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Abstract
Experiencing mild traumatic brain injury (mTBI) may lead to chronic postconcussive symptoms, increasing the risk for post-traumatic stress disorder
(PTSD) and suicide. Vitamin D deficiency is associated with cognitive decline,
depression, and potentially PTSD through its relationship to testosterone
production. Furthermore, vitamin D deficiency elevates systematic inflammation,
meaning that poor vitamin D status at the time of blast may prolong inflammatory
response to mTBI and exacerbate post-concussive symptoms. Since
widespread vitamin D deficiency is observed across the U.S. population, poor
vitamin D status is expected in service members. Given the high risk for mTBI in
service members and suboptimal vitamin D levels observed in this population,
treatment of vitamin D deficiency and elucidation of its mechanism in mTBI
resilience and recovery merits exploration. Evidence in this review investigates
possible protection of achieving optimal vitamin D levels for mTBI resiliency
and recovery through its influence on inflammatory and hormonal biomarkers.
Despite interest in using vitamin D as treatment for TBI, no human trials have
tested the role of vitamin D in mTBI resiliency or recovery, nor have data been
prospectively collected on the prevalence of vitamin D deficiency in service
members. The neuroprotective effects of vitamin D warrant further investigation
into the role of vitamin D in mTBI management.
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Abbreviations
1,25-(OH) 2D: 1,25-Dihydroxyvitamin D; 25-(OH)D:
25-Hydroxyvitamin D; IGF-I: Insulin-like Growth Factor-I; IL-6:
Interleukin-6; MAPK: Mitogen-Activated Protein Kinase; mTBI:
Mild Traumatic Brain Injury; NF-κB: Nuclear Factor kappa Beta;
PTSD: Post-Traumatic Stress Disorder; TNF-α: Tumor Necrosis
Factor-alpha; VDR: Vitamin D Receptor

Introduction and Background
Optimizing vitamin D status may increase resiliency to mild
traumatic brain injury (mTBI) and improve symptom recovery
following injury by attenuating the inflammatory response and
maintaining testosterone levels. The findings that vitamin D receptors
are located in the hypothalamus, a brain region associated with
learning, reason, and emotion, as well as the possible role of vitamin
D in androgen synthesis and inhibiting inflammation, make vitamin
D an appropriate nutrient for further investigation with regard to
its role in improving functional outcomes of mTBI. The purpose of
this review is to examine data supporting the medical hypothesis that
optimal vitamin D status may improve mTBI resiliency and recovery
through two different pathways. First, optimal vitamin D levels may
limit sustained inflammation in response to injury. Second, optimal
vitamin D status may maintain testosterone levels, which may reduce
the risk of post-traumatic stress disorder (PTSD) associated with
mTBI in service members.
mTBI Increases Risk for Post-Traumatic Stress Disorder
and Suicide
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Characterized by a disruption of normal brain functioning, TBI
is estimated to afflict 10-20% of returning veterans and comprise
a third of combat-related injuries [1]. The majority of these head
injuries are classified as mTBI. However, accurate prevalence of
mTBI in service members may be underreported given the challenges
with making an objective diagnosis and the perseverance of warrior
culture. Experiencing mTBI may lead to chronic post-concussive
symptoms, increasing the risk for PTSD and suicide [2]. Postconcussive symptoms range from somatic (headache, dizziness,
weakness, sensitivity to light/sound) to cognitive (poor attention,
memory problems, balance problems) to more severe psychological
and behavioral (irritability, depression, anxiety, personality changes)
[3]. These symptoms may persist for more than a year after injury,
interfering with service member’s combat power and effectiveness,
while increasing morbidity across the force [4]. Furthermore, mTBI
increases risk for chronic depression and PTSD, as nearly half of U.S.
military personnel with an mTBI present with symptoms of PTSD [5].
However, both depression and PTSD are related to neuroendocrine
dysfunction and alterations in the pituitary hormones, strengthening
the case for clinically relevant biomarkers in mTBI management [6].
Vitamin D in mTBI Management
Optimal vitamin D levels may provide resilience to mTBI by
modifying the inflammatory response. In response to biomechanical
forces, mTBI stimulates a cascade of metabolic events including axonal
injury, damaged cellular membranes, disrupted ion exchange, as well
as reduced cerebral blood flow, inflammation, and cellular death
[7]. While the acute release of inflammatory cytokines appears to be
neuroprotective by promoting tissue repair, prolonged inflammation
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contributes to oxidative stress along with neurotoxicity and cellular
death. Thus, the Institute of Medicine TBI Report [1] suggests that
that this secondary inflammatory response contributes to more
severe and longer duration symptoms following concussion and is
an appropriate target for treatment strategies. As a key regulator of
inflammation, vitamin D may provide resilience to mTBI by limiting
the inflammatory response following impact. NHANES data estimate
that one third of the U.S. population is deficient in vitamin D [8].
Analysis of stored serum samples from service members found similar
rates of vitamin D deficiency and correlated low vitamin D status with
increased risk of suicide [9]. Vitamin D regulates gene transcription,
and its receptors and metabolizing enzymes have been identified in
the brain, establishing support for a role of vitamin D in maintaining
homeostasis of a healthy central nervous system [10].

