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Pharmacotherapy for traumatic brain injury (TBI) is focused on resuscitation, prevention of sec-
ondary injury, rehabilitation and recovery. Pharmacogenomics may play a role in TBI for predict-
ing therapies for sedation, analgesia, seizure prevention, intracranial pressure-directed therapy and
neurobehavioral/psychiatric symptoms. Research into genetic predictors of outcomes and susceptibility
to complications may also help clinicians to tailor therapeutics for high-risk individuals. Additionally, the
expanding use of genomics in the drug development pipeline has provided insight to novel investigational
and repurposed medications that may be useful in the treatment of TBI and its complications. Genomics in
the context of treatment and prognostication for patients with TBI is a promising area for clinical progress
of pharmacogenomics.
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Traumatic brain injury (TBI) is a leading cause of death and disability worldwide [1]. Despite substantial research
efforts, major knowledge gaps remain. This may be due to individual variability in clinical presentation and
incomplete understanding of the molecular mechanisms driving neuronal damage after TBI [2]. TBI pathology
is divided into acute primary injury (initial trauma) and the subsequent response referred to as secondary injury.
Secondary injury can be driven by disturbances in cerebral blood flow, loss of neurovascular autoregulation,
cerebral hypoxia, metabolic dysfunction and axonal injury. These effects are augmented by an inflammatory
response, generation of reactive oxygen species and excitotoxicity, among other mechanisms. These processes
create an environment of evolving axonal fiber tract damage, synaptic dysfunction, cerebral edema (CE), ischemia
and neuronal death that can persist after the primary injury [3,4]. Despite growing knowledge of the molecular
mechanisms associated with secondary injury, there remains no pharmacologic therapy that uniformly mitigates the
damage from secondary injury and improves clinical outcomes. The use of preclinical in vivo and in vitro models for
TBI has also elevated our understanding of TBI pathology, but pharmacologic interventions in preclinical models
have not translated well into humans [5]. This is complicated by the fact that TBI is a chronic and sometimes
terminal disease state with pathology influenced by individual characteristics [6]. Discovery of therapeutics for TBI
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has been increasingly led by transcriptomics, metabolomics, proteomics and genomics, which may inform tailored
treatment approaches effective for specific subpopulations of patients with TBI [7,8].

Therapeutic response after TBI may be influenced by injury phenotype, patient age, co-morbidities, concurrent
extracerebral insults, genetics and other factors. Efforts to identify genetic predictors of outcomes following TBI
have identified novel pathways that support the effort to discover treatments for TBI [7,9]. Many studies in the
past decade have investigated the role of genetics in prognosticating post TBI, with over 20 genetic variations
identified to date that have associations with TBI outcomes and/or complications [7]. Despite the lack of US
FDA-approved therapies, many medications are used in TBI for acute care, rehabilitation and neuropsychiatric
care. Pharmacogenomics is one approach to tailor treatments for individuals with TBI through precision critical
care medicine and/or prophylactic pharmacotherapy to reduce TBI complications [10].

The objective of this review is to discuss the current treatments used for individuals with TBI and how they may
be impacted clinically by pharmacogenomics in severe TBI. Of note, an extended definition of pharmacogenomics
that encompasses the role of genomics in prognostication as it relates to pharmacotherapy decisions will be used.
How genomics may improve prognostication and treatment decisions in the future is also discussed. To build
consistency into variant descriptions, all genetic variants will be first identified by GRCh38 position/allele change
and subsequently by reference single nucleotide polymorphism identification number (RSID) or other common
identifier when available [11]. HUGO Gene Nomenclature Committee names for proteins and genes will be used
in lieu of common names [12].

Pharmacogenomics of the blood–brain barrier
The blood–brain barrier (BBB) controls the influx of nutrients, efflux of waste products and protection from
xenobiotics and neurotoxic compounds present in the blood. Transporters mediate this selective permeability, and
transporter genes are major considerations in the pharmacogenomics of TBI and other neurologic conditions [13,14].
Transporters are generally categorized into ATP-binding cassette (ABC) and solute carrier (SLC) transporters,
which are exclusively efflux or mixed efflux/influx, respectively. Independent of drug use evaluation, Cousar et al.
investigated genetic variations in BBB transporters (ABCB1, ABCC1 and ABCC2) in 305 adult patients with severe
TBI [15]. They found that ABCB1 rs1045642 (NC 000007.14:g.87509329A>G; AA) and ABCC1 rs4148382
(NC 000016.10:g.16144637G>A; GG) genotypes were associated with lower odds of unfavorable 6-month
Glasgow Outcome Scale (GOS) scores, defined as GOS of 1–3 (odds ratio: 0.71 and 0.73, respectively) [15]. The
finding with ABCB1 rs1045642 was reversed in a study by Wang et al. who studied 182 patients with TBI [16].
They defined favorable outcomes as GOS of 3–5 and found that patients with the (AG, GG) genotypes were
more likely to have favorable GOS scores at 6 months post TBI (odds ratio: 2.71) [16]. These contradictory results
may be due to different definitions of outcomes and/or racial makeup (i.e., Caucasian vs Chinese). Focusing on
another ABC transporter highly expressed on the human BBB, Adams et al. studied variations in the ABCG2 gene
for association with GOS scores evaluated at 3, 6, 12 and 24 months following injury. They found that ABCG2
rs2231142 (NC 000004.12:g.88131171G>T; TG, TT) genotypes were associated with better outcomes (higher
GOS scores) following TBI [17]. These findings suggest that the function of these genes impacts recovery from
TBI, which may relate to changes in drug disposition or other mechanisms. It also exemplifies the differences in
magnitude and direction that can be found in different population and/or with different evaluations of the same
outcome measure. Transporters are the gatekeepers for the penetrance and/or removal of medications into/from
the brain, and variations that impact transporter expression and/or function may have implications in therapeutics
with brain targets.

