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Chapter 9
Pharmacological Therapies 
for Concussions

Edward D. Hall, Eugene Park, and Andrew J. Baker

�Introduction

Pharmacotherapy in broad terms may target underlying biological processes or tar-
get symptom complexes such as headache. This chapter explores potential therapies 
aimed at the underlying biological processes. There is a spectrum of symptoms, 
signs, and imaging findings that co-varies with force intensity in traumatic brain 
injury (TBI). It is therefore reasonable to consider that the pathophysiology of con-
cussion includes processes that are seen in moderate and severe TBI – but to a lesser 
extent. Therefore, the first section of this chapter explores the recent history of the 
inroads into the pharmacological therapies aimed at moderate and severe TBI as 
well as mild TBI and concussion with the assumption of relevance related to com-
mon mechanisms between severity categories.

The pharmacological approach to concussion can be framed as targeting second-
ary injury mechanisms and/or targeting symptoms associated with concussion and 
persistent concussion syndrome (PCS). As we understand concussion and PCS bet-
ter, and the role of comorbidities that are either pre-existent or precipitated, the 
approach also includes the active identification of clinical entities that are amenable 
to evidence-based interventions. Of course, the goal is to achieve a clinical patho-
logical correlation, as well as an understanding of the pathophysiology and its 
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precision mitigation in concussion. Unfortunately, there is generally a lack of evi-
dence-based direction to guide treatments [1–3]. Furthermore, while there is evi-
dence following concussions/mild traumatic brain injury (mTBI) of persisting 
cellular changes from laboratory-supported research, this is largely in the context of 
the absence of evident anatomical injury or lesions by basic clinical imaging [4–6] 
adding to the challenges of clinical research. This chapter, therefore, provides a 
description of recent history of the development of a pharmacologic approach to the 
secondary cellular mechanisms, largely in the context of moderate or severe 
TBI. This narrative arises from the assumption that the traumatic etiology in con-
cussion points to a shared pathophysiology and pharmacologic potential. The chap-
ter ends with a brief survey of the pharmacological approaches for treating symptoms 
of neurotransmitter dysfunction and concussion-related comorbidities, while recog-
nizing the importance of a multi-dimensional approach, as discussed in many chap-
ters of this book.

�Pharmacological Approaches to Limit Neurodegenerative 
Mechanisms: Antioxidant Therapies for Concussions/Mild 
TBI and Moderate/Severe TBI

Traumatic brain injury (TBI) involves a “primary” mechanical insult to the brain, 
which initiates a rapidly evolving, “secondary” biochemical injury. This biochemi-
cal “cascade” that is responsible for the post-TBI neurodegenerative events that take 
place during the first minutes, hours, and days after injury may initiate progressive 
vascular, neuronal, and glial degeneration resulting in permanent mild, moderate, or 
severe neurological disability or death. TBI researchers have documented that the 
“secondary” injury process begins with the injury-induced depolarization of excit-
atory glutamate-releasing neurons, which causes excessive release of the brain’s 
principal excitatory neurotransmitter glutamate. This results in overactivation of the 
N-methyl-D-aspartate (NMDA) receptor on downstream neurons, which causes 
“excitotoxic” intra-neuronal accumulation of calcium (Ca++) and sodium (Na+) [7, 
8]. The increases in intracellular Ca++ activate the proteolytic enzymes calpain I and 
II, leading to progressive degradation of cytoskeletal neurofilament proteins (e.g., 
α-spectrin). Brain cellular mitochondria, in addition to their principal bioenergetic 
functions (electron transport and ATP synthesis) perform mitochondrial “buffering” 
of intracellular Ca++. However, as the intra-mitochondrial matrix Ca++ accumulation 
builds to an extreme level, where it is above the cytoplasmic Ca++ “set point”, it 
causes mitochondrial membrane potential (Δψ)-dependent electron transport, ATP 
synthesis, and mitochondrial Ca++ buffering to fail, resulting release of previously 
buffered intra-mitochondrial Ca++ [9, 10].

Pathophysiological studies in male CF-I mice [11, 12], and Sprague-Dawley rats 
[13, 14] using controlled cortical impact (CCI)-induced TBI paradigms, demon-
strated a gradually increasing formation of reactive oxygen species (ROS) and 
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reactive nitrogen species (RNS) which initiate progressive lipid peroxidation (LP) 
that begins during the first post-TBI minutes and slowly increases over the first 
4–12 hours. Beyond that time window, any opportunity for effective pharmacologi-
cal LP inhibitory neuroprotection has closed. Nevertheless, our neuroprotective 
drug studies have shown that certain LP targeting antioxidants possess a clinically 
practical therapeutic window that ranges between 4 and 12 hours in both moderate 
and severe rodent and human TBI studies.

While ROS-/RNS-induced LP-mediated brain damage may be less intense in 
Glasgow Coma Score (GCS 13–15) “mild” TBI/concussion patients, recent studies 
have shown that ROS-/RNS-induced LP occurs in single “mild” TBI models (con-
cussions) and more so in “repetitive concussions” that are allowed to occur within a 
“return-to-play” period limited 3 days since. Thus, pharmacological inhibition of 
LP appears to be a promising neuroprotective strategy in concussive TBIs which 
constitute ~75–80% of the acute TBI patient population.

�Biochemistry of Free Radical-Induced Lipid Peroxidation, 
Protein Oxidation, and Carbonylation

One of the most extensively validated “secondary injury” mechanisms revealed in 
experimental TBI studies is the early post-traumatic increase in reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) that cause oxygen radical-
induced oxidative damage to brain cellular lipids and proteins [15, 16]. This chapter 
outlines the key sources of ROS, RNS, and their highly reactive (i.e., rapidly oxidiz-
ing) free radicals, the pathophysiological mechanisms associated with oxidative 
neural damage, and, most importantly, pharmacological antioxidants that have been 
shown to produce neuroprotective actions that limit ROS-/RNS-initiated 
neurodegeneration.

