial tissue) and blinded pathologist only reported physical damage to intestinal tissue

in the TBI group, not in the TBI+Ghrelin group or the sham group214. In a separate study, an
experimental model of Intracerebral Hemorhage (ICH) produced consistent results even when ghrelin
was only administered post-injury. In this study, ghrelin attenuated markers of damaged intestinal
tissue, increased intestinal permeability, and abnormal tight-junction related protein expression that
was otherwise significantly different in the sham and ICH groups215. Both survival rate and measures
of weight loss were significantly improved in the ICH+ghrelin group relative to the ICH group.

4.3: Translational Challenges
As noted in prior reviews, translating TBI from bench to bedside has unique challenges. Chief among
them are 1) there is no reliable and objective method for diagnosis of TBI, particularly, mild TBI,
where neuronal damage may not be readily detectable with current tools, 2) many TBIs go
undiagnosed and unreported, so it may be difficult to find a true ‘healthy control’, and 3) although
TBIs are ‘acute’ injuries, it is challenging to follow subjects longitudinally and control for many
confounding variables between injury and the potential latent neurological symptoms216.
Additionally, there are inherent challenges in translating findings from experimental animal models
to human applications, and these are multiplied when investigating the gut microflora. The chief
concern in this regard is that the animals are housed in such sterile environments with no true exposure
to the bacterial of the external environment that humans gut microflora is exposed to and influenced
by217.

Specific to our conceptual model, there are additional challenges that we foresee.

1) Most real-world TBI occurs with comorbid polytrauma: It may be challenging to distinguish
the cause of gut alterations and systemic inflammation between either ANS signaling or direct
trauma to the intestines.
2) Controlling for the plasticity of the gut microflora in sham procedures: The microflora is
adaptive and responsive to stress, which may cause alterations to the gut microflora even in
the supposed sham control group.
3) With this integrative model across multiple physiological systems, it will be difficult to
delineate the exact mechanisms of action for proposed interventions.

For example, if

prophylactic intake of prebiotics and probiotics are taken to ‘fortify’ the gut in a population
of athletes, is the potential neuroprotective effect mediated by enhanced intestinal barrier
function, altered metabolomics profile of SCFAs, improved glycemic control, or some other
mechanism?
4) In human trials, it may be hard to distinguish the cause of post-TBI infection between
intestinal dysfunction mediated bacterial translocation and immunosuppression. However, the
pre-clinical data above provide sufficient evidence to suggest that this TBI-induced
endotoxemia is, at least partially, mediated by intestinal dysfunction. More sensitive measures
of intestinal dysfunction and intestinal permeability would be helpful.

5. Conclusion
There is extensive evidence highlighting the involvement of secondary injury mechanisms that may
occur in the brain following repetitive or singular neurotraumatic events. Chief among this perpetual
disruption to the CNS is microglial mediated neuroinflammation, which is known to increase the risk

of numerous neuropsychiatric diseases later in life ranging from depression to CTE. There is
compelling evidence to suggest that the GBMAx is a nexus for neurotrauma, inflammation, and latent
disease. Data from preclinical and clinical trials demonstrate that systemic inflammation can
peripherally activate microglial cells in the brain, which become harmful when hyperactivated. A
prototypical systemic immune response capable of such microglial activation is observed following
experimental endotoxemia, which mimics the body’s response when the intestinal barrier becomes
compromised. Remarkably, neurotrauma can damage the intestinal lining of the gut in a manner that
achieves this same effect and produces a systemic immune response capable of exacerbating sensitive
microglia in the brain that are previously primed from the impact forces of the initial head injury.
Therefore, we posit that GBMAx is a viable target for novel therapies aimed at suppressing the
secondary injury mechanisms following neurotrauma to 1) improve immediate outcome (e.g., reduce
risk of PCS) and 2) reduce risk of latent neurological disease. The pleiotropic effects of the GBMAx
across multiple domains of human physiology is still relatively unclear and it likely mediates CNS
health through varied mechanisms. However, we believe the evidence outlined herein provides
sufficient support to further investigate the role of the GBMAx in recovery from TBI and in the
mechanisms that mediate risk of latent disease. Therapeutically, interventions could be created to
fulfill a healing capacity following injury or they could be more effective as a prophylactic strategy
for neuroprotection. Prophylactically, could measures that fortify the intestinal barrier improve brain
resilience amongst those with high exposure to neurotrauma? Similarly, could the same approach
improve the brain’s resilience by reducing inflammation in order to reduce the risk of
neurodegeneration amongst populations with significant history of neurotrauma? Clearly, more work
is needed to answer these questions, but we believe the conceptual model proposed in this review lays
a foundation to further investigate TBI through this integrative lens.
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