Pharmacotherapy of TBI & associated pharmacogenomics
Treatments for TBI are time sensitive and start with medications used for resuscitation and critical care management.
Early pharmacotherapy typically includes sedatives, analgesia and neuromuscular blocking agents. Individuals with
TBI may have a high risk for post-traumatic seizures (PTS; both clinical and subclinical), require intubation and
sedation, need frequent neurologic assessment while sedated and require constant monitoring of cerebrovascular
parameters (e.g., intracranial pressure [ICP], cerebral perfusion pressure) [18]. The role of pharmacogenomics
in the intensive care unit is not a new concept, but implementation entails practical challenges due to the
complexity of cases and the presence of comorbidities [10,19]. In patients with TBI, pharmacogenomics may inform
pharmacotherapy for seizures, pain and sedation [19–21]. Drug–gene pairs relevant to TBI are summarized in Table 1.
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Table 1. Traumatic brain injury drug–gene pairs.
Medication Use(s) Gene Variant Association Clinical recommendation

Phenytoin Post-traumatic seizures,
post-traumatic epilepsy

HLA-B *15:02 Increased risk for SCAR Avoid

CYP2C9 Intermediate/poor
metabolizers

Decreased systemic
clearance

Use lower dose

Ketamine Sedation, analgesia CYP2B6 *6/*6 Decreased systemic
clearance

N/A†

Midazolam Sedation CYP3A5 *3 Decreased systemic
clearance

N/A†

Fentanyl Sedation, analgesia CYP3A5 *3 Decreased systemic
clearance

N/A†

OPRM1 rs1799971 (GG) Decreased sensitivity N/A†

ABCB1 rs1045642 (TT) Increased brain/CSF
concentrations

N/A†

Morphine Sedation, analgesia ABCB1 rs1045642 (TT) Increased brain/CSF
concentrations

N/A†

OPRM1 rs1799971 (GG) Decreased sensitivity N/A†

Citalopram, escitalopram,
sertraline

Post-traumatic depression CYP2C19 Poor metabolizers Decreased systemic
clearance

Decrease dose

Ultra-rapid metabolizers Increased systemic
clearance

Use alternative agent‡

Paroxetine CYP2D6 Ultra-rapid metabolizers Increased systemic
clearance

Use alternative agent

Poor metabolizers Decreased systemic
clearance

Use alternative agent

Fluvoxamine Decrease dose

†No specific clinical guidance available.
‡Does not apply to sertraline.
CSF: Cerebrospinal fluid; N/A: Not available or defined; SCAR: Severe cutaneous adverse reaction.

Seizure treatment/prophylaxis in the acute period following TBI
PTS can be clinical or subclinical in nature, and both types can contribute to secondary injury [22]. PTS occur within
7 days in as many as 22% of patients with moderate and severe TBI [23]. Current treatment guidelines recommend
the use of seizure prophylaxis in the first 7 days post injury to prevent PTS. Based on work by Temkin et al.
in 1990, the drug of choice for PTS prophylaxis has been phenytoin [24]. However, a growing body of literature
supports levetiracetam as potentially equivalent or superior to phenytoin [25], and potentially with neuroprotective
benefits [26] – particularly when treatment is continued daily into the postacute period [27]. Pharmacogenomics
considerations for agents regarding PTS prophylaxis and treatment can be divided into genetic predictors of drug
response (i.e., traditional pharmacogenomics) and in PTS risk assessment (i.e., guided prophylaxis).