�Superoxide Radical

The primordial oxygen free radical that comes from several pathophysiological 
sources involves the single electron (e−) reduction of an oxygen molecule (O2) to 
produce the superoxide radical (O2

−). Superoxide can be generated from several 
sources; one of the main sources is O2

•− leakage from complex I of the mitochon-
drial electron transport chain in Ca++-overloaded brain mitochondria. However, O2

•− 
is considered by many free radical chemists to be a modestly reactive radical, but 
nevertheless one that can react with other molecules to give rise to more reactive, 
and thus more damaging, radical species. The reason that O2

•− is only modestly 
reactive is that it can act as either an oxidant that is capable of stealing an electron 
from another oxidizable molecule or as a reductant by which it donates its unpaired 
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electron to another radical species, thus acting as an antioxidant. However, if O2
•− 

reacts with a proton (H+) to form a hydroperoxyl radical (HO•
2), this results in a 

superoxide form that is much more likely to trigger LP (i.e., to act as an electron 
thief). This is more likely to occur in injured tissue where tissue acidosis is present 
that favors the predominance of HO•

2.

�Superoxide Dismutase, Pro-oxidant Effects of Iron, and Tissue 
Lactic Acidosis

One of the most important endogenous antioxidants is the enzyme superoxide dis-
mutase (SOD) which rapidly catalyzes the dismutation of O2− into H2O2 and oxy-
gen. At low pH, O2− can dismutate spontaneously. The formation of highly reactive 
oxygen radicals, which have unpaired electron(s) in their outer molecular orbitals, 
and the propagation of LP chain reactions are fueled by non-radical ROS, which do 
not have unpaired electron(s) but are chemically reactive. For example, OH· radicals 
are generated in the iron-catalyzed Fenton reaction where ferrous iron (Fe2+) is oxi-
dized to form the highly reactive OH· in the presence of H2O2 (Fe2+ + H2O2 → Fe3+ 
+ OH· + OH−). Superoxide, acting as a reducing agent (i.e., an electron-donating 
antioxidant), can donate its unpaired electron to ferric iron (Fe3+), cycling it back to 
the ferrous state (Fe2+, via the Haber-Weiss reaction O2− + Fe3+ → Fe2+ + O2). This 
sets up additional Fe2+-catalyzed Fenton reactions and increased production of OH·.

Under physiological conditions, iron is tightly regulated by its transport protein 
transferrin and the storage protein, ferritin, both of which bind the ferric (Fe3+) form 
of iron. However, this reversible bond of transferrin and ferritin with ferric iron 
decreases with declining pH (below pH 7). Tissue acidosis is known to occur in the 
traumatized CNS and to cause the release of iron and initiation of iron-dependent 
oxygen radical production and LP. A second source of iron comes from hemoglobin 
released during injury-induced brain tissue hemorrhage.

�Peroxynitrite and Its Highly Reactive Radicals

Although O2
•− is much less reactive than OH· radical, its reaction with nitric oxide 

(NO·) radical forms the highly reactive RNS peroxynitrite (PN: ONOO−). This reac-
tion (O2− + NO· → ONOO-) occurs with a very fast rate constant which out-competes 
mitochondrial manganese SOD’s ability to convert O2

•− into H2O2. Subsequently, at 
physiological pH, ONOO− will largely undergo protonation to form peroxynitrous 
acid (ONOOH) or it can react with carbon dioxide (CO2) to form nitrosoperoxy-
carbonate (ONOOCO3

−). The ONOOH can break down to form highly reactive 
nitrogen dioxide (NO•

2) and hydroxyl radical (ONOOH→NO•
2 + OH·). Alternatively, 

the ONOOCO3
− can decompose into NO•

2 and carbonate radical (CO•
−3) 
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(ONOOCO3
− → NO•

2 + CO•
−3). Each of these PN-derived radicals (NO•

2, OH·, and 
CO•

−3) are highly reactive and able to initiate and propagate LP neurodegeneration 
with diffusion rate-limited speed [15, 16].

�Lipid Peroxidation and the Formation of Highly Reactive 
Protein Carbonyls

Increased production of reactive free radicals (i.e., “oxidative stress”) in the injured 
brain has been shown to cause oxidative damage to cellular lipids and proteins lead-
ing to functional compromise and cell death in both the cerebral microvascular and 
brain parenchymal compartments. Extensive study has confirmed that a major form 
of radical-induced oxidative damage involves ROS/RNS radical attack on brain cell 
membrane polyunsaturated fatty acids (PUFAs) that triggers the process of LP that 
is characterized by three distinct steps: initiation, propagation, and termination and 
carbonylation [17].

�Initiation

LP is initiated when one of the highly reactive oxygen radicals (hydroxyl radical, 
OH·; nitrogen dioxide radical, NO•

2; and carbonate radical, CO•
−3) reacts with poly-

unsaturated fatty acids (PUFAs) such as arachidonic acid (AA), linoleic acid (LA), 
eicosapentaenoic acid (EPA), or docosahexaenoic acid (DHA), all of which have 
multiple allylic carbons that are susceptible to LP. Initiation of LP begins when the 
reactive radicals steal a hydrogen atom of a PUFA from its associated electrons 
from one of their allylic carbons. The basis for the susceptibility of the allylic 
carbon(s) of the PUFAs to having of its allylic carbon electrons stolen by a highly 
electrophilic free radical is that the carbon is surrounded by two relatively electro-
philic double bonds which act to pull one of the electrons from the allylic carbon. 
Consequently, a reactive free radical can easily pull the hydrogen electron off the 
allylic carbon because its commitment to pairing with the carbon electron has been 
weakened by the surrounding electronegative double bonds. This results in the orig-
inal radical being quenched while the polyunsaturated fatty acid (L) becomes a lipid 
radical (L•).

�Propagation

Subsequently, LP propagation begins when the unstable L• reacts with O2 to form a 
lipid peroxyl radical (LOO•). The LOO• in turn abstracts a hydrogen atom from an 
adjacent PUFA, yielding a lipid hydroperoxide (LOOH) and a second L•, which sets 
off a series of LP propagating “chain” reactions in the brain microvascular, neuro-
nal, and glial cells.
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�Termination and Carbonylation

The LP propagation reactions are terminated in the third step when the substrates 
(i.e., peroxidizable PUFAs) become depleted and a lipid radical reacts with another 
radical to yield potentially neurotoxic non-radical, but highly reactive, aldehydic 
end products referred to as carbonyls. Two highly reactive and neurotoxic carbon-
yls of LP are 4-hydroxynonenal (4-HNE) and acrolein, both of which have been 
well characterized in both TBI and spinal cord injury (SCI) experimental models 
[13–16, 18]. The LP-derived 4-HNE and acrolein covalently bind to proteins, 
mainly the basic amino acids (lysine, histidine, arginine) by either Schiff base or 
Michael addition reactions, which alter the structural and functional properties of 
brain proteins.

