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Abstract: There is a growing body of evidence that suggests a connection between traumatic brain
injury (TBI) and subsequent post-traumatic stress disorder (PTSD). While the exact mechanism is
unknown, we hypothesize that chronic glutamate neurotoxicity may play a role. The consumption
of dietary glutamate is a modifiable factor influencing glutamate levels in the blood and, therefore,
in the brain. In this systematic review, we explored the relationship between dietary glutamate and
the development of post-TBI PTSD. Of the 1748 articles identified, 44 met the inclusion criteria for
analysis in this review. We observed that individuals from countries with diets traditionally high in
glutamate had greater odds of developing PTSD after TBI (odds ratio = 15.2, 95% confidence interval
11.69 to 19.76, p < 0.01). These findings may support the hypothesis that chronically elevated blood
glutamate concentrations caused by high dietary intake invoke neurodegeneration processes that
could ultimately result in PTSD. Further studies will clarify whether lowering glutamate via diet
would be an effective strategy in preventing or treating post-TBI PTSD.

Keywords: blood–brain barrier; diet; glutamate; post-traumatic stress disorder; traumatic brain injury

1. Introduction

Traumatic brain injury (TBI) is a severe public health crisis with more than 50 million
cases reported worldwide annually [1], amounting to billions of dollars in associated
annual costs [2]. It is widely accepted that depression, dementia, and anxiety are common
neuropsychiatric complications of TBI [3–7]. While post-traumatic stress disorder (PTSD)
was initially believed to be unrelated to brain injury [8–10], more recent investigations have
highlighted a relationship between TBI and the development of PTSD [11–14].

A large body of evidence now confirms a tendency of PTSD occurrence after
TBI [15–17]. In fact, some studies suggest that post-TBI PTSD is as common a psychi-
atric complication as post-TBI depression [18]. Several theories explaining post-TBI PTSD
in individuals who are unable to recall the traumatic event have been offered [13,19–25].

PTSD also carries with it a high risk of comorbidities such as major depressive dis-
order, anxiety disorders, and substance abuse [26,27]. Unfortunately, PTSD often shows
a limited response to pharmacologic treatment [28], though clinicians remain optimistic
about discovering new therapies to treat its symptoms and control the risk of comorbidities.
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Despite these efforts, there is still a lack of a unified understanding of the mechanism of
PTSD development, especially in cases associated with head trauma [29,30].

Generating and examining new mechanistic hypotheses is necessary for breakthroughs
in this field and could result in the development of updated strategies for the treatment
of this pathology. A recent related hypothesis points to the development of post-TBI
neuropsychiatric sequelae through chronic blood–brain barrier (BBB) destruction, chronic
glutamate neurotoxicity, and neurodegeneration [31,32]. In a previous investigation, we
examined the effect of dietary glutamate on chronic neurotoxicity and its role in the
development of post-TBI depression [33].

In this systematic review, we explore the relationship between dietary glutamate
and the development of post-TBI PTSD in 321,057 patients. Specifically, we compare the
incidence and prevalence of post-TBI PTSD in Asian countries with traditionally rich-
glutamate diets that potentially cause an increase in blood glutamate levels relative to
regions with poor-glutamate diets, including in Europe, North America, Australia, and New
Zealand. We theorize that following post-TBI damage to the BBB, persistently high blood
glutamate levels, worsened by dietary intake, may contribute to further neurodegeneration
and potentially result in PTSD.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review was conducted and reported as per the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) statement [34]. The proto-
col details were registered on the PROSPERO registry for systematic review protocols
(CRD42023465270) prior to execution.

2.2. Literature Search

A literature search was conducted between October 2023 and December 2023 using
the following electronic databases: ProQuest, PubMed, Web of Science, APA PsycNET,
Scopus, and the Cochrane Library. Search terms included the following: (1) Traumatic
brain injury; (2) TBI; (3) PTSD; (4) Post-traumatic stress disorder; (5) Posttraumatic stress
disorder; (6) Post traumatic stress disorder. Using the terms above, the search included:
(#1 OR #2) AND (#3 OR #4 OR #5 OR #6). All identified articles were summarized in Excel
spreadsheets. Duplicates were located and removed.

2.3. Inclusion Criteria

Studies were included if they met the following criteria: (1) English language, with full
text available; (2) adult participants (16+) from the general population; (3) confirmed TBI;
(4) a diagnosis of post-TBI PTSD; (5) TBI sustained 2 months prior to the study to ensure
recovery from the acute phase; (6) representation of both sexes; and (7) published between
1 January 1900 and 30 October 2023. Only randomized controlled trials and observational
studies were included.

2.4. Exclusion Criteria

Studies were excluded if they had the following: (1) non-physical trauma-caused in-
juries, including focal stroke, meningitis, drug-induced injury, tumor-engendered changes,
or hypoxic injuries/oxygen loss-triggered brain damage; (2) sample size with <10 TBI
patients; (3) qualitative in nature; and (4) populations involving military veterans with
combat-related injuries.

Populations with combat-related TBIs were excluded in order to maximize the gen-
eralizability of the results for the civilian population, since most combat-related TBIs are
caused specifically by blasts. Additionally, significant differences in contextual factors
between combat injuries and civilian injuries as well as the increased potential for com-
pensation seeking in the service sector [16,35,36] potentially affect their generalizability.
Moreover, publications with combat-related TBI cases use a single database, which houses
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data that can be reused in multiple studies. Also, repetitive TBI and psychological stress
that regularly accompany combatants can also affect outcomes. Nonetheless, we also
reviewed military studies for the potential that they included disparate studies with only
civilian samples.

Non-English publications, conference and poster abstracts, reviews, case reports,
publications with combat-recruited study populations, comments, and letters to the editor
were excluded.

2.5. Study Screening and Selection

The titles and abstracts of studies collected through the search process were screened
independently by two contributors (AO and MB) to identify studies that were appropriate
for inclusion following the stated criteria. The two contributors independently assessed
the full texts of these potentially eligible studies; any disagreement between the two
contributors was resolved through dialogue with a third contributor (AZ). The methodology
of each paper was qualitatively assessed using the Newcastle–Ottawa Scale [37].

2.6. Statistical Analysis

The primary outcome was the number of cases of PTSD among TBI patients. The odds
ratio was calculated as previously described [38–40].