Pharmacogenomic measures for phenytoin pharmacokinetics and response include CYP2C9 and HLA-B, re-
spectively. The Clinical Pharmacogenomics Implementation Consortium and Dutch Pharmacogenomics Work-
ing Group guidelines for phenytoin suggest that patients with decreased CYP2C9 activity (e.g., CYP2C9
intermediate/poor metabolizers) receive a 25–50% lower maintenance dose and patients carrying the HLA-
B*15:02 haplotype should avoid phenytoin due to over four-fold increased risk for severe cutaneous adverse
reactions [20,21]. Siddiqui et al. also reported that ABCB1 rs1045642 (GG) was associated with higher incidence of
drug-resistant epilepsy (odds ratio: 2.66), which suggests that some anti-epileptic drugs’ ability to cross the BBB
may be impacted by ABCB1 function [28]. However, this finding has not been directly linked to phenytoin, and
additional studies have not supported a significant contribution of variations in the ABCB1 gene and phenytoin
pharmacokinetics/pharmacodynamics [29,30]. These pharmacogenomic markers may be useful in TBI to identify
patients who may require lower maintenance doses or an alternative agent, such as levetiracetam, during PTS
prophylaxis and treatment.

The use of genetic markers to predict risk for PTS may help guide therapeutic decision making for individual
patients. The variant ADORA1 rs3766553 (NC 000001.11:g.203163914A>G; AA) was associated with over five-
fold increased risk for PTS in a study with 206 subjects with severe TBI, although the mechanistic basis was not
established by this association [31]. Kochanek et al. evaluated the impact of Adora1 knockout in a murine model
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for experimental TBI and found that knockout mice develop lethal status epilepticus following TBI, suggesting
a role for ADORA1 in preventing PTS [32]. Activation of ADORA1 seems to inhibit the microglial response
following TBI, which may indicate that ADORA1 and its associated pathways represent a therapeutic option
for TBI [33]. These findings not only suggest new treatment modalities for PTS, but may help identify patients
more likely to benefit from PTS prophylaxis. Darrah et al. investigated GAD1 and GAD2, which catalyze the
conversion of glutamate to GABA. In a study of 257 adults with severe TBI, they found that GAD1 rs3828275
(NC 000002.12:g.170826230C>T; CT, TT) was associated with higher risk for PTS (odds ratio: 5.6) [34]. APOE
has been studied for its role in PTS, and some investigations have suggested an association between APOE ε4
homozygotes and PTS, but this finding has not been consistent [35,36]. Variability in outcome measures, statistical
power, patient characteristics and methodologies seems to be the driver of this variability; however, a systematic
review by Lawrence et al. found that over 63% of studies investigating APOE ε4 were detrimental to outcomes
post TBI [37].

Sedation & analgesia
In the intensive care setting, sedation is used to minimize patient discomfort and control ICP in patients with
TBI [23]. Preferred agents for sedation in adults with TBI include propofol and midazolam due to their favorable
effects on cerebral metabolism, ICP and cerebral perfusion pressure [18,38,39]. Midazolam is metabolized by the
CYP3A4/5 enzymes. The CYP3A5*3 haplotype is associated with decreased midazolam metabolism, but its effect
may only be clinically relevant in the presence of concomitant moderate/strong CYP3A4 inhibitors (e.g., ke-
toconazole, clarithromycin) [40–42]. Ketamine and dexmedetomidine may be used in some patients with TBI as
adjunctive or solo agents due to decreased accumulation, lower risk for dependence and/or ease with which pa-
tients can be awakened for neurologic assessments. Nevertheless, their use in routine clinical practice for TBI is
less well established due to decreased time on the market, but their use has gained popularity [18]. Some studies
assessing ketamine for ICP control among individuals with severe TBI have suggested a very favorable profile,
although this remains controversial [43]. Ketamine is primarily metabolized by CYP3A4, which is not associated
with common functional pharmacogenomic variants, but at higher concentrations the metabolic contribution
of CYP2B6 is more pronounced [44]. Li and colleagues found that CYP2B6 (*6/*6) was associated with 59%
and 40% decreased steady state clearance of ketamine compared with CYP2B6 (*1/*1, *1/*6), respectively, in a
group of 49 adult patients [45]. Decreased clearance of ketamine may increase risk for adverse events including
adverse psychomimetic and cognitive reactions, and hepatic and/or renal toxicity [45,46]. Variability in dexmedeto-
midine pharmacokinetics/pharmacodynamics may be explained by variations in its metabolic pathway through
CYP2A6 and UGT1A4, though no link has been found at this point. However, dexmedetomidine pharmaco-
dynamics may be affected by variations in its target, ADRA2A [47]. Yağar et al. found that ADRA2A rs1800544
(NC 000010.11:g.111076745G>C; GG, GC) was associated with slightly decreased efficacy at some time points
as measured by sedation scores, though the clinical relevance of this finding is not clear [48]. Barbiturates, particularly
pentobarbital, are also used as sedatives for TBI patients with refractory intracranial hypertension [23].