�Contribution of Lipid Peroxidative Damage to Mitochondrial 
Failure, Intracellular Calcium Overload, and Activation 
of Calcium-Dependent Proteolytic Enzymes 
and Neurodegeneration

The impact of ROS/RNS production is heightened when oxygen radicals amplify 
other secondary injury pathways creating a continuous cycle of neuronal ion imbal-
ance, Ca++ buffering impairment, mitochondrial dysfunction, glutamate-induced 
excitotoxicity, and microvascular disruption. One example of ROS-induced ionic 
disruption arises from LP-induced damage to the plasma membrane ATP-driven 
Ca2+ pump (Ca++-ATPase) and Na+ pump (Na+/K+-ATPase), which contributes to 
increases in intracellular Ca++ concentrations, mitochondrial dysfunction, and addi-
tional ROS production. Both Ca++-ATPase and Na+-/K+-ATPase disruptions result in 
further increases in intracellular Ca++ and Na+ accumulation, respectively [15], the 
latter causing reversal of the Na+/Ca++ exchanger which further exacerbates intracel-
lular Ca++ [19, 20]. As already noted above, PN, formed from mitochondrial Ca++ 
overload, also contributes to post-TBI mitochondrial dysfunction. Specifically, 
nitric oxide (NO·), formed from mitochondrial nitric oxide synthase (mNOS), in 
turn reacts with O2

•− to produce the highly toxic PN, which impairs mitochondrial 
respiratory function (electron transport and ATP synthesis) and Ca2+ buffering 
capacity via its derived free radicals. Indeed, increased PN-derived 3-NT and 
4-HNE have been detected during the time of mitochondrial dysfunction and cor-
related with respiratory [13, 14] and Ca2+ buffering impairment [21].

Lipid peroxidation-derived neurotoxic aldehydes (carbonyls) 4-HNE or acrolein 
have been shown in neuronal or astrocytic cultures or in synaptosomes to impair 
glutamate uptake and to inhibit mitochondrial function [22–25]. On the other hand, 
glutamate-induced excitotoxic damage in synaptosomal or neuronal cultures is 
attenuated by pharmacological LP inhibition, confirming that oxidative damage is a 
promoter of glutamate excitotoxicity [7, 8].
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�Phase II and III Clinical Trial Results of PEG-SOD 
and Tirilazad Mesylate: Initial Validation of Antioxidant 
Neuroprotection in TBI Animal Models and Moderately 
Severe Human TBI

�Polyethylene Glycol (PEG)-Conjugated Superoxide Dismutase 
(SOD): Scavenging the Primordial Superoxide Radical

The initial studies of free radical scavenging compounds in TBI models were car-
ried out with Cu++/Zn++ SOD in the collaborative work of Kontos, Wei, and 
Povlishock at the Medical College of Virginia. These investigators showed that 
post-traumatic cerebral microvascular dysfunction was initiated by O2

•− generated 
as a by-product of TBI-triggered activation of the arachidonic acid cascade which 
begins during the first minutes and hours after TBI [26–28]. Their pioneering exper-
imental work in rodent and feline TBI models demonstrated that administration of 
Cu++/Zn++ SOD prevented post-traumatic free radical–induced disruption of cere-
brovascular autoregulatory dysfunction.

This work led to phase II and III clinical trials in which the more metabolically 
stable polyethylene glycol (PEG)-covalently conjugated bovine Cu++/Zn++ SOD 
(PEG-SOD; generic name: pegorgotein; trade name Dismutec®) was examined in 
moderate and/or severe TBI patients. The PEG modification of SOD had been 
shown by the pharmaceutical sponsor Sterling-Winthrop to not modify the SOD 
activity, but rather to dramatically increase its in  vivo metabolic stability, which 
increased the half-life of SOD activity in rats from 8 minutes to over 30 hours with 
PEG-SOD [29].

An initial phase II double-blinded dose-response study, conducted at two centers 
(the Medical College of Virginia and the University of Maryland Shock Trauma 
Center), showed a positive trend in humans as well [30]. Specifically, 104 patients 
with severe TBI were randomized to either PEG alone or one of three PEG-SOD 
dose groups (2000, 5000, or 10,000 Units/kg administered as a single i.v. bolus) 
within 4 hours after TBI. Glasgow Outcome Scale (GOS)-assessed outcome at 3 and 
again at 6 months, in 91 and 93 patients, respectively, showed that at 3 months, 44% 
of the PEG-treated patients were either in a persistent vegetative state or had died, 
while only 20% of the patients who received the 10,000 Units/kg PEG-SOD dose 
were in those bad outcome groups (p < 0.03) compared to placebo. At 6 months post-
TBI, these figures were reduced from 36% for PEG-treated patients to only 21% for 
PEG-SOD, respectively (p < 0.04). Differences in outcome between PEG and either 
of the two lower PEG-SOD dose groups were not statistically significant.

These encouraging phase II placebo-controlled clinical results carried out in two 
highly experienced trauma centers (Medical College of Virginia and the University 
of Maryland) inspired a subsequent phase III, 29 trauma center study that random-
ized 463 “severe” TBI patients randomized to either PEG or 10,000 or 20,000 PEG-
SOD Units/kg i.v. administered within 8 hours after severe TBI. Disappointingly, 
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neither PEG-SOD dose, administered within the 8-hour post-TBI time window, 
showed a significant benefit in terms of increased survival or improved neurological 
outcomes in “severe” TBI. This implies that the PEG-SOD antioxidant neuroprotec-
tive therapeutic efficacy window may be limited to the 4-hour post-TBI time frame. 
However, in the 10,000 Units/kg PEG-SOD-treated patients, there was a signifi-
cantly lower incidence of adult respiratory distress syndrome (ARDS) in the 10,000 
Units/kg PEG-SOD patients compared to the PEG-treated TBI patients (p < 0.015) 
[31]. Unfortunately, PEG-SOD trials in TBI patients were discontinued by the cor-
porate sponsor Sterling-Winthrop, and questions of whether repeated, rather than 
single PEG-SOD, dosing would be more effective were never resolved and PEG-
SOD passed into pharmacological history.