3. Results
3.1. Search Results

The database searches yielded 352 hits in PubMed, 264 in ProQuest, 629 in Web of
Science, 288 in APA PsycNET, 150 in Scopus, and 65 in Cochrane Library (Figure 1).
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Figure 1. A flow chart of the study selection process.

Two additional publications were identified through a manual search of the reference
lists from the included publications. After the removal of duplicates, the search was left
with 522 unique records. The exclusion of publications describing duplicate cohorts and
groups of combatants or children reduced the total number of publications to 48. Three
different publications by Bryant, R.A., et al. [19,41,42] and two publications by Bryant,
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R.A., et al. [43,44] published in 2000–2001 and 1998–1999, respectively, containing similar
incidence rates of TBI and PTSD, were identified. Because it was likely that these papers
used the same dataset, with the same patient population, only one [41] out of the three
publications in the first group of publications and one [43] out of two in the second group
of publications were included for analysis after consultation among the authors.

After we analyzed the data, a notice of retraction of an article by Xu et al. [45] was
published. The reason for the retraction was as follows: “The investigation found evidence
of systematic manipulation of the publication and review process”. Although the reason
for the retraction was not falsification of data, it was clear that the article did not meet the
criteria for publication in that journal. Thus, we removed the article from our review.

Consequently, the final number of publications was 44, and the final number of cases
contained therein was 321,057. A full list of references of the identified publications is
provided in Table S1.

3.2. Comparison of Study Groups

We grouped the cases by region of origin. The calculated odds ratio (OR) in the
Asian group was 15.2 (95% CI [11.69, 19.76]; Z = 20.33; p < 0.01) in comparison to the
European, American, Australian, UK, and Israeli populations in the first year following
TBI, supporting our hypothesis that there is a higher incidence of PTSD after TBI in Asian
countries (Figure 2). As we note in the subsequent section, the differences in the assessment
and diagnosis of post-TBI PTSD are significant; however, it is unlikely that these differences
can completely account for the enormous discrepancy in the incidence of post-TBI PTSD
among non-Asian countries relative to Asian countries (see Supplementary Materials).
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3.3. Article Quality

Each article considered in this study underwent review for potential bias and method-
ological integrity using the Newcastle–Ottawa Scale [37]. This scale assesses the risk of se-
lection bias, the comparability of comparison groups, and the validity of outcome/exposure
ascertainment for observational, non-randomized investigations. The scale has specific
evaluation criteria for case–control and cohort studies, and we labeled each study accord-
ingly. Bias for every article was scored as high, low, or unclear. The results of the evaluation
are summarized in Figure 3. Each article was scored independently by two reviewers (AO
and FM). Any disagreement between the two reviewers was resolved via dialogue with a
third reviewer (MB).
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4. Discussion

Post-TBI PTSD involves the manifestation of typical PTSD symptoms, such as intrusive
thoughts or memories, avoidance behaviors, negative alterations in mood or cognition,
and heightened arousal or reactivity. In addition to TBI, risk factors of PTSD include a
low education level, Black ethnicity, and injury type [4]. Other risk factors are repeated
head trauma [46], being a combatant [14,46], and a history of mental illness [14]. Mild TBI
demonstrably raises predicted PTSD symptoms by a factor of 1.23, while moderate or severe
TBI amplifies predicted symptoms by a factor of 1.71 [18,47]. The mechanisms of post-TBI
PTSD development are unclear, but it is apparent that they have multifaceted aspects. The
hypothesis of the current investigation points to neurodegeneration due to the destruction
of BBB and chronic glutamate neurotoxicity as one of the possible key mechanisms for the
development of PTSD. Confirming this hypothesis could enable improved therapies for the
treatment of this severe illness.

4.1. The Relationship between PTSD and TBI

The relationship between PTSD and TBI is complex and significantly impacts pathways
for diagnosis and treatment. The interplay between PTSD and TBI can complicate recovery
and has important implications for clinical management. Research has highlighted the co-
occurrence of these conditions, particularly mild TBI, and the challenges in differentiating
their symptoms. The overlap in symptoms and the bidirectional influences of PTSD and
TBI on recovery have been the subject of extensive research, especially in the context of war-
related injuries [46]. This research focus considerably impacts the assessment and treatment
of individuals with a history of TBI, given that PTSD can exacerbate or mask many of
the symptoms attributed to post-concussive symptoms. Because symptoms attributed
to TBI are potentially linked to PTSD [11] or represent conditions known as “persistent
symptoms after TBI” [48] and “acute stress disorder”, the coexistence of these conditions
can complicate diagnosis [10]. Additionally, different approaches exist to diagnose PTSD,
which can produce inconsistent diagnoses of the illness [49].

Post-TBI PTSD development is a multifaceted process. Several theories on how to elu-
cidate the putative mechanisms underlying the development of PTSD after TBI have been
suggested, including neurobiological [22,30], psychological [11], and cognitive factors [50],
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reflecting a potentially complex interaction between the physiological and psychological
consequences of TBI [30].

Despite some understanding about the reasons for post-TBI PTSD, PTSD in general
is poorly amenable to pharmacologic treatment [28]. And while clinicians retain hope
of unearthing new drugs against the illness, there remains no clear consensus in the
understanding of the mechanism of PTSD development that is specifically associated
with head trauma [29,30]. The present inquiry provides dietary evidence that supports
our hypothesis that BBB dysfunction has an important role in the development of PTSD
through the mechanisms of neurodegeneration and chronic glutamate neurotoxicity.

4.2. The Relationship between BBB and PTSD

The association between PTSD with BBB permeability has been a subject of growing
interest. BBB disruption seems to significantly influence the pathophysiology of PTSD, and
PTSD is associated with increased BBB permeability, possibly contributing to the develop-
ment of cognitive dysfunction and other symptoms associated with the disorder [51–53].
Multiple mechanisms clarifying the link between PTSD and BBB permeability have been
advanced. For instance, molecular mechanisms and inflammatory signaling pathways are
potentially responsible for stress-induced BBB disruption, with evidence pointing to in-
creased BBB permeability as a crucial factor in the development of PTSD-related behavioral
abnormalities [53,54]. Additionally, the role of microglia in BBB impairment and cognitive
dysfunction in a PTSD-like rodent model has been highlighted, further emphasizing the
potential impact of BBB integrity on the pathogenesis of PTSD [52].