deficiency in service members at high risk for mTBI. Analysis of
archived serum from male and female active duty personnel found
that 35% of samples had serum 25-hydroxyvitmain D (25(OH)
D) levels less than 20 ng/ml [9]. However, significant amounts of
research support sufficient vitamin D as 25(OH) D levels between
30-100 ng/ml based on maximizing dietary calcium absorption and
normalizing parathyroid hormone levels [16]. Fifty-seven percent of
female recruits entering basic training had serum 25(OH)D levels less
30 ng/ml, increasing to 75% of recruits with low vitamin D after 8
weeks despite outdoor training [17]. These vitamin D levels reported
in service members are similar to those measured across the U.S
population [8]. Thus, it is expected that a significant proportion of
military personnel have insufficient or deficient levels of vitamin D,
which may increase their risk for mTBI.

Vitamins D Affects Androgens Synthesis

Vitamin D neuroprotection

Vitamin D deficiency may also have a role in symptoms of PTSD
through its association with testosterone production. Testosterone
levels have been shown to be altered in veterans with PTSD [11,12].
Vitamin D receptors and metabolizing enzymes have been identified
in the testes, indicating that vitamin D has a role in regulating
testosterone synthesis [13]. Many veterans with mTBI experience
testosterone deficiency along with growth hormone deficiency,
both of which reflect endocrine dysfunction and result in symptoms
characteristic of mTBI and PTSD such as depression, anxiety, and
sleep impairment [14]. Furthermore, strenuous training combined
with poor nutrition, both of which may occur on deployments, lower
testosterone levels and result in loss of muscle strength and power
[15]. Therefore, individuals with pre-existing vitamin D deficiency
may be at increased risk for deficits in testosterone.

Mechanisms for the neuroprotective effects of vitamin D relate
to its regulation of inflammatory cytokines as well as possible roles
in reducing oxidative stress, regulating neural calcium concentration,
and enhancing nerve conduction. Circulating 25(OH) D crosses
the blood-brain barrier into the central nervous system [10].
Vitamin D receptors (VDR) and metabolizing enzymes have been
identified in the brain, including the hypothalamus, which is a region
associated with learning, reason, and emotion. As a regulator of gene
transcription, vitamin D targets neural genes that affect a variety of
behavioral and biochemical processes. Animal models have shown
that vitamin D deficiency slows learning and increases anxiety, while
human studies have correlated low vitamin D levels with depression
[18] and accelerated cognitive decline [19]. In service members
who had previously deployed, vitamin D deficiency was found

This review analyzes the role of vitamin D status in resilience
and recovery from mTBI, highlighting critical gaps in knowledge on
nutrition in mTBI research. The literature summarized here suggests
that vitamin D status has a measureable effect on resiliency to mTBI
and supports a mechanism by which vitamin D may attenuate mTBI
inflammatory response. Furthermore, this review will evaluate
evidence that indicates maintaining optimal vitamin D status
improves recovery from mTBI and reduces symptoms associated
with post-concussive impairment.