Despite the failure of PEG-SOD in human TBI, experimental studies have shown 
that transgenic mice that overexpress Cu++/Zn++ SOD are significantly protected 
against post-TBI pathophysiology and neurodegeneration [32–36]. This fully sup-
ports the importance of post-traumatic O2

•− in post-traumatic secondary injury, 
despite the fact that targeting this primordial radical, which is only at its highest 
level during the first few hours after TBI, may not be the best antioxidant target for 
severe TBI compared to interrupting the ROS-/RNS-initiated LP process, which, as 
our recent rodent TBI studies show, does not peak in intensity until 4–12 hours after 
TBI [13, 14].

�21-Aminosteroid Tirilazad Mesylate − Membrane Stabilization + 
Scavenging of Lipid Peroxyl Radicals

Consistent with targeting LP as probably the dominant mechanism involved in post-
TBI oxidative damage, the 21-aminosteroid LP inhibitor tirilazad mesylate, trade 
name Freedox®, was discovered to potently inhibit free radical-induced, iron-
catalyzed LP by a combination of catalytic LOO· scavenging along with a 
membrane-stabilizing action that limits the propagation of LP reactions between an 
LOO· and an adjacent polyunsaturated fatty acid [37]. The protective efficacy of 
tirilazad was demonstrated in multiple animal models of acute TBI in mice [38], rats 
[39], and cats [40]. While this highly lipophilic compound is largely localized in the 
microvascular endothelium, the early post-traumatic disruption of the BBB allows 
the penetration of tirilazad into the brain parenchyma [41]. Nevertheless, experi-
mental data derived from the rat controlled cortical impact, and the mouse diffuse 
concussive head injury models have shown that a major effect of tirilazad is to 
lessen post-traumatic microvascular damage, as evidenced by attenuation of blood–
brain barrier (BBB) opening [41, 42].

Nearly coincident with the PEG-SOD phase II and III TBI trials, the LP inhibitor 
tirilazad mesylate was taken into clinical development in the early 1990s. Following 
a phase II dose-escalation study that demonstrated the drug’s safety in TBI patients, 
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in two phase III multi-center clinical trials, the ability of tirilazad mesylate to 
improve neurological recovery in moderately and severely injured TBI patients was 
evaluated. One trial was conducted in North America and the other in Europe, 
Australia, and South Africa. In both trials, TBI patients were treated randomly 
within 4 hours after TBI with tirilazad (10 mg/kg i.v. q6h for 5 days) or its aqueous 
vehicle (as a placebo). However, the North American trial was never published due 
to a major confounding imbalance in the blinded randomization of the moderate and 
severe patients to placebo or tirilazad with regard to injury severity and pre-treatment 
neurological status.

In contrast, the parallel European-Australasian-South African phase III moder-
ate/severe TBI trial that enrolled 1120 moderate (GCS 9–12) and/or severe (GCS 
4–8) TBI patients showed much better randomization balance between the placebo- 
and tirilazad-treated patients. Additionally, the principal investigator of this study, 
Dr. Larry Marshall, Chairman of the Department of Neurosurgery at UC San Diego 
and a leading TBI expert, urged us to include computerized axial tomography (CT) 
confirmation of traumatic SAH (49.7% of placebo treated and 50.4% of tirilazad 
treated), which was published in the Journal of Neurosurgery [43].

A post-hoc analysis showed that tirilazad-treated, moderately injured (GOS 
9–12) male TBI patients with traumatic subarachnoid hemorrhage (tSAH) had a 
significantly lower incidence of 6-month mortality after treatment with tirilazad 
(7.1%) compared to placebo (25.0%, p < 0.042). Also in severely injured males with 
tSAH, tirilazad also lessened mortality from 42.5% in placebo-treated to 33.3% 
(p < 0.026). Additionally, 6-month post-TBI GOS favorable outcome was increased 
by 21%, from 60% in placebo-treated to 81.5% in tirilazad-treated moderate tSAH 
patients, albeit not significantly (p < 0.13).

The borderline significance of this tirilazad mesylate improvement in favorable 
outcome in tSAH patients would have needed to be replicated, had Pharmacia & 
Upjohn and tirilazad mesylate (Freedox®) survived the rampant “merger mania” of 
the decade of the 1990s. Nevertheless, from a scientific point of view, this result is 
consistent with the fact that tirilazad is also highly effective in reducing SAH-
induced brain edema and cerebral vasospasm in multiple animal models of aneurys-
mal SAH [37] and in humans with aneurysmal SAH [44, 45] and traumatic 
SAH [43].

�Current Enthusiasm for Antioxidant Neuroprotective Drug 
Discovery for Concussion (GCS 13–15)

Two recently published review articles have strongly encouraged mild TBI/concus-
sion preclinical and clinical investigators toward an increased focus on the pharma-
ceutical investigation of various antioxidants for their neuroprotective utility. One 
of those reviews has stated that “Of the several biochemical changes that occur in 
a patient’s brain following a concussion, an increase in reactive oxygen species 
(ROS) is of particular concern” [46].
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A prominent and highly productive group of Italian TBI investigators state in 
their recent review the following evaluation concerning the history of “Antioxidant 
Therapies in Traumatic Brain Injury” research and development.

A large number of studies have evaluated the efficacy of antioxidant administration to 
decrease TBI-associated damage in various animal models and in a limited number of clini-
cal trials. Points of weakness of preclinical studies are represented by the large variability 
in the TBI model adopted, in the antioxidant tested, in the timing, dosages and routes of 
administration used, and in the variety of molecular or neurocognitive parameters evalua-
tion. The analysis of the very few clinical studies does not allow strong conclusions to be 
drawn on the real effectiveness of antioxidant administration to TBI patients [47].

Later in their review, the authors state their view that the post-concussion anti-
oxidant neuroprotective therapeutic window, which they believe, is limited to only 
3 hours post-concussion and believe that antioxidant administration for concussions 
should be started shortly following admission.

According to what is stated above, sports-related concussions are a type of TBI in which 
prevention might effectively be applied either by modifying rules of those sports disciplines 
at higher risk of concussion, or in preventively treating athletes with drugs capable of inhib-
iting specific molecular pathways activated by concussions. It should also be taken into 
account that drug treatments might be helpful in allowing safer return of athletes to play. In 
this light, few studies have been carried out to evaluate the effects of the administration of 
antioxidants prior to concussion in reducing molecular changes and symptoms associated 
with concussion [47].