Furthermore, the association between PTSD and dysfunctional endothelia has been
implicated, implying that increased BBB permeability likely predisposes individuals to the
development of PTSD, potentially linking the disorder to vascular and cerebrovascular
conditions [51]. Moreover, the breakdown of the BBB may be involved in the early cognitive
dysfunction associated with PTSD, suggesting that BBB impairment underlies the common
pathological foundation of PTSD and cognitive dysfunction [52].

In summary, there is compelling evidence of a relationship between PTSD and BBB
permeability as evidenced from recent studies. Increased BBB permeability conceivably has
a critical impact on the incidence and manifestation of PTSD-related symptoms, including
cognitive and psychiatric dysfunction. The causal connection between BBB and PTSD is
still unclear. This study focused on the hypothesis that BBB dysfunction critically affects
the development of PTSD. Further investigation into the mechanisms underlying BBB
disruption in the context of PTSD must be conducted to advance our understanding of the
disorder and explore potential therapeutic targets.

4.3. TBI and the Disruption of the BBB

The dysfunction of the BBB in the acute and subacute stages, which occur in the first
days and weeks after TBI, is well documented [55,56]. However, the chronic stage of the
TBI-related destruction of the BBB requires clarification, as it is a relatively new theory. Here,
we clarify the role of long-term BBB dysfunction in the development of neurodegenerative
processes after TBI.

4.3.1. BBB Regulation in CNS Disorders

Provably, BBB dysregulation correlates with the development of cerebrovascular,
neurodegenerative, and neuroinflammatory diseases, including stroke, TBI, brain tumor,
multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, epilepsy, edema, glaucoma,
amyotrophic lateral sclerosis, depression, anxiety, and dementia [57–60]. Environmental
factors can also affect BBB permeability [31,61]. The proposed pathway for the development
of neuropsychiatric diseases, which includes the chronic impairment of BBB permeability,
glutamate neurotoxicity, and neurodegeneration, is shown in Figure 4.
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Although the relationship between these illnesses and BBB disruption is apparent, its
nature has not been clearly elucidated yet. In particular, it is unclear if a dysfunctional
BBB stems from the pathological condition or if damage to the BBB is the main pathogenic
factor that occurs before the disease onset [57]. This inquiry relies on the causal link
between neurodegenerative processes in the context of the long-term impairment of the
BBB permeability.

4.3.2. Mechanisms of the BBB Dysfunction in TBI

BBB destruction after brain injury is referred to as biphasic [62]. The first phase reaches
its zenith at 5 h after the injury [62] and the second phase at 72 h after the injury [63–65] in
rats and occurs in humans on day 3 after the injury [66–68]. The recovery of a healthy BBB
has been shown to take 1–3 months [69] and up to 10 months in rats [70] and up to years
after injury to the brain in humans [55,71,72]. Damage to the BBB impedes the transfer of
cerebral glutamate from the extracellular fluid to the bloodstream [73]. The integrity of
the BBB naturally limits the pathological increase in extracellular fluid and cerebrospinal
fluid glutamate levels during neuronal death and crucially maintains the upper levels of
extracellular fluid and cerebrospinal fluid glutamate concentrations in the brain after TBI.
In addition, BBB constantly modulates the lower threshold of brain glutamate content
of the healthy as well as the impacted brain following TBI. Recently, we identified BBB
permeability as a key to regulating both the high and low limits of brain glutamate in
healthy and injured brains [32].

4.4. The Relationship between Neurodegeneration and the BBB

The relationship between neurodegeneration and BBB permeability is gaining substan-
tial attention. Investigations have highlighted a close association between BBB dysfunction
and neurodegenerative diseases, indicating a bidirectional relationship. Reportedly, a well-
functioning BBB is crucial to maintaining healthy brain tissues [74]. A disruption in the
BBB integrity, often linked to increased permeability, occurs in various neurodegenerative
conditions, such as Alzheimer’s disease and Parkinson’s disease. This impairment can
lead to the entry of harmful substances, inflammatory factors, and oxidative stress into the
brain, potentially contributing to neuronal damage [75].

4.5. The Relationship between Neurodegeneration and PTSD

Recent research has found that the association between PTSD and neurodegenerative
disorders is significant. Demonstrably, chronic PTSD is linked to a higher risk of neurode-
generation, including conditions such as dementia, Alzheimer’s disease, and Parkinson’s
disease [76–78]. This association is supported by evidence of elevated levels of markers
associated with neurodegeneration in individuals with PTSD [24]. Furthermore, clinical
structural neuroimaging studies have uncovered links between PTSD and the loss of neural
integrity in key brain regions, such as the hippocampus, amygdala, and prefrontal cortex,
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pointing to a potential connection between PTSD and neurodegeneration [79]. The dura-
tion and severity of PTSD could be linked to the extent of neurodegenerative changes [79].
Although evidence suggests a strong association between PTSD and neurodegeneration,
the causal relationship between these conditions is unclear.

4.6. The Relationship between Neurodegeneration and Glutamate Neurotoxicity

The relationship between glutamate-induced neuronal degeneration and neurotoxicity
is well established [80–82]. Recent discoveries about its influence on mood disorders has
propelled research on updated therapies, proposing that drugs targeting the glutamatergic
systems could serve as antidepressants [5,6,83–86].

Higher levels of extracellular glutamate can induce excitotoxicity by excessively ac-
tivating ionotropic glutamate receptors following acute brain insults [82,87–92]. Chronic
glutamate neurotoxicity has also been considered to play a role in many neurodegenerative
conditions [90]. In these conditions, chronic excitotoxicity possibly appears as part of
diseases where nerve cell death occurs more gradually, during which neurons encountering
glutamate at higher-than-normal concentrations can eventually result in cell death [90].
Therefore, we propose that management of these neurological conditions should focus on
restoring glutamatergic balance by promoting the update of glutamate and the release of
extracellular glutamate.