TBI patients may also receive therapy with opioid analgesics/sedatives like fentanyl, remifentanil or morphine [18].
Variants in ABCB1, CYP3A5 and OPRM1 may provide insight into the variable dosing associated with opioid
medications commonly used for TBI [49,50]. ABCB1 rs1045642 (TT) is associated with decreased expression of
ABCB1, which may increase penetration of ABCB1 substrates across the intestinal epithelium and the BBB.
Fentanyl and morphine are substrates for ABCB1, and individuals carrying ABCB1 rs1045642 (TT) may require
lower doses. Lötsch et al. measured oral morphine equivalent dosing in subjects treated with ABCB1 substrates
(e.g., morphine, fentanyl) [49]. They found that subjects with ABCB1 rs1045642 (TT) required 135.4 vs (CT) 194.9
vs (CC) 274.5 (ANOVA; p = 0.014) [9,51]. Similarly, Horvat et al. found in a diverse pediatric population (n = 61)
that patients with ABCB1 rs1045642 (TT) required 18.6 mcg/kg/day less fentanyl than (CT, CC) [52]. Patients
with CYP3A5*3 may also require a reduction in dose of fentanyl due to decreased hepatic clearance [51]. The
OPRM1 variation rs1799971 (NC 000006.12:g.154039662A>G; GG) is associated with decreased efficiency
of endogenous opioid signaling [53]. OPRM1 rs1799971 (GG) may predict increased dosing requirements for
analgesics, and individuals with AG or AA genotypes may experience higher rates of adverse reactions [19,50].

Role of pharmacogenomics during TBI rehabilitation
Chronic neurologic and psychiatric care is necessary for many individuals post-TBI and pharmacotherapy may be
guided by pharmacogenomics. The use of pharmacogenomic concepts to guide treatments for TBI rehabilitation
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in light of genetic risk factors and expected response to medications complements the rehabilomics framework
introduced by Wagner in 2010 [54]. Rehabilomics in the context of TBI refers to systematic use of biomarker, genetic,
phenotypic and other patient-specific factors that impact rehabilitation and long-term recovery [54,55]. It focuses
on TBI as a chronic disease state that requires long-term care with patient-specific approaches to rehabilitation.
An example of this is found in the approach by Myrga et al. in evaluating the sex-stratified risk for post-TBI
cognitive decline in association with dopamine pathways. They found an important sex*gene interaction in patient
outcomes, suggesting sex-associated stratification of genetic risk [56]. While rehabilomics is all-encompassing,
pharmacogenomics is most applicable in the psychiatric and neurologic pathologies requiring pharmacotherapy
such as post-traumatic depression (PTD), cognitive decline and post-traumatic epilepsy (PTE) [55,57]. PTD and
changes in cognitive capacity are multifactorial, but incidence, nature and onset, as well as severity and duration
may be predictable through genetic risk factors associated with monoamine pathways, specifically the dopamine
(DA) pathways in the prefrontal cortex and by serotonin pathways [56]. PTE may share some risk factors with
PTS, but is thought to have unique pathophysiology [58]. Genetic influences on risk for these complications are
summarized in Table 2.

Post-traumatic depression
Post-traumatic depression occurs in up to 50% of individuals in the first year after TBI [59]. Selective serotonin
reuptake inhibitors (SSRIs) and tricyclic antidepressants are frequently prescribed antidepressants, yet require up
to 6 weeks to have an effect and have a poor response rate (the first choice only works in 50% of individuals) [60].
This necessitates a trial-and-error approach to antidepressant selection, which can result in patients waiting several
months before finding an optimal therapy. Understanding if and how genetics moderates premorbid psychiatric
disease relationships to PTD risk is also an important consideration. The 5-HTTLPR variation is a tandem repeat
in the promoter region for SLC6A4, which is defined as either long (L) or short (S). L-homozygotes for this variation
were found by Failla et al. to be at nearly a threefold higher risk for PTD, which may help to select patients who
should be treated with antidepressants (e.g., SSRIs) [61].

Genetic predictors of risk for depression may be augmented by published pharmacogenomics guidelines for
selection and dosing of SSRIs when genetic data are available. Decreased doses of citalopram, escitalopram and
sertraline are recommended in CYP2C19 poor metabolizers. Citalopram and escitalopram are not recommended
in CYP2C19 ultra-rapid metabolizers. Paroxetine and fluvoxamine are metabolized by CYP2D6. Paroxetine is not
recommended in ultra-rapid metabolizers or poor metabolizers at CYP2D6, and a 25–50% dose reduction for
fluvoxamine is recommended in poor metabolizers at CYP2D6 [62]. Information about depression risk and drug
metabolism may help clinicians appropriately monitor patients and to select appropriate pharmacotherapy early
post TBI.

Post-traumatic cognitive decline
Post-traumatic cognitive decline is common in patients with severe TBI and is thought to be driven by white matter
loss (i.e., progressive damage to axonal tracts) and hippocampal atrophy. While some patients’ cognitive function
improves in the immediate year following TBI, many suffer from life-long progressive cognitive decline [63]. Genetic
predictors may provide insight into the heterogeneity for risk and severity of cognitive decline [7]. They may also
provide insight into what patients will benefit from early treatment. Pharmacotherapy for cognitive decline is not
currently well defined and presents unique challenges. This is evident by a Cochrane review by Dougall et al., which
concluded that there is insufficient evidence for the effectiveness of pharmacotherapy for cognitive decline post
TBI, however; their inclusion only evaluated modafinil, atomoxetine, rivastigmine and an investigative monoamine
modulator [64]. Additional study into other agents for cognitive decline is warranted.