The views of Di Pietro et al. [47] leave the reader initially uncertain about their 
enthusiasm for post-concussion antioxidant efficacy and for the therapeutic practi-
cality of post-TBI antioxidant neuroprotection. However, their view is certainly rea-
sonable about trying to pharmacologically intercept the highly reactive, hydrogen 
peroxide (H2O2)-derived hydroxyl radical (OH·) or the peroxynitrite-generated 
nitrogen dioxide (NO•

2), both of which peak within the concussed mouse brain 
within first 15 minutes post-injury as evidenced by 4-HNE or 3-NT immunostaining 
[48]. Logically, for prophylactic pharmacological neuroprotective treatment to be 
widely accepted for pre-treatment of competitive athletes at risk for concussions, 
antioxidant pre-treatments need to be safe and devoid of stimulant or depressant 
neuropharmacology.

Accordingly, in their review, Di Pietro et al. [47] highlight several “nutraceuti-
cals,” including ascorbic acid (vitamin C), N-acetyl-cysteine (a glutathione (GSH) 
congener), flavonoids, resveratrol, α-tocopherol (vitamin E), coenzyme Q10, carot-
enoids (natural products that possess antioxidant and anti-inflammatory properties), 
and omega 3 fatty acids including docosahexaenoic acid (DHA).

Concerning DHA as a potentially approvable prophylactic antioxidant neuropro-
tective agent, a recent study evaluated the effects of pretreatment of 81 Division I 
American football athletes who were recruited and randomly administered 2.4 or 
6 g/day of DHA/day. The football players, during the 189-day season of the study, 
were randomly serum-sampled for neurofilament light (NFL) levels, as a measure 
of concussion-induced axonal injury. Surprisingly, the lowest DHA daily dose (2 g/
day) produced the best effect in serum NFL levels suggesting that DHA 
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administered at higher doses may possess a biphasic/U-shaped dose-response curve 
in regard to the axonal protective effects of DHA [49].

�Newer Multi-mechanistic Pharmacological Approaches 
for Antioxidant Neuroprotection That May Be Parenterally or 
Orally Administrable for Early Treatment of Mild TBI/
Concussion (GCS 13–15)

�Pharmacological Nrf2-Antioxidant Response Element (ARE) 
Activation Enhancement

The body’s endogenous antioxidant defense system is largely regulated by the 
nuclear factor E2-related factor 2/antioxidant response element (Nrf2/ARE) signal-
ing pathway at the transcriptional level [50, 51]. Recent work has revealed that fol-
lowing controlled cortical impact TBI in mice there is a progressive activation of the 
Nrf2-ARE system in the traumatically-injured brain, as evidenced by an increase in 
HO-1 mRNA and protein that peaks at 72 hours after TBI. However, this effect does 
not precede, but rather is coincident with the post-injury increase in LP-related 
4-HNE [52]. Therefore, it is apparent that this endogenous neuroprotective antioxi-
dant response needs to be pharmacologically sped up and increased in magnitude if 
it is to be capable of exerting meaningful acute post-TBI neuroprotection. Two 
nutraceutical Nrf2 activators that have been shown to speed up Nrf2/ARE expres-
sion and provide effective neuroprotective actions in TBI models are sulforaphane 
and carnosic acid.

�Sulforaphane

Administration of the natural product sulforaphane, a Nrf2/ARE signaling activator 
found in high concentrations in broccoli, significantly reduced contusion volume 
and increased post-SCI coordination. These positive outcomes were a result of 
sulforaphane-induced increases in Nrf2, glutamine, and decreases in inflammatory 
cytokines, IL-1b and TNFα [53]. The mRNA levels of Nrf2-regulated antioxidant 
enzymes heme oxygenase (HO-1) and NADPH:quinone oxidoreductase-1 (NQO1) 
are upregulated 24 hours post-TBI [54]. In contrast, Nrf2 knockout mice were found 
to be susceptible to increased oxidative stress and neurologic deficits following TBI 
compared to their wild-type counterparts [55].

Sulforaphane is also neuroprotective in various animal models of TBI specifi-
cally reducing cerebral edema and oxidative stress and improving BBB function 
and cognitive deficits [56]. Studies by Chen and coworkers [57] demonstrated 
increased cortical expression of Nrf2 and HO-1 in the rat SAH model. However, 
treatment with sulforaphane further increased the expression of Nrf2, HO-1, NQ01, 
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and glutathione S-transferase-α1 (GST-α1), resulting in the reduction of brain 
edema, cortical neuronal death, and motor deficits.

�Carnosic Acid in Moderately Severe TBI

Another Nrf2-ARE activating natural product, carnosic acid, from the herb rose-
mary, has been shown to more effectively induce this antioxidant defense system 
than the prototype Nrf2-ARE activator sulforaphane [58]. This is because the 
parent carnosic acid, which contains a di-phenolic catechol moiety, is capable of 
scavenging LOO· radicals, making it in part, a typical electron-donating 
LP-inhibiting antioxidant. Additionally, the catechol of carnosic acid is metaboli-
cally converted to a carnosic acid quinone which is responsible for activating the 
Nrf2/ARE signaling pathway. Thus, carnosic acid is a dual mechanism antioxi-
dant with combined electron-donating properties and Nrf2/ARE-activating 
activity.

It has been shown that administration of carnosic acid to non-TBI mice is able 
to significantly increase the resistance of isolated cortical mitochondria, harvested 
48  hours later, to the respiratory depressant effects of 4-HNE applied in  vitro 
together with a decrease in 4-HNE modification of mitochondrial proteins [11] 
Subsequent studies, with a single 1 mg/kg i.p. dose of carnosic acid administered 
to mice at 15 minutes after controlled cortical impact TBI, demonstrated preserved 
mitochondrial respiratory function along with a reduction in the level of 
LP-mediated damage in mitochondria harvested from the injured cortex at 24 hours 
after TBI [59]. Furthermore, carnosic acid’s antioxidant effects were still apparent 
when its post-TBI administration was delayed until 8 hours post-injury in terms of 
an attenuation of the neurotoxic LP-derived 4-HNE and 3-NT in the injured corti-
cal tissue together with a decrease in Ca2+-activated, calpain-mediated, neuronal 
cytoskeletal degradation. Regarding the latter neuronal protective effect, a decrease 
in 48-hour cytoskeletal degradation was also shown to occur, even with a post-TBI 
treatment delay of 8-hours post-TBI (Fig. 9.1).