4.7. Impaired BBB Permeability Disturbance in the Balance of Glutamate Concentration between
the Blood and Brain Compartments

Glutamate, the brain’s most common free amino acid [93], has concentrations rang-
ing from 50–100 µM/L in plasma and 150–300 µM/L in whole blood [31]. In the brain,
concentrations can reach 10,000–12,000 µM/kg [94], while in extracellular fluids, it is
much lower, between 1–10 µM/L [31]. The stable gradient between brain cells, the blood,
and extracellular fluid is maintained through the facilitative and active transport mecha-
nisms of the BBB [94]. When the BBB is healthy, it can impede the transport of glutamate
between the intraparenchymal compartment and the blood compartment [73]. Several
factors can contribute to an increase in post-TBI brain glutamate level, such as neuronal
death [95], inflammation [96–98], disruptions in glutamate recycling and signaling [99],
chronic stress [80], the astrocytic release of adenosine triphosphate [100], and other rea-
sons [73,101]. We argue that the mechanisms of BBB destruction are the most important
factors of increased brain glutamate as it relates to TBI [102].

4.8. The Role of Diet on Blood Glutamate Concentration: The Involvement of Glutamate in
Neurocognitive Processes

Several factors can disrupt and cause the normally stable levels of blood glutamate
concentrations to fluctuate. One of these factors may be dietary intake, caused by the
presence of glutamate in many foods [33]. Traditional diets in Asian countries include high
levels of glutamate because monosodium glutamate (MSG) is a popular flavoring in many
cuisines, especially in East and Southeast Asian cuisine [103,104].

Many pharmacokinetic studies have pointed to the role of blood glutamate levels
following dietary intake. An MSG intake of 16.0 mg/kg of body weight is a safe level; the
average daily consumption in European countries and the United States sits at around
0.3–0.5 g/day [104], and up to 1.2–4 g/day in Asian countries [105]. The potential of MSG
to lead to neurotoxicity, due to its role in chronic impairment of BBB permeability, is worri-
some. Studies of MSG administration in food have found that blood and plasma glutamate
levels rose from 1.4 to 19 times, depending on the amount of MSG consumed [106–112].
While MSG is considered safe for consumption by the Food and Drug Administration,
several animal studies have identified potentially dangerous effects possibly associated
with chronic MSG consumption [113].

Glutamate’s importance as an excitatory neurotransmitter in the central nervous sys-
tem means that, when it exceeds normal levels, it can lead to excitotoxicity, associated with
severe neuronal damage and disruptions to cognitive and behavioral health [104,114–119].
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Recent studies have proposed relationships between the gut microbiota and the brain
neurotransmitters dopamine, serotonin, GABA, and glutamate [120]. These relationships
imply a correlation between dietary factors, neurotransmitter functions, and psychiatric
disorders, such as PTSD. Certain studies have posited that diets with high levels of sodium
glutamate raise blood glutamate and glutamic acid levels, resulting in hyper-glutamatergic
neurotransmission. Hyper-glutamatergic neurotransmission has been shown with an asso-
ciation with several different psychiatric conditions, including PTSD [120–125]. In several
studies, rodents on a diet with a high intake of sodium glutamate were observed with
more depressive behaviors, such as less social interaction, anhedonia, and behavioral de-
spair [120,126,127]. A preclinical analysis shows a possible link between sodium glutamate
intake and the development of anxious and depressive-like phenotypes [120]. Animal
models administered sodium glutamate showed higher rates of anxiety and behavioral
dysfunction [128–132]. Rats with post-traumatic depressive-like symptoms and with anxi-
ety who were treated for elevated blood and cerebrospinal fluid glutamate levels showed
no difference in behavior post-treatment from that of naïve rats [5,6]. These data imply that
dietary glutamate consumption and the development of PTSD have a close correlation.

In addition, glutamate dysregulation affects the pathophysiology of PTSD, which is
especially relevant to glutamatergic dysfunction in trauma-related disorders. Similarly, the
role of glutamate in synaptic plasticity, memory formation, and the development of PTSD-
related behaviors has been hypothesized [121,122,125]. Furthermore, altered metabotropic
glutamate receptor 5 (mGluR5) markers have been noted in patients with PTSD, with
patient brains containing increased mGluR5 levels. This could have consequences for the
treatment of PTSD, as the overstimulation of mGluR5 is linked to fear and stress-related
behaviors, and drugs that moderate mGluR5 function could improve these symptoms [125].
Therefore, the relationship between consumption of dietary glutamate and the development
of PTSD has been clearly outlined.

4.9. Current and Potential Therapeutic Strategies for Post-TBI PTSD

Treatment success rates for post-TBI PTSD vary across studies. In some studies, the
success rates range extensively, with rates as high as 24% to 50% [44,133,134]. In other
reports, the success rates are as low as 3% [135] or do not register the presence of PTSD at
all [9,136]. Several approaches to post-TBI PTSD treatment, including cognitive processing
therapy [137], prolonged exposure [137], selective serotonin reuptake inhibitors [21,138],
cognitive behavioral therapy [139], eye movement desensitization and reprocessing, antide-
pressants, risperidone, topiramate, and even stem cells, have been met with scrutiny [30].
However, the treatment of comorbid TBI and PTSD is a complex issue, and the most effec-
tive approaches may differ depending on the individual’s specific condition and needs.

Our previous hypothesis that the integrity of the BBB is critical in controlling glutamate
levels in the cerebrospinal fluid after brain injury [102] is particularly relevant after TBI,
in which neurotoxicity associated with high glutamate levels induces neurodegenerative
processes that ultimately lead to psychiatric disorders and, in particular, PTSD [32]. Conse-
quently, a targeted control of elevated glutamate levels could impact the neuropsychological
symptoms of acute and chronic brain diseases significantly. Therefore, chances are high
that future strategies to find new therapeutic approaches will focus on the role of BBB and
chronic glutamate neurotoxicity as central factors in the development of neuropsychiatric
sequelae of TBI.

4.10. Limitations

As a systematic review, this study cannot study all the parameters of the conditions
described here, since it is constrained by the methods and results of the literature it reviews.
In addition, we do not explore the potential consequences of diet-related changes as a
therapeutic approach for the reduction of glutamate levels. Therefore, it is our hope that
future research will investigate topics that we could not include, such as comorbidities of
PTSD and their relationships to glutamate, diet as a treatment for PTSD and/or glutamate
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dysregulation more generally, and the specific glutamate receptors that may play a role in
the development of PTSD.