Analysis and Interpretation
The Institute of Medicine Nutrition and TBI report [1]
recommends the study of nutritional interventions for the prevention,
resilience, and treatment of TBI with specific recommendations to
study pre- and post-injury nutrition assessments along with potential
biomarkers. Brain injuries are a serious national health concern given
their potential to initiate lifelong cognitive and physical ailments.
If nutrition and hormonal deficiencies can explain the etiology for
any of the cognitive or physical symptoms associated with mTBI,
then screening and correcting these deficiencies has the potential to
maximize resiliency of experienced leaders and limit loss of assets
(Figure 1). Thus, establishing a relationship of vitamin D status to
mTBI resilience and severity proposes a new paradigm for prevention
and treatment of brain injuries.
Vitamin D deficiency
No data have been published on the prevalence of vitamin D
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Figure 1: Vitamin D has a role in regulation of inflammatory response and
testosterone synthesis associated with post-concussive symptoms and
PTSD.
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to increase the risk of suicide [9]. Furthermore, vitamin D levels
decrease during outdoor military training, likely related to protective
clothing and equipment required for service [17]. Elevated levels of
inflammatory cytokines have been correlated with both depression
and vitamin D deficiency, suggesting that vitamin D suppresses
excess neural inflammation and maintains cognitive health [20]. This
idea is supported by neuroinflammatory models showing greater
requirement for the active form of vitamin D, 1,25-hydroxyvitamin
D (1,25(OH)2D) in response to inflammation [10]. Therefore, vitamin
D deficiency may limit regulation of the inflammatory response,
consequently exacerbating injury and increasing risk of concussive
symptoms. To date, no human studies have looked at vitamin D
status in human subjects prior to mTBI.
Vitamin D affects mTBI severity
Vitamin D deficiency at the time of injury may exacerbate postconcussive symptoms, postponing their resolution and keeping a
service member from returning to duty. Vitamin D regulates gene
transcription of inflammatory cytokines and limits their expression, a
role supported by the association of vitamin D deficiency with various
inflammatory disorders [10]. In an animal TBI model, vitamin D
deficient rats had elevated levels of IL-6 and other inflammatory
markers at baseline and post-injury compared to vitamin D sufficient
animals [21]. Post-injury treatment with vitamin D was inferior
to maintaining sufficient levels pre-injury. Acutely protective,
prolonged inflammation is linked to poor injury outcomes, which
has been indicated by higher serum IL-6 levels measured within 24
hours of injury correlating with more severe brain injury [22]. As an
index of injury severity and a prognostic marker of outcome, IL-6
is the most accurate marker of systemic inflammation and trauma
injury due to its regulation of the acute hepatic response [23], and
levels have been shown to remain elevated for up to 12 months
following fractures [24]. Vitamin D deficiency restricts regulation
of cytokine production, thereby allowing sustained inflammatory
response to injury [25,26]. This prolonged inflammatory response to
mTBI increases injury severity and presents an appropriate target for
minimizing concussive symptoms.
TBI-Related hypopituitarism
TBI of any severity has the potential to alter endocrine function,
prolonging post-concussive symptoms for years after injury [27].
Gonadotropin and growth hormone synthesis are the most commonly
altered pathways following mTBI, correlating to deficiencies in
testosterone and IGF-I and responsible for symptoms such as fatigue,
weight gain, low blood pressure, low libido, and loss of muscle
mass [28]. Untreated pituitary hormone deficiencies delay injury
recovery and may progress into more severe psychiatric problems
characteristic of PTSD. Hypopituitarism has been found in 42% of
male veterans who had at least one mTBI related to blast exposure,
compared to no evidence of pituitary dysfunction in veterans who had
deployed but never sustained mTBI [14]. Vitamin D levels have been
associated with both total and free testosterone [29], whereas vitamin
D supplementation raised total and free testosterone in vitamin D
deficient men, suggesting vitamin D has a role in hypogonadism and
may play a role in synthesis of pituitary hormones [30].
Post-concussive symptoms
Initial symptoms following combat mTBI include headache,
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amnesia, confusion, behavioral changes, balance problems, vertigo,
dizziness, vision changes, and nausea/vomiting. While these
symptoms typically resolve within 7-10 days in most mTBI cases
[31], prolonged cognitive and physical abnormalities may persist,
leading to long term health ailments such as memory loss, depression
and increased risk for PTSD [2]. These symptoms have also been
associated with vitamin D deficiency [20] and endocrine dysfunction
[14], supporting a case for measuring hormonal levels in individuals
who have sustained mTBI.