�Carnosic Acid in Repetitive Mild TBI (rmTBI)

Recent studies by Dash and colleagues [60] have demonstrated that carnosic 
acid is able to improve neurological recovery in a mouse repetitive mild concus-
sion TBI (rmTBI) model. Each mouse received 3 concussions, each 72  hours 
apart. At 30 minutes after each TBI, the mice received a 1 mg/kg i.p. dose of 
carnosic acid. In the rm-TBI paradigm, carnosic acid (1  mg/kg i.p dose) was 
shown to improve spatial learning and memory beginning at 15 days after the 
last injury [60].
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�Mitochondrial Protection by Scavenging of Lipid 
Peroxidation-Derived Protein Carbonyls 4-Hydroxynonenal 
(4-HNE) and Acrolein

�Penicillamine

We have previously demonstrated that D-penicillamine is able to scavenge the RNS 
peroxynitrite (PN) [61] and to protect brain mitochondria from PN-induced respira-
tory dysfunction in isolated rat brain mitochondria [62]. D-penicillamine has also 
been documented to form an irreversible (covalent) bond to primary aldehydes 
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Fig. 9.1  Top: Multi-mechanistic antioxidant carnosic acid (CA): Although the parent drug CA 
(left) possesses direct radical scavenging activity due to its electron-donating diphenolic hydrox-
yls, its ability to activate the Nrf2-ARE pathway requires its oxidation to the more electrophilic CA 
ortho-quinone (right) species which is facilitated by conditions of oxidative stress. Both CA and 
the CA quinone are highly brain penetrable. Bottom: Delayed administration of CA provides a 
clinically relevant therapeutic window. The administration of CA (1 mg/kg i.p.) was delayed to 
either 15 minutes, 1 hour, 4 hours, or 8 hours post-injury for the initial i.p. injection followed by a 
booster injection at 24 hours post-injury. At 48 hours post-injury, ipsilateral cortical tissue was 
collected for Western blot analysis of α-spectrin breakdown products as an indication of cellular 
cytoskeletal degradation. All delayed time points (15 minutes, 1 hour, 4 hours, and 8 hours) were 
significantly decreased (p < 0.05) as compared to vehicle for both the 150 kD (caspase and calpain 
derived) and 145 kD (calpain specific) breakdown products. Analyzed by one-way ANOVA fol-
lowed by Student Newman-Keuls post-hoc test. * = p < 0.05. Error bars represent +/− SD. n = 8–10 
per group. (Reprinted from Miller et al. [53]. With permission from Elsevier)
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enabling the drug to scavenge neurotoxic LP-derived carbonyl compounds such as 
4-HNE and acrolein [63]. Consistent with that mechanism of action, D-penicillamine 
has been shown to attenuate the levels of 4-HNE-modified mitochondrial proteins 
following exposure of isolated brain mitochondria to 4-HNE [12]. The PN scaveng-
ing action of D-penicillamine, along with its carbonyl scavenging capability, may 
jointly explain our previous findings that acutely administered D-penicillamine can 
improve early neurological recovery of mice subjected to moderately severe con-
cussive TBI [64].

�Phenelzine

Another FDA-approved hydrazine-containing drug phenelzine, long used for cer-
tain depressive patients, does not seem to compromise arterial blood pressure as 
readily as hydralazine. Accordingly, a very recently published paper has shown that 
phenelzine administration to rats subjected to acute contusion SCI mitigated post-
SCI neuropathic pain, reduced motor deficits, and improved spinal cord tissue spar-
ing [65]. Earlier studies have demonstrated neuroprotective efficacy in a rodent 
ischemia-reperfusion stroke model, which was attributed to reducing “aldehyde 
load” in the stroke-injured brain [66]. In vitro studies have documented the ability 
of phenelzine to protect isolated rat brain mitochondria from the respiratory depres-
sant effects of 4-HNE together with a concentration-related attenuation of the accu-
mulation of 4-HNE-modified mitochondrial proteins. Subsequent in vivo studies in 
the rat controlled cortical impact TBI model have found that a single 10  mg/kg 
subcutaneous dose of phenelzine can also reduce early (3  hours) post-traumatic 
mitochondrial respiratory failure, as well as cortical lesion volume at 14 days post-
injury [67]. More recently, we have observed that phenelzine is able to protect iso-
lated mitochondria from respiratory functional depression and carbonyl modification 
of mitochondrial proteins following application of the more highly reactive alde-
hyde acrolein [68].

To better define the optimal neuroprotective use of phenelzine, additional 
in  vivo TBI studies shown in Fig.  9.2 have demonstrated that repeated dosing 
with phenelzine over a 60-hour post-TBI period is able to reduce LP-derived 
mitochondrial carbonylation and bioenergetic failure at its 72-hour peak, along 
with a reduction in cortical lesion volume that is greater than that seen with only 
a single early dose. This makes sense since the adequate carbonyl-scavenging 
drug levels logically need to be maintained during the 72-hour long time course 
of post-traumatic generation of LP-derived neurotoxic aldehydes [68]. Subsequent 
in  vivo TBI experiments revealed that in addition to preserving mitochondrial 
bioenergetics out to 72-hours post-TBI, phenelzine administration was able to 
significantly improve intraneuronal calcium homeostasis, to maintain mitochon-
drial membrane potential, and, thereby, to partially protect neuronal cytoskeletal 
integrity [69].
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(Reprinted from Cebak et al. [68]. With permission from Mary Ann Liebert, Inc.)
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�Hydralazine