5. Conclusions

Excessive levels of blood glutamate are closely associated with the onset of PTSD
following TBI. We hypothesize that the permeability of the BBB is crucial in facilitating
neurodegenerative processes due to glutamate neurotoxicity, as well as the emergence
of neuropsychiatric disorders. Therefore, strategies aimed at reducing blood glutamate
concentrations and restoring the integrity of the BBB might aid in treating and preventing
PTSD that arises after TBI. Various factors can influence blood glutamate levels, yet a
functional BBB effectively shields the brain from glutamate’s neurotoxic effects. Among
these factors, dietary glutamate intake appears to significantly contribute to increased blood
glutamate levels. In cases of chronic conditions with BBB damage post-TBI, sustained high
levels of blood glutamate, driven by high glutamate intake, can lead to brain neurotoxicity
and neurodegeneration, potentially culminating in PTSD. A diet low in glutamate, along
with targeted treatments for the glutamate system and dietary supplements to reduce blood
glutamate, might offer effective approaches for managing PTSD following TBI.
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References [140–177] are cited in the supplementary materials.

Author Contributions: Conceptualization, M.B. and B.F.G.; methodology, A.F.; software, A.F.; valida-
tion, A.O., F.M. and M.B.; formal analysis, F.M.; investigation, A.O.; resources, A.F.; data curation,
F.M.; writing—original draft preparation, H.N.S.; writing—review and editing, B.F.G.; supervision,
M.B.; project administration, A.Z.; funding acquisition, A.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: Funding was provided by a departmental grant from the Department of Anesthesiology
and Critical Care at Soroka Medical Center, Ben-Gurion University of the Negev.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: We express our gratitude to Igor Merzlikin from the Department of Biology
and Methods of Teaching Biology at the A. S. Makarenko Sumy State Pedagogical University, UA,
Ukraine, for his valuable support and insightful contributions.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Maas, A.I.R.; Menon, D.K.; Adelson, P.D.; Andelic, N.; Bell, M.J.; Belli, A.; Bragge, P.; Brazinova, A.; Büki, A.; Chesnut, R.M.

Traumatic brain injury: Integrated approaches to improve prevention, clinical care, and research. Lancet Neurol. 2017, 16, 987–1048.
[CrossRef]

2. Peterson, C.; Miller, G.F.; Barnett, S.B.L.; Florence, C. Economic cost of injury—United States, 2019. Morb. Mortal. Wkly. Rep. 2021,
70, 1655. [CrossRef]

3. Ahmed, S.; Venigalla, H.; Mekala, H.M.; Dar, S.; Hassan, M.; Ayub, S. Traumatic brain injury and neuropsychiatric complications.
Indian J. Psychol. Med. 2017, 39, 114–121. [CrossRef]

4. Torregrossa, W.; Raciti, L.; Rifici, C.; Rizzo, G.; Raciti, G.; Casella, C.; Naro, A.; Calabrò, R.S. Behavioral and Psychiatric Symptoms
in Patients with Severe Traumatic Brain Injury: A Comprehensive Overview. Biomedicines 2023, 11, 1449. [CrossRef] [PubMed]

5. Frank, D.; Gruenbaum, B.F.; Shelef, I.; Severynovska, O.; Gal, R.; Dubilet, M.; Zlotnik, A.; Kofman, O.; Boyko, M. Blood glutamate
scavenging with pyruvate as a novel preventative and therapeutic approach for depressive-like behavior following traumatic
brain injury in a rat model. Front. Neurosci. 2022, 16, 832478. [CrossRef] [PubMed]

6. Frank, D.; Gruenbaum, B.F.; Shelef, I.; Zvenigorodsky, V.; Severynovska, O.; Fleidervish, I.; Knyazer, B.; Frenkel, A.; Zlotnik, A.;
Kofman, O. Blood glutamate scavenging as a novel glutamate-based therapeutic approach for post-traumatic brain injury anxiety
and social impairment. Transl. Psychiatry 2023, 13, 41. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nu16060901/s1
https://www.mdpi.com/article/10.3390/nu16060901/s1
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.15585/mmwr.mm7048a1
https://doi.org/10.4103/0253-7176.203129
https://doi.org/10.3390/biomedicines11051449
https://www.ncbi.nlm.nih.gov/pubmed/37239120
https://doi.org/10.3389/fnins.2022.832478
https://www.ncbi.nlm.nih.gov/pubmed/35237125
https://doi.org/10.1038/s41398-023-02329-1
https://www.ncbi.nlm.nih.gov/pubmed/36739271


Nutrients 2024, 16, 901 11 of 17

7. Boyko, M.; Gruenbaum, B.F.; Shelef, I.; Zvenigorodsky, V.; Severynovska, O.; Binyamin, Y.; Knyazer, B.; Frenkel, A.; Frank, D.;
Zlotnik, A. Traumatic brain injury-induced submissive behavior in rats: Link to depression and anxiety. Transl. Psychiatry 2022,
12, 239. [CrossRef] [PubMed]

8. King, N.S. PTSD and traumatic brain injury: Folklore and fact? Brain Inj. 2008, 22, 1–5. [CrossRef]
9. Sbordone, R.J.; Liter, J.C. Mild traumatic brain injury does not produce post-traumatic stress disorder. Brain Inj. 1995, 9, 405–412.

[CrossRef] [PubMed]
10. Sbordone, R.J.; Ruff, R.M. Re-examination of the controversial coexistence of traumatic brain injury and posttraumatic stress

disorder: Misdiagnosis and self-report measures. Psychol. Inj. Law 2010, 3, 63–76. [CrossRef]
11. Bryant, R. Post-traumatic stress disorder vs traumatic brain injury. Dialogues Clin. Neurosci. 2011, 13, 251–262. [CrossRef]
12. Villalobos, D.; Bivona, U. Post-traumatic stress disorder after severe traumatic brain injury: A systematic review. Arch. Clin.