Failla and colleagues evaluated the role of the DRD2 and its genomic neighbor; ANKK1 in 99 Cau-
casians with severe TBI [65]. They found that DRD2 rs6279 (NC 000011.10:g.113410351G>C; GG, GC)
was associated with higher (improved) composite cognitive score at 6 months and ANKK1 rs1800497
(NC 000011.10:g.113400106G>A; GA) was associated with higher composite cognitive score at 6 and 12 months
post TBI [65]. Wagner et al. investigated the role of WWC1 in 129 patients with severe TBI for its impact on memory.
They found that WWC1 rs17070145 NC 000005.10:g.168418786C>T (CC) was associated with improved per-
formance on episodic memory tests [66]. The rs363226 (NC 000010.11:g.117265701G>C; GC, GG) genotypes
in VMAT2 were identified by Markos et al. to be associated with increased risk for cognitive decline as measured
by cognitive composite T scores [67]. VMAT2 takes up monoamine neurotransmitters from the cytosol to vesicles,
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Table 2. Genetic modifiers of traumatic brain injury rehabilitation.
Gene GRCh38/hg38 or common

name
rsID Associated genotype(s) Outcome or complication

ABCB1 NC 000007.14:g.87509329A�G rs1045642 AA Unclear†

ABCC1 NC 000016.10:g.16144637G�A rs4148382 GG Improved 6-month outcomes
(GOS scores)

ABCC8 NC 000011.10:g.17440757A�C rs2283261 CC Higher risk for cerebral edema

NC 000011.10:g.17465190C�T rs3819521 TT Higher risk for cerebral edema

NC 000011.10:g.17451890C�T rs2283258 TT Higher risk for cerebral edema

ABCG2 NC 000004.12:g.88131171G�T rs2231142 TG, TT Improved outcomes (GOS scores)

ADK NC 000010.11:g.74683339A�G rs11001109 GG Increased seizure duration,
shorter time to first seizure

ADORA1
NC 000001.11:g.203163914A�G

rs3766553 AA Higher risk for post-traumatic
seizures

NC 000001.11:g.203139380T�C rs10920573 CT Higher risk for post-traumatic
epilepsy

NC 000001.11:g.203163914A�G
rs3766553 AA Higher risk for post-traumatic

epilepsy

ANKK1
NC 000011.10:g.113400106G�A

rs1800497 GA Higher composite cognitive score

APOE Epsilon 4 ‡ ε4/ε4 Higher risk for post-traumatic
seizures

AQP4 NC 000018.10:g.26855854C�T rs3763043 TT Unfavorable 6-month outcomes
(GOS score)

NC 000018.10:g.26865469T�C rs3875089 CT, CC Poor 6-month outcomes (GOS
score)

COMT NC 000022.11:g.19963748G�A rs4680 GA, GG Higher risk for cognitive decline

DRD2 NC 000011.10:g.113410351G�C rs6279 GG, GC Higher composite cognitive score

GAD1 NC 000002.12:g.170826230C�T rs3828275 TT Higher risk for post-traumatic
seizures

NC 000002.12:g.170852920A�G
rs769391 AA Higher risk for post-traumatic

epilepsy

NC 000002.12:g.170815681G�T rs3791878 GG Higher risk for post-traumatic
epilepsy

IL-1�

NC 000002.12:g.112832813G�A
rs1143634 AG Higher risk for post-traumatic

epilepsy

MTHFR NC 000001.11:g.11796321G�A rs18001133 TC, TT Higher risk for post-traumatic
epilepsy

NT5E NC 000006.12:g.85465856G�A rs9444348 GA Increased seizure duration,
shorter time to first seizure

SLC1A1 NC 000009.12:g.4557296C�G rs10974620 GG Higher risk for post-traumatic
epilepsy

SLC6A4 5-HTTLPR ‡ Long/long Higher risk for post-traumatic
depression

VMAT2 NC 000010.11:g.117265701G�C rs363226 GC, GG Higher risk for cognitive decline

†Conflicting studies.
‡No assigned rsID or multiple IDs associated with haplotype.
GOS: Glasgow outcome scale.

where they are stored for later release into the synapse [67]. The COMT rs4680 (NC 000022.11:g.19963748G>A;
GA, GG) genotypes are associated with numerous cognitive impairments after TBI, including worse nonverbal
cognitive performance, post-traumatic stress disorder (PTSD), worse self-reported behavior among survivors with
PTD and worse executive functioning in pediatric TBI [68–71].