More recently, it has been documented that a variety of FDA-approved hydrazine 
(NH-NH2)-containing compounds, including the anti-hypertensive agent hydrala-
zine and the anti-depressant phenelzine, can covalently react with the carbonyl moi-
eties of 4-HNE or acrolein which prevents their covalent binding to susceptible 
amino acids in proteins [70]. Most impressive is the fact that the application of 
hydrazines can rescue cultured cells from 4-HNE toxicity even when administered 
after the 4-HNE has already covalently bound to cellular proteins [70]. Consistent 
with this effect being neuroprotective, Shi and colleagues at Purdue University have 
shown that hydralazine inhibits either compression- or acrolein-mediated injuries to 
rat spinal cord tissue [71]. However, a concern about hydralazine is that it is a potent 
arterial vasodilator that has long been used for interruption of hypertensive crises. 
Thus, hydralazine might potentially worsen post-TBI hypotension and decrease 
arterial perfusion in the injured brain and/or spinal cord that might offset hydrala-
zine carbonyl scavenging neuroprotective effects. However, Shi and coworkers, in 
their rat SCI studies with hydralazine, have documented that the neuroprotective 
dose they are using in SCI models (5 mg/kg i.p.) does not have significant hypoten-
sive effects, and the achieved levels in spinal cord tissue are sufficient to reduce the 
post-SCI accumulation of the neurotoxic aldehyde acrolein [72].

�Combinatorial Antioxidant Neuroprotection

Antioxidant neuroprotective therapeutic discovery directed at acute TBI has consis-
tently been focused upon attempting to inhibit the secondary injury cascade by 
pharmacological targeting of a single oxidative damage mechanism. As presented 
above, these efforts have included either enzymatic scavenging of superoxide radi-
cals with SOD [29–31] or inhibition of LP with tirilazad [43]. While each of these 
strategies alone has shown protective efficacy in multiple animal models of TBI, 
phase III clinical trials with either compound failed to demonstrate a statistically 
significant positive effect, although post-hoc subgroup analysis showed that the 
microvascularly localized tirilazad may have efficacy in moderate and severe TBI 
patients with tSAH [43]. While many reasons have been identified as possible con-
tributors to the failure, one logical explanation has to do with the possible need to 
interfere at multiple points in the oxidative damage portion of the secondary injury 
cascade, either simultaneously or in a phased manner, to achieve a clinically demon-
strable level of neuroprotection. To begin to address this hypothesis, we are cur-
rently exploring the possibility that reducing posttraumatic oxidative damage more 
completely and less variably might be achievable by combined treatment with two 
mechanistically complimentary antioxidant compounds. Figure 9.3 summarizes the 
theoretical rationale for a multi-mechanistic antioxidant therapy for TBI, whether in 
concussions and mild, moderate, or severe TBI. It is anticipated that the combina-
tion of two or more antioxidant mechanistic strategies may improve the extent of 
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neuroprotective efficacy and lessen the variability of the effect obtained with single 
antioxidant strategies.

Preliminary data, shown in Fig. 9.4 (top), suggests that a combination treatment 
that includes a peroxynitrite radical scavenger Tempol with an LP inhibitor 
U-83836E in mice subjected to controlled cortical impact TBI is more effective in 
reducing 48-hour calpain-mediated neurofilament damage (i.e., α-spectrin break-
down). In parallel, experiments (Fig. 9.4 (bottom)) showed that the same treatment 
combination reduced 7-day post-TBI cortical tissue damage. In the case of both 
parameters, the variability of the data is reduced to approximately half of that seen 
in the parallel groups treated with either of the two drugs alone.

�Temporal Window of Metabolic Brain Vulnerability 
to Repeat Concussions

Regarding concussions (GCS 13–15), arguably one of most important consider-
ations concerning recovery is whether this victim is part of a TBI group that is likely 
to have frequent repetitive concussions. This scenario most commonly applies to 
high school, college, or professional athletes who participate (particularly as 
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“starters”) in rough and tumble contact sports (e.g., football, rugby, ice hockey, soc-
cer), and are likely to sustain repeat concussions during one or more seasons, or in 
frontline military personnel who are at risk for repetitive concussions from frequent 
exposure to explosions from mortar or artillery fire during their deployments.

Accordingly, the important question concerns how frequently athletes or military 
personnel sustain concussions, and how long should they be removed from athletic 
competition, or combat, to allow for adequate rest and recovery between their repet-
itive concussions. Fortunately, we currently live in a time when the prevailing opin-
ion is that if an athlete, or frontline soldier, sustains a concussion, they need to be 
relieved from duty for a period of time before they are allowed to return to either 
athletic competition or combat. While it is uncertain whether the needed rest period 
to enable adequate post-concussion recovery is different between rodents and 
humans, it seems likely that post-TBI oxidative and nitrosative damage time courses 
in acutely brain-injured rodents and probably humans are similar.

Vagnozzi et al. (2007) determined that there is a temporal window of brain vul-
nerability recovery in rats undergoing repeat mTBIs with the optimal timing for the 
second impact being delayed until after at least 5 days following the last impact. 
Specifically, radical-induced lipid peroxidation (LP), measured by accumulation of 
malondialdehyde (MDA), does not die down completely until oxidative and nitrosa-
tive-induction of LP has returned to its nearly normal level at least 5 days post-
TBI. This is the first study to show the existence of oxidative and nitrosative stresses 
in repeat TBIs, and their neuroprotective modulation by the time interval between 
two concussive episodes separated by a post-concussion recovery period to allow 
time for repair from post-TBI free radical-induced LP.

�Pharmacological Approaches for Treating 
Post-concussion Symptoms

Both neurocognitive and neuropsychiatric sequelae following concussion and mild 
TBI (mTBI) likely arise with alterations to the usually physiologically controlled 
balances in neurotransmitters [73–75]. Common targets in the treatment of concus-
sion include addressing neurotransmitter imbalances in dopamine, serotonin, the 
cholinergic system, and the noradrenergic system. Dopamine (DA) plays numerous 
roles in cognition, attention, executive function, and memory. The dopaminergic 
response to TBI is complex owing to the numerous areas of DA activity including 
the prefrontal cortex [76], hippocampus[77], and striatum [78]. DA receptors, D1 
and D2, are differentially expressed throughout these brain structures [79, 80] and 
also fluctuate in expression levels in response to injury [81]. There is evidence that 
genetic variability in DA receptors can influence outcome after concussion [82]. 
Several animal studies support a role for targeting DA dysregulation as a potential 
pharmacotherapeutic target following TBI [83]. DA receptor agonists have been 
evaluated clinically in the treatment of concussion with varying measures of 
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success. Bromocriptine, a D2 agonist, has demonstrated some benefit in working 
memory in concussed patients, while Pergolide, a D1/D2 agonist, had even greater 
effect [84]. Other clinically evaluated DA agonists also include amantadine, which 
has shown to improve cognitive processing and functional improvement [85]. 
Amantadine facilitates the presynaptic release of DA while inhibiting its uptake, 
effectively increasing the concentration and duration of its neurotransmitter effects 
[86, 87]. Amantadine is also a weak NMDA receptor antagonist that may confer 
some limited neuroprotection following trauma [87].