Conclusion and Future Directions
By definition, mTBI is a complex path physiological process rather
than a true pathological injury, resulting from juxtaposed acceleration
and deceleration forces to the brain [31]. Its clinical complexity and
symptom diversity present unique challenges in injury management.
Given the high prevalence of vitamin D deficiency complimented
by ongoing debate regarding optimal status, vitamin D levels may
prove a target for medical personnel to assess and monitor for mTBI
management. Many of the chronic symptoms associated with mTBI
such as depression, balance problems, and cognitive decline are also
associated with vitamin D deficiency. Furthermore, these symptoms
are associated with endocrine dysfunction and deficiencies in
pituitary hormones such as testosterone and growth hormone, which
may be regulated by vitamin D. An important distinction is treating
vitamin D deficiency rather than indiscriminate supplementation in
potentially vitamin D sufficient subjects.
Taken together, these data suggest that vitamin D deficiency is
linked to altered cognitive function and post-concussive symptoms,
owing to its role in regulating inflammatory cytokines and hormone
synthesis. To date, one human trial has treated severe TBI patients
with 5μg/kg (>10,000 IU) vitamin D per day for the first 5 days
after injury in combination with progesterone [32]. The vitamin D
plus progesterone treatment group experienced greater recovery
compared to progesterone alone or placebo, supporting a role of
vitamin D in accelerating brain repair. However, this research did
not assess serum vitamin D levels and thus had no data on pre- or
post-injury vitamin D status. The Institute of Medicine TBI Report
[1] emphasized that nutrients status (pre- and post- injury) may have
important relationships to mTBI outcomes such as mTBI resiliency
and progression of symptoms, with a call to identify clinically relevant
biomarkers.
This review proposes a new paradigm for mTBI management
by focusing on pre-injury nutrition status to produce a measurable
improvement on the resiliency to both mTBI and PTSD. Rather
than identifying methods to selectively inhibit the physiological
inflammatory response stimulated by injury, which is likely critical
to tissue repair, we identify potential nutritional targets to optimize
pre-injury status. We suggest that maintaining optimal vitamin
D status improves mTBI resilience by regulating inflammatory
cytokine expression and improves mTBI recovery by suppressing
the prolonged secondary inflammation associated with lingering
symptoms. This medical hypothesis should be tested in human
interventions. Service members at risk of mTBI would be recruited
and screened for vitamin D status. Those will low vitamin D would
be assigned to a vitamin D supplement or placebo, while those with
sufficient status would be followed without intervention. Subjects
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should be followed throughout deployment or other high-risk activity
to assess mTBI diagnosis, evaluation, and treatment outcomes. Upon
return, all subjects would be repeat serum vitamin D measurements
to determine their association with mTBI incidence and recovery as
well as inflammatory and hormonal biomarkers.
Vitamin D supplementation is a non-invasive treatment and
outweighs the potential risks of performing combat operations with
vitamin D deficiency. Treating vitamin D deficiency has the potential
to improve resilience to mTBI and improve chronic symptoms as well
as impact cognitive health and risk of suicide.
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