Beyond its utility as a predictor of outcomes, variations in dopamine pathways are associated with response
to stimulants, antipsychotics and others [72]. Pharmacotherapy with methylphenidate has shown benefits for
post-TBI cognitive impairment, and increased knowledge of how genetics influences various elements of cognitive
performance that are amenable to improvement with a particular pharmacological intervention may guide cognitive
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testing, medication selection and follow-up and care post-injury [73]. This may help to answer the controversy
surrounding appropriate treatment for post-traumatic cognitive decline.

Post-traumatic epilepsy
Post-traumatic epilepsy is defined by the occurrence of unprovoked seizures that occur 7 days or more after TBI. The
5-year risk for PTE is 11.5% for people with severe TBI and 1.6% for those with moderate TBI [58]. Genetic markers
may predict risk for PTE and guide therapeutic decisions. Diamond et al. evaluated both IL-1β levels and associated
genetic variations in the IL-1β gene with risk for PTE development [74]. They found that the IL-1β rs1143634
(NC 000002.12:g.112832813G>A; AG) genotype was associated with nearly threefold increased risk or PTE and
higher cerebrospinal fluid (CSF)/serum ratios of IL-1β [74]. The MTHFR gene has been investigated for its role in
epilepsy, including PTE, as MTHFR dysfunction can lead to elevated homocysteine and lowered seizure thresh-
old [75,76]. Scher et al. investigated the role of MTHFR in a population of the armed forces with evidence of epilepsy
diagnosis and history of TBI [76]. They found that MTHFR rs18001133 (NC 000001.11:g.11796321G>A;
TC, TT) genotypes were associated with higher risk for PTE when they limited their population to subjects
with two or more encounters for epilepsy (adjusted odds ratio: 2.55) [76]. Similar to the associations of the
adenosine pathway and PTS, ADORA1 rs10920573 (NC 000001.11:g.203139380T>C; CT) and rs3766553
(NC 000001.11:g.203163914A>G; GG) are associated with increased risk for PTE [31]. Also in that pathway; ADK
rs11001109 (NC 000010.11:g.74683339A>G; GG) and NT5E rs9444348 (NC 000006.12:g.85465856G>A;
GA) are associated with increased seizure duration and shorter time to initial seizure in patients who develop PTE [77].
In addition to their work in PTS, Darrah et al. found that GAD1 rs769391 (NC 000002.12:g.170852920AG;
AA) and rs3791878 (NC 000002.12:g.170815681GT; GG) were associated with PTE risk between 1–6 months
post-TBI [34]. Ritter et al. found that SLC1A1 rs10974620 (NC 000009.12:g.4557296C>G; GG) and rs7858819
(NC 000009.12:g.4559892C>T; TT) were associated with higher risk for PTE [78].

The use of genetic markers to predict incidence of PTE may help clinicians monitor and treat patients with PTE
more effectively. Importantly, prophylactic treatment with anti-epileptic drugs does not reduce the incidence of
PTE [79]. Genetic variations previously unaccounted for may have contributed to failure of randomized controlled
trials and may have a role in supporting future drug development. Pharmacogenomics may also have similar
application to the long-term use of phenytoin in relation to CYP2C9 metabolizer status, or the decision to not use
it based on presence of HLA-B*15:02 [20,21].

Pipeline: new & repurposed medications for TBI
TBI is a highly active area for drug development, with many promising leads for future pharmacotherapy [2].
An exhaustive review of all areas for drug development for TBI is beyond the scope for this review, however;
some proposed therapeutics has pharmacogenomic considerations with respect to their development, efficacy and
appropriateness. The landscape of TBI drug development has been driven by a cycle of research translation that
focuses on novel discovery and repurposing existing agents. This often begins with biomarker discovery in humans,
which drives follow-up candidate gene studies in humans, mechanistic studies in animals and begins the preclinical
to clinical translation of new and/or existing pharmacologic agents (Figure 1). The two leading targets in the drug
development pipeline are antioxidant therapy in patients with TBI and medications targeting the ABC transporter:
ABCC8 [80–83].

CNS antioxidants
Oxidative stress drives the secondary injury early post-TBI, and brain antioxidant reserve is depleted after severe
TBI [84,85]. CNS antioxidant use has been under investigation as a treatment strategy for TBI. N-acetylcysteine is
an FDA-approved medication that is under investigation as a therapy for TBI to increase the brain concentration
of glutathione (GSH), a potent CNS antioxidant [2]. Due to its hydrophilicity and poor penetrance through the
BBB, it is also being investigated in combination therapy with the SLC22A6 and SLC22A8 inhibitor, probenecid.
This strategy has been shown to increase brain concentrations of N-acetylcysteine in preclinical studies, and might
increase its efficacy [86]. Another target in this area are the ABC transporters, ABCC1 and ABCG2. The previously
mentioned association between rs4148382 and ABCG2 rs2231142 with clinical outcomes following TBI may be
due to their influence on the endogenous substrates such as glutathione and uric acid [15,17]. These variations may
therefore have use in predicting patients who are less likely to require additional agents supporting antioxidant
reserve [87].
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Figure 1. Drug development landscape surrounding traumatic brain injury.
TBI: Traumaic brain injury.