Neuropsychol. 2022, 37, 583–594. [CrossRef]
13. Iljazi, A.; Ashina, H.; Al-Khazali, H.M.; Ashina, M.; Winther Schytz, H.; Ashina, S. Post-traumatic stress disorder attributed to

traumatic brain injury in children–a systematic review. Brain Inj. 2020, 34, 857–863. [CrossRef]
14. Iljazi, A.; Ashina, H.; Al-Khazali, H.M.; Lipton, R.B.; Ashina, M.; Schytz, H.W.; Ashina, S. Post-traumatic stress disorder after

traumatic brain injury—A systematic review and meta-analysis. Neurol. Sci. 2020, 41, 2737–2746. [CrossRef]
15. Esagoff, A.I.; Stevens, D.A.; Kosyakova, N.; Woodard, K.; Jung, D.; Richey, L.N.; Daneshvari, N.O.; Luna, L.P.; Bray, M.J.C.; Bryant,

B.R. Neuroimaging Correlates of Post-Traumatic Stress Disorder in Traumatic Brain Injury: A Systematic Review of the Literature.
J. Neurotrauma 2023, 40, 1029–1044. [CrossRef]

16. Uiterwijk, D.; Stargatt, R.; Humphrey, S.; Crowe, S.F. The relationship between cognitive functioning and symptoms of depression,
anxiety, and post-traumatic stress disorder in adults with a traumatic brain injury: A meta-analysis. Neuropsychol. Rev. 2022, 32,
758–806. [CrossRef]

17. Van Praag, D.L.G.; Cnossen, M.C.; Polinder, S.; Wilson, L.; Maas, A.I.R. Post-traumatic stress disorder after civilian traumatic
brain injury: A systematic review and meta-analysis of prevalence rates. J. Neurotrauma 2019, 36, 3220–3232. [CrossRef]

18. Stein, M.B.; Jain, S.; Giacino, J.T.; Levin, H.; Dikmen, S.; Nelson, L.D.; Vassar, M.J.; Okonkwo, D.O.; Diaz-Arrastia, R.; Robertson,
C.S. Risk of posttraumatic stress disorder and major depression in civilian patients after mild traumatic brain injury: A TRACK-TBI
study. JAMA Psychiatry 2019, 76, 249–258. [CrossRef] [PubMed]

19. Bryant, R.A.; Marosszeky, J.E.; Crooks, J.; Gurka, J.A. Posttraumatic stress disorder after severe traumatic brain injury. Am. J.
Psychiatry 2000, 157, 629–631. [CrossRef] [PubMed]

20. Heim, C.; Schultebraucks, K.; Marmar, C.R.; Nemeroff, C.B. Neurobiological pathways involved in fear, stress, and PTSD. In
Post-Traumatic Stress Disorder; Oxford University Press: Oxford, UK, 2018; pp. 331–352.

21. Vasterling, J.J.; Jacob, S.N.; Rasmusson, A. Traumatic brain injury and posttraumatic stress disorder: Conceptual, diagnostic, and
therapeutic considerations in the context of co-occurrence. J. Neuropsychiatry Clin. Neurosci. 2018, 30, 91–100. [CrossRef] [PubMed]

22. Sherin, J.E.; Nemeroff, C.B. Post-traumatic stress disorder: The neurobiological impact of psychological trauma. Dialogues Clin.
Neurosci. 2011, 13, 263–278. [CrossRef] [PubMed]

23. Risbrough, V.B.; Vaughn, M.N.; Friend, S.F. Role of inflammation in traumatic brain injury–associated risk for neuropsychiatric
disorders: State of the evidence and where do we go from here. Biol. Psychiatry 2022, 91, 438–448. [CrossRef] [PubMed]

24. Rajkumar, R.P. Biomarkers of Neurodegeneration in Post-Traumatic Stress Disorder: An Integrative Review. Biomedicines 2023, 11,
1465. [CrossRef] [PubMed]

25. Malejko, K.; Abler, B.; Plener, P.L.; Straub, J. Neural correlates of psychotherapeutic treatment of post-traumatic stress disorder: A
systematic literature review. Front. Psychiatry 2017, 8, 85. [CrossRef] [PubMed]

26. Brady, K.T.; Killeen, T.K.; Brewerton, T.; Lucerini, S. Comorbidity of psychiatric disorders and posttraumatic stress disorder. J.
Clin. Psychiatry 2000, 61, 22–32. [PubMed]

27. Qassem, T.; Aly-ElGabry, D.; Alzarouni, A.; Abdel-Aziz, K.; Arnone, D. Psychiatric co-morbidities in post-traumatic stress
disorder: Detailed findings from the adult psychiatric morbidity survey in the English population. Psychiatr. Q. 2021, 92, 321–330.
[CrossRef]

28. Hoskins, M.D.; Bridges, J.; Sinnerton, R.; Nakamura, A.; Underwood, J.F.G.; Slater, A.; Lee, M.R.D.; Clarke, L.; Lewis, C.;
Roberts, N.P. Pharmacological therapy for post-traumatic stress disorder: A systematic review and meta-analysis of monotherapy,
augmentation and head-to-head approaches. Eur. J. Psychotraumatol. 2021, 12, 1802920. [CrossRef]

29. Williamson, J.B.; Heilman, K.M.; Porges, E.C.; Lamb, D.G.; Porges, S.W. A possible mechanism for PTSD symptoms in patients
with traumatic brain injury: Central autonomic network disruption. Front. Neuroeng. 2013, 6, 13. [CrossRef]

30. Monsour, M.; Ebedes, D.; Borlongan, C.V. A review of the pathology and treatment of TBI and PTSD. Exp. Neurol. 2022, 351,
114009. [CrossRef]

31. Gruenbaum, B.F.; Zlotnik, A.; Frenkel, A.; Fleidervish, I.; Boyko, M. Glutamate Efflux across the Blood–Brain Barrier: New
Perspectives on the Relationship between Depression and the Glutamatergic System. Metabolites 2022, 12, 459. [CrossRef]

32. Gruenbaum, B.F.; Zlotnik, A.; Fleidervish, I.; Frenkel, A.; Boyko, M. Glutamate Neurotoxicity and Destruction of the Blood–Brain
Barrier: Key Pathways for the Development of Neuropsychiatric Consequences of TBI and Their Potential Treatment Strategies.
Int. J. Mol. Sci. 2022, 23, 9628. [CrossRef]