Post-traumatic headache is one of the most frequently reported symptoms fol-
lowing concussion and can persist for months after injury [88–90]. Metoclopramide 
is a dopamine and serotonin receptor antagonist that has been shown to reduce 
headaches [91, 92], but there is no evidence to support a rationale for its use in 
mTBI. The antagonism of DA runs counter to several studies in which agonism of 
DA improves symptom reporting following concussions.

The cholinergic system drives sensory processing [93], attention [94], sleep [95], 
arousal [96], and memory [97]. To date only one randomized control study [98] and 
one open-label study [99] have examined modulation of the cholinergic pathways 
with some success. In the RCT trial, galantamine did not confer an improvement in 
primary outcome (cognitive symptoms) but was associated with an improvement in 
secondary outcomes (episodic memory) relative to placebo [98]. Galantamine, a 
competitive inhibitor of acetylcholinesterase, prevents the breakdown of acetylcho-
line, thereby increasing the synaptic presence and duration of the neurotransmitter 
[100]. Given the extensive axonal projections of dopaminergic [101] and choliner-
gic neurons [102] to major structures throughout the brain, and the seemingly ben-
eficial effects of pharmacological modulation of these pathways, it seems logical 
that future pharmacological initiatives should address concussion from the perspec-
tive of axonal injury in these neuronal subpopulations.

Extrapolation of potential drug effectiveness in concussion is based on the treat-
ment of other neurodegenerative disorders, psychiatric conditions, or more severe 
forms of brain trauma. Many pharmacological agents have pleiotropic effects across 
a variety of receptors and signaling systems and in this regard target numerous path-
ways simultaneously. Methylphenidate, for example, is a compound used in the 
treatment of attention deficit hyperactivity disorder (ADHD) [103] through target-
ing dopaminergic and noradrenergic pathways by increasing the synaptic concen-
tration. This is achieved by inhibiting uptake of serotonin and dopamine in the 
synaptic cleft [104]. Its application to treat impairments in executive function and 
depression demonstrates some promising potential in TBI [105]. However, this 
recent study by Al-Adawi et al. is hampered by similarly recurring pitfalls in many 
pharmacological TBI trials. These include open-label applications (i.e., no double-
blinded experimental design or control group), small sample size, as well as a het-
erogeneity of injury severities. The multimodal activity of pharmacological 
compounds and the interpretation of their effects on concussion outcome are com-
plicated by the complexity of the brain. Fluoxetine, a selective serotonin reuptake 
inhibitor (SSRI) which is commonly used in the treatment of depression, also dem-
onstrates effectiveness in motor recovery after stroke, improved memory and 
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cognition in Alzheimer’s disease patients, a decrease in tremor severity in Parkinson’s 
patients, and improved outcome in a host of other neurological disorders including 
multiple sclerosis and epilepsy [106]. Similarly, clinical trials with other SSRIs 
including sertraline [107, 108] and citalopram [109] have also demonstrated 
improvements in the treatment of depression. Animal studies point to numerous 
pathways of activation by these compounds including effects on plasticity through 
BDNF upregulation [110] and neurogenesis [111]. In animal studies, fluoxetine’s 
effects on depression also suggest a role in reducing neuroinflammation [112]. 
While imaging of neuroinflammation in mBTI patients has recently been demon-
strated [113], understanding the role of inflammation in development of post-
concussive symptoms and neurodegenerative diseases such as chronic traumatic 
encephalopathy (CTE) is in its infancy. Collectively, pharmacotherapies may influ-
ence both cognitive and psychiatric outcomes simultaneously. Determining the 
interdependence of these systems remains a challenge in study design.

The use of cannabidiol (CBD) has gained recent attention as a potential treat-
ment for concussion and mild TBI.  Patients in the acute post-concussive phase 
report reduced symptom severity scores with cannabis use [114]. CBD receptors are 
expressed widely throughout the brain. Two receptors have been identified to date, 
cannabinoid receptor 1 and receptor 2 (CB1 and CB2, respectively) 115. CB1 is 
mainly expressed in axons and synaptic terminals while CB2 is highly expressed in 
microglia [116]. CBD has been implicated in several in vivo and in vitro studies to 
influence various aspects of cellular signaling including activity of the blood–brain 
barrier, dopaminergic agonism, neurogenesis, neuroprotection and immune modu-
latory effects [117]. It is also known to interact with a variety of receptors in the 
CNS with implications for modulation of symptoms following concussion. Among 
these, the serotonin receptor, 5HT1A, has a high affinity for CBD as an agonist and 
has potential roles in reducing pain, anxiety, and headaches [118]. Similarly, CBD 
is a weak agonist for the vanilloid receptor, TRPV1, a ligand-gated ion channel 
involved in nociception and is expressed pre-synaptically on afferent neurons and 
sensory ganglia [119].

Neuropsychiatric conditions have been studied through several large, random-
ized control trials of various drugs including amantadine [120], rivastigmine [121], 
and sertraline [108]. These compounds have demonstrated effects on irritability, 
cognitive impairment, and depression, respectively. In all cases, however, the pla-
cebo treatment groups also demonstrate a considerable effect on outcome. In the 
amantadine trial, an improvement in irritability outcomes with drug treatment was 
also paralleled by a significant effect in the placebo group. This potentially masked 
the true biological effects of amantadine [120]. The rivastigmine trial demonstrated 
some benefit on cognitive outcome. However, inclusion criteria for TBI patients 
with GCS ranges from 3 to 15 imply heterogeneous pathophysiologies across injury 
severities which further complicates the interpretation of rivastigmine’s actions at a 
mechanistic level. In all these studies, the significant contribution of placebo effects 
on improving outcome compared to medicated groups demonstrates the importance 
of psychological and neurobiological input on pharmacotherapeutic activity [122].
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