Sulfonylurea medications
Development of CE occurs in nearly half of patients with severe TBI, with preponderance to those with a
computerized tomography (CT) evidence of mass lesion [88]. Prevention and treatment strategies include decreasing
ICP through CSF drainage, hyperosmolar therapy with mannitol or hypertonic saline and/or decompressive
craniectomy [23]. ABCC8 has received attention recently due to its association with TRPM4, specifically in the
traumatically injured brain. TRPM4 permits the transcellular flux of Na+, which leads to ionic edema (i.e., driven
by fluid high in sodium and low in protein). ABCC8 regulates TRPM4 by closing the channel when intracellular
ATP is high [81]. The ABCC8 antagonist, glyburide (glibenclamide), is thought to prevent the opening of the
ABCC8-TRPM4 channel post-TBI. It is under investigation as a treatment for CE post-TBI, has been successful
in preclinical studies, has shown promise in clinical trials in stroke and is currently in Phase II clinical trials for
prevention of CE in moderate/severe TBI (www.clinicaltrials.gov/show/NCT01454154) [2,89].

Jha et al. studied ABCC8 with a candidate gene approach for risk of developing CE post severe
TBI. They found significant associations with rs2283261 (NC 000011.10:g.17440757A>C; CC), rs3819521
(NC 000011.10:g.17465190C>T; TT) and rs2283258 (NC 000011.10:g.17451890C>T; TT) in the ABCC8
gene with increased risk of CE following severe TBI (odds ratio: 2.45, 2.95 and 3.00, respectively) [90]. This finding
suggests a genomic role wherein ABCC8 pharmacogenomics may help predict the occurrence of CE, and may help
guide the appropriate use of glyburide in the intensive care unit. An additional contributor to risk for CE post-TBI
is AQP4 [91]. Dardiotis et al. investigated the role of AQP4 with clinical outcomes following TBI and found that
AQP4 rs3763043 (NC 000018.10:g.26855854C>T; TT) and rs3875089 (NC 000018.10:g.26865469T>C; C)
were associated with a higher odds of having an unfavorable and favorable 6-month GOS scores, respectively,
which suggests that a molecular moderator of CE risk (e.g., AQP4) impacts TBI outcomes [92]. These findings
support the important role of pharmacological protection from CE in TBI patients. Glyburide, among other
sulfonylurea medications, is also metabolized by the polymorphic CYP2C9 [20]. While there are no current clinical
recommendations regarding dosing when used as an antidiabetic agent, glyburide is given at a subtherapeutic dose
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in TBI relative to its FDA-approved dosing for diabetes. Hypoglycemia is undesirable post TBI, and it is possible
that CYP2C9 poor/intermediate metabolizers may be more likely to develop hypoglycemia [20,81].

Brain-specific metabolism
Cytochrome P450 enzymes (CYPs) are also present in the brain and in the cerebrovascular endothelium [93].
Little has been investigated regarding the role of genetics of brain-specific CYPs, but Donnelly et al. investigated
CYP polymorphisms in patients with subarachnoid hemorrhage [94]. They found that CYP4A11 rs9332978
(NC 000001.11:g.46942278T>C; CT, CC) was associated with decreased CSF of the cerebral vasoconstrictor and
20-hydroxyeicosatetraenoic acid. Results also showed that CYP4F2 rs3093089 (NC 000019.10:g.15898482A>G;
GG) was associated with decreased risk for clinical neurologic deterioration. Finally, they found that CYP4A11
rs3890011 (NC 000001.11:g.46933071G>C; GC, CC), CYP4F2 rs3093156 (NC 000019.10:g.15889799T>A;
TA, TT) and CYP4F2 rs3093168 (NC 000019.10:g.15885435A>G; AA) were associated with higher odds of
having a favorable outcome [94]. Further investigations are needed to delineate how brain-specific CYPs affect drug
disposition in the context of TBI.

Conclusion
Pharmacotherapy for TBI is a growing area of research and active drug development. With the application of existing
therapies and the discovery of novel treatment targets, the potential of precision medicine using pharmacogenomics
is high [10]. Pharmacogenomics for any CNS pathology may utilize genetic variations in genes that function in the
brain, on the BBB or involved in systemic clearance. Variations in CYP enzymes and ABC transporters may play
a role in understanding how drug disposition changes following injury. Many of these genetic variations may help
clinicians to tailor therapeutics associated with acute and/or chronic care. Genetic markers for neurotransmission
may better explain pathophysiology of post-TBI complications like seizures, depression, and may help guide
therapeutic choices and doses.