https://doi.org/10.1038/s41398-022-01991-1
https://www.ncbi.nlm.nih.gov/pubmed/35672289
https://doi.org/10.1080/02699050701829696
https://doi.org/10.3109/02699059509005780
https://www.ncbi.nlm.nih.gov/pubmed/7640686
https://doi.org/10.1007/s12207-010-9066-z
https://doi.org/10.31887/DCNS.2011.13.2/rbryant
https://doi.org/10.1093/arclin/acab095
https://doi.org/10.1080/02699052.2020.1764104
https://doi.org/10.1007/s10072-020-04458-7
https://doi.org/10.1089/neu.2021.0453
https://doi.org/10.1007/s11065-021-09524-1
https://doi.org/10.1089/neu.2018.5759
https://doi.org/10.1001/jamapsychiatry.2018.4288
https://www.ncbi.nlm.nih.gov/pubmed/30698636
https://doi.org/10.1176/appi.ajp.157.4.629
https://www.ncbi.nlm.nih.gov/pubmed/10739426
https://doi.org/10.1176/appi.neuropsych.17090180
https://www.ncbi.nlm.nih.gov/pubmed/29132272
https://doi.org/10.31887/DCNS.2011.13.2/jsherin
https://www.ncbi.nlm.nih.gov/pubmed/22034143
https://doi.org/10.1016/j.biopsych.2021.11.012
https://www.ncbi.nlm.nih.gov/pubmed/34955170
https://doi.org/10.3390/biomedicines11051465
https://www.ncbi.nlm.nih.gov/pubmed/37239136
https://doi.org/10.3389/fpsyt.2017.00085
https://www.ncbi.nlm.nih.gov/pubmed/28579965
https://www.ncbi.nlm.nih.gov/pubmed/10795606
https://doi.org/10.1007/s11126-020-09797-4
https://doi.org/10.1080/20008198.2020.1802920
https://doi.org/10.3389/fneng.2013.00013
https://doi.org/10.1016/j.expneurol.2022.114009
https://doi.org/10.3390/metabo12050459
https://doi.org/10.3390/ijms23179628


Nutrients 2024, 16, 901 12 of 17

33. Boyko, M.; Gruenbaum, B.F.; Oleshko, A.; Merzlikin, I.; Zlotnik, A. Diet’s Impact on Post-Traumatic Brain Injury Depression:
Exploring Neurodegeneration, Chronic Blood–Brain Barrier Destruction, and Glutamate Neurotoxicity Mechanisms. Nutrients
2023, 15, 4681. [CrossRef]

34. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Int. J. Surg. 2021, 88, 105906.
[CrossRef]

35. Lamberty, G.J.; Nelson, N.W.; Yamada, T. Effects and outcomes in civilian and military traumatic brain injury: Similarities,
differences, and forensic implications. Behav. Sci. Law 2013, 31, 814–832. [CrossRef]

36. Denning, J.H.; Shura, R.D. Cost of malingering mild traumatic brain injury-related cognitive deficits during compensation and
pension evaluations in the veterans benefits administration. Appl. Neuropsychol. Adult 2019, 26, 1–16. [CrossRef]

37. Wells, G.; Shea, B.; O’Connell, D.; Peterson, J.; Welch, V.; Losos, M.; Tugwell, P. Newcastle-Ottawa Quality Assessment Scale Cohort
Studies; University of Ottawa: Ottawa, ON, USA, 2014.

38. Stolze, T.; Franke, S.; Haybaeck, J.; Moehler, M.; Grimminger, P.P.; Lang, H.; Roth, W.; Gockel, I.; Kreuser, N.; Bläker, H. Mismatch
repair deficiency, chemotherapy and survival for resectable gastric cancer: An observational study from the German staR cohort
and a meta-analysis. J. Cancer Res. Clin. Oncol. 2023, 149, 1007–1017. [CrossRef]

39. Petousis, S.; Christidis, P.; Margioula-Siarkou, C.; Liberis, A.; Vavoulidis, E.; Margioula-Siarkou, G.; Vatopoulou, A.; Papanikolaou,
A.; Mavromatidis, G.; Dinas, K. Axillary lymph node dissection vs. sentinel node biopsy for early-stage clinically node-negative
breast cancer: A systematic review and meta-analysis. Arch. Gynecol. Obstet. 2022, 306, 1221–1234. [CrossRef] [PubMed]

40. Bhutta, M.S.; Shechter, O.; Gallo, E.S.; Martin, S.D.; Jones, E.; Doncel, G.F.; Borenstein, R. Ginkgolic acid inhibits herpes simplex
virus type 1 skin infection and prevents zosteriform spread in mice. Viruses 2021, 13, 86. [CrossRef]

41. Bryant, R.A.; Marosszeky, J.E.; Crooks, J.; Baguley, I.; Gurka, J. Coping style and post-traumatic stress disorder following severe
traumatic brain injury. Brain Inj. 2000, 14, 175–180. [PubMed]

42. Bryant, R.A.; Marosszeky, J.E.; Crooks, J.; Baguley, I.J.; Gurka, J.A. Posttraumatic stress disorder and psychosocial functioning
after severe traumatic brain injury. J. Nerv. Ment. Dis. 2001, 189, 109–113. [CrossRef] [PubMed]

43. Bryant, R.A.; Harvey, A.G. Relationship between acute stress disorder and posttraumatic stress disorder following mild traumatic
brain injury. Am. J. Psychiatry 1998, 155, 625–629. [CrossRef] [PubMed]

44. Bryant, R.A.; Harvey, A.G. The influence of traumatic brain injury on acute stress disorder and post-traumatic stress disorder
following motor vehicle accidents. Brain Inj. 1999, 13, 15–22. [CrossRef] [PubMed]

45. Xu, C.; Li, Q.; Gao, Y.; Huo, H.; Zhang, W. Changes and influencing factors of stress disorder in patients with mild traumatic
brain injury stress disorder. BioMed Res. Int. 2022, 2022, 9082946. [CrossRef] [PubMed]

46. Dieter, J.N.I.; Engel, S.D. Traumatic brain injury and posttraumatic stress disorder: Comorbid consequences of war. Neurosci.
Insights 2019, 14, 1179069519892933. [CrossRef] [PubMed]

47. Ashman, T.A.; Spielman, L.A.; Hibbard, M.R.; Silver, J.M.; Chandna, T.; Gordon, W.A. Psychiatric challenges in the first 6 years
after traumatic brain injury: Cross-sequential analyses of Axis I disorders. Arch. Phys. Med. Rehabil. 2004, 85, 36–42. [CrossRef]
[PubMed]

48. Hendrickson, R.C.; Schindler, A.G.; Pagulayan, K.F. Untangling PTSD and TBI: Challenges and strategies in clinical care and
research. Curr. Neurol. Neurosci. Rep. 2018, 18, 106. [CrossRef] [PubMed]

49. Sumpter, R.E.; McMillan, T.M. Errors in self-report of post-traumatic stress disorder after severe traumatic brain injury. Brain Inj.
2006, 20, 93–99. [CrossRef] [PubMed]

50. Glaesser, J.; Neuner, F.; Lütgehetmann, R.; Schmidt, R.; Elbert, T. Posttraumatic stress disorder in patients with traumatic brain
injury. BMC Psychiatry 2004, 4, 5. [CrossRef]

51. Sfera, A.; Osorio, C.; Rahman, L.; Zapata-Martín del Campo, C.M.; Maldonado, J.C.; Jafri, N.; Cummings, M.A.; Maurer, S.;
Kozlakidis, Z. PTSD as an endothelial disease: Insights from COVID-19. Front. Cell. Neurosci. 2021, 15, 770387. [CrossRef]

52. Ni, K.; Zhu, J.; Xu, X.; Liu, Y.; Yang, S.; Huang, Y.; Xu, R.; Jiang, L.; Zhang, J.; Zhang, W. Hippocampal Activated Microglia May
Contribute to Blood–Brain Barrier Impairment and Cognitive Dysfunction in Post-Traumatic Stress Disorder-Like Rats. J. Mol.
Neurosci. 2022, 72, 975–982. [CrossRef]

53. Taghadosi, Z.; Zarifkar, A.; Razban, V.; Owjfard, M.; Aligholi, H. Effect of chronically electric foot shock stress on spatial memory
and hippocampal blood brain barrier permeability. Behav. Brain Res. 2021, 410, 113364. [CrossRef]

54. Welcome, M.O.; Mastorakis, N.E. Stress-induced blood brain barrier disruption: Molecular mechanisms and signaling pathways.
Pharmacol. Res. 2020, 157, 104769. [CrossRef]

55. Wu, Y.; Wu, H.; Guo, X.; Pluimer, B.; Zhao, Z. Blood–brain barrier dysfunction in mild traumatic brain injury: Evidence from
preclinical murine models. Front. Physiol. 2020, 11, 1030. [CrossRef]

56. Price, L.; Wilson, C.; Grant, G. Blood–brain barrier pathophysiology following traumatic brain injury. In Translational Research in
Traumatic Brain Injury; CRC Press/Taylor and Francis Group: Boca Raton, FL, USA, 2016.

57. Archie, S.R.; Al Shoyaib, A.; Cucullo, L. Blood-Brain Barrier Dysfunction in CNS Disorders and Putative Therapeutic Targets: An
Overview. Pharmaceutics 2021, 13, 1779. [CrossRef] [PubMed]

58. Kealy, J.; Greene, C.; Campbell, M. Blood-brain barrier regulation in psychiatric disorders. Neurosci. Lett. 2020, 726, 133664.
[CrossRef] [PubMed]

https://doi.org/10.3390/nu15214681
https://doi.org/10.1016/j.ijsu.2021.105906
https://doi.org/10.1002/bsl.2091
https://doi.org/10.1080/23279095.2017.1350684
https://doi.org/10.1007/s00432-022-03953-y
https://doi.org/10.1007/s00404-022-06458-8
https://www.ncbi.nlm.nih.gov/pubmed/35249123
https://doi.org/10.3390/v13010086
https://www.ncbi.nlm.nih.gov/pubmed/10695572
https://doi.org/10.1097/00005053-200102000-00006
https://www.ncbi.nlm.nih.gov/pubmed/11225683
https://doi.org/10.1176/ajp.155.5.625
https://www.ncbi.nlm.nih.gov/pubmed/9585713
https://doi.org/10.1080/026990599121836
https://www.ncbi.nlm.nih.gov/pubmed/9972438
https://doi.org/10.1155/2022/9082946
https://www.ncbi.nlm.nih.gov/pubmed/36199756
https://doi.org/10.1177/1179069519892933
https://www.ncbi.nlm.nih.gov/pubmed/32363347
https://doi.org/10.1016/j.apmr.2003.08.117
https://www.ncbi.nlm.nih.gov/pubmed/15083420
https://doi.org/10.1007/s11910-018-0908-5
https://www.ncbi.nlm.nih.gov/pubmed/30406855
https://doi.org/10.1080/02699050500394090
https://www.ncbi.nlm.nih.gov/pubmed/16403704
https://doi.org/10.1186/1471-244X-4-5
https://doi.org/10.3389/fncel.2021.770387
https://doi.org/10.1007/s12031-022-01981-4
https://doi.org/10.1016/j.bbr.2021.113364
https://doi.org/10.1016/j.phrs.2020.104769
https://doi.org/10.3389/fphys.2020.01030
https://doi.org/10.3390/pharmaceutics13111779
https://www.ncbi.nlm.nih.gov/pubmed/34834200
https://doi.org/10.1016/j.neulet.2018.06.033
https://www.ncbi.nlm.nih.gov/pubmed/29966749


Nutrients 2024, 16, 901 13 of 17

59. Xiao, M.; Xiao, Z.J.; Yang, B.; Lan, Z.; Fang, F. Blood-brain barrier: More contributor to disruption of central nervous system
homeostasis than victim in neurological disorders. Front. Neurosci. 2020, 14, 764. [CrossRef] [PubMed]

60. Hu, Q.; Manaenko, A. Blood-brain Barrier Dysfunction in Cerebrovascular Diseases. Curr. Neuropharmacol. 2020, 18, 1166.
[CrossRef] [PubMed]

61. Segarra, M.; Aburto, M.R.; Acker-Palmer, A. Blood–brain barrier dynamics to maintain brain homeostasis. Trends Neurosci. 2021,
44, 393–405. [CrossRef] [PubMed]

62. Chodobski, A.; Zink, B.J.; Szmydynger-Chodobska, J. Blood–brain barrier pathophysiology in traumatic brain injury. Transl.
Stroke Res. 2011, 2, 492–516. [CrossRef]

63. Toyota, S.; Graf, R.; Valentino, M.; Yoshimine, T.; Heiss, W.-D. Malignant Infarction in Cats After Prolonged Middle Cerebral
Artery Occlusion: Glutamate Elevation Related to Decrease of Cerebral Perfusion Pressure. Stroke 2002, 33, 1383–1391. [CrossRef]

64. Hone, E.A.; Hu, H.; Sprowls, S.A.; Farooqi, I.; Grasmick, K.; Lockman, P.R.; Simpkins, J.W.; Ren, X. Biphasic blood-brain barrier
openings after stroke. Neurol. Disord. Stroke Int. 2018, 1, 1011.
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