Future perspective
As the field of pharmacogenomics progresses, genetic studies investigating outcomes and biomarkers for specific
diseases, such as TBI, will become prevalent. As with many initiatives geared to improve our understanding of
neuropathologies, the integration of neuroscience with genomics will provide unique opportunities for personalized
medicine in numerous disease states. These are likely to lead to new approaches to monitor patients with TBI
and novel targets for treatment. Treatment for TBI does not currently involve routine genetic testing, but instead
utilizes evidence and practice-based guidelines to maximize patient survival and recovery [38,95]. The addition
of patient-specific factors and pharmacogenomics is an excellent opportunity to further precision medicine and
decrease the heterogeneity of TBI outcomes. With the growing preponderance of evidence for the ability of genetics
to augment TBI care, it is likely that clinicians will routinely use genetic data to select the best pharmacotherapy
to treat and prevent TBI.
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Executive summary

Traumatic brain injury pathophysiology
� Patients suffer from postimpact progressive neuronal damage after traumatic brain injury (TBI) called secondary

injury. This contributes to inflammatory response, oxidative stress and excitotoxicity.
� Secondary injury is an active area of drug development and genetic factors have been investigated to help

identify treatment targets.
Pharmacogenomics of the blood–brain barrier
� The blood–brain barrier protects the brain from undesired solutes in the blood, allows passage of nutrients and

provides mechanisms to remove waste from the brain compartment.
� Transporters (e.g., ABCB1) provide active mechanisms to selectively allow entry and exit of solutes from the brain.
� Genetic variations in ABCB1, ABCC2 and ABCG2 are associated with clinical outcomes after TBI, possibly due to

changes in xenobiotics and endogenous solutes.
Pharmacotherapy of TBI and associated pharmacogenomics
� Post-traumatic seizures are seizures that occur within 7 days of TBI and phenytoin is the preferred therapy.
� Phenytoin should be avoided with HLA-B*15:02 and dose adjusted for CYP2C9 intermediate/poor metabolizers.
� Propofol and midazolam are preferred sedatives for TBI in adults. Ketamine, dexmedetomidine or barbiturates

may be used in some patients.
� Midazolam is metabolized by CYP3A4/5 and may have higher levels in patients with CYP3A5*3. Ketamine

clearance is decreased in patients with CYP2B6*6/*6.
� Fentanyl and morphine are used for adjunctive sedation and/or analgesia in patients with TBI, and may be

impacted by variations in CYP3A5, ABCB1 and/or OPRM1.
Role of pharmacogenomics for TBI rehabilitation
� Post-traumatic depression and cognitive changes following injury may be predicted by variations in monoamine

pathways (e.g., COMT, VMAT2, SLC6A4, DRD2).
� Selective serotonin reuptake inhibitors are commonly used for post-traumatic depression. Citalopram,

escitalopram and sertraline have clinical guidance for use with CYP2C19 intermediate, poor and ultra-rapid
metabolizers. Paroxetine and fluvoxamine have clinical guidance associated with CYP2D6 poor and ultra-rapid
metabolizers.

� Post-traumatic epilepsy refers to seizures that occur beyond 7 days post TBI.
� Variations in IL-1β, MTHFR and genes in the adenosine neurotransmission pathway may predict patients at risk

for post-traumatic epilepsy.
Genetic drivers of TBI treatments in the pipeline
� N-Acetylcysteine is under investigation for TBI due to its ability to raise brain glutathione (GSH) levels.
� ABCC1 and ABCG2 variations influence TBI outcomes, possibly by impacting the brain’s antioxidant reserve.
� Glyburide is in clinical trials for cerebral edema TBI, and genetic variations in its target, ABCC8, are independently

associated with cerebral edema occurrence post TBI.
� Use of glyburide and other sulfonylurea medications may be impacted by CYP2C9 intermediate/poor metabolizer

status.
Conclusion & future perspective
� TBI is an highly active area for drug development and investigation.
� Pharmacogenomics may help discover novel drug targets for TBI, predict patient risk for complications that

require pharmacotherapy and aid clinicians in selecting medications for patients with TBI.
� More studies are needed to fully determine the role of pharmacogenomics post-TBI.
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93 Agúndez J, Jiménez-Jiménez F, Alonso-Navarro H, Garcı́a-Mart́ın E. Drug and xenobiotic biotransformation in the blood–brain barrier:
a neglected issue. Front. Cell. Neurosci. 8, 335 (2014).

94 Donnelly M, Crago E, Conley Y et al. 20-HETE is associated with unfavorable outcomes in subarachnoid hemorrhage patients. J. Cereb.
Blood Flow Metab. 35(9), 1515–1522 (2015).

95 Kochanek P, Carney N, Adelson P et al. Guidelines for the acute medical management of severe traumatic brain injury in infants,
children, and adolescents – second edition. Pediatr. Crit. Care Med. 13(Suppl.1), S1–S82 (2012).

1440 Pharmacogenomics (2017) 18(15) future science group



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


