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Abstract

:

Traumatic brain injury (TBI) is one of the leading causes of morbidity and mortality. Consequences vary from mild cognitive impairment to death and, no matter the severity of subsequent sequelae, it represents a high burden for affected patients and for the health care system. Brain trauma can cause neuronal death through mechanical forces that disrupt cell architecture, and other secondary consequences through mechanisms such as inflammation, oxidative stress, programmed cell death, and, most importantly, excitotoxicity. This review aims to provide a comprehensive understanding of the many classical and novel pathways implicated in tissue damage following TBI. We summarize the preclinical evidence of potential therapeutic interventions and describe the available clinical evaluation of novel drug targets such as vitamin B12 and ifenprodil, among others.
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1. Introduction


Traumatic brain injury (TBI) is defined as the acquired cerebral disease that results from an external force in the form of mechanical, chemical, thermal, or electrical energy, or a combination of these [1]. These forces have the potential to cause structural harm to the cranial cavity, brain tissue, and blood vessels. Globally, TBI is one of the highest causes of morbidity and mortality. According to statistics from the United States, up to 43% of severe TBI survivors will probably suffer long-term disability, disrupting individual development [2]. The burden of TBI extends to the patient’s family and the health care system [3,4].



The incidence of TBI is notably high, affecting up to 69 million people worldwide per year, with an estimated annual incidence of 811 to 1507 cases per 100,000 people, depending on the region [5,6,7]. In 2018, the highest incidence was in North American Countries, the highest burden was in the Southeast Asia and Western Pacific regions, and low- and middle-income countries needed to improve their data availability [5]. Nonetheless, a recent, encouraging analysis showed that TBI incidence gradually decreased 4.4% between 1990 and 2017 in the US [8].



For therapeutic and pathophysiological purposes, the pathogenesis of TBI has been classically divided into two injury mechanisms. The initial external mechanical force (rotational or shear forces) is considered as the primary injury mechanism [9], which can be further classified as penetrating or non-penetrating, and can lead to epidural, subdural, and intracerebral hematoma, intraventricular hemorrhage, or diffuse axonal injury. Skull fractures and vasogenic edema are also consequences of primary injury and they cannot always be fully repaired, though they can be surgically mitigated [1,10]. The main secondary injury hallmarks of TBI are changes in neurotransmitter release and metabolism, intracellular calcium dysregulation [11], biochemical reagent overproduction [12], blood brain barrier (BBB) disruption [13], cellular lysis, cellular and cytotoxic edema [14,15], and inflammation [16,17,18].



Head elevation, hyperventilation, seizure prophylaxis, hyperosmolar therapy, induced coma, cooling, and decompressive craniectomy are the current pillars for the acute treatment of patients following TBI [19]. Regarding disability prevention in acute and chronic treatment after TBI, Sveen and colleagues showed that an immediate discharge to specialized rehabilitation therapy is related to better outcomes and independence level of the patient when compared to delayed discharge or no rehabilitation at all 12 months after a severe TBI [20]. Identified barriers regarding access to rehabilitation include limited resources, patient’s safety concerns, lack of support from family members, or health care provider restrictions [21].



Disability rates vary depending on the severity of the trauma, as well as the accuracy and quality of the treatment given and subsequent follow-up. Events related to the highest disability rates are firearm injury and fall [22]. The prevalence of disability has been estimated at 3.32 million to 5.3 million in the US [6,23]. Direct costs related to TBI have been estimated at 9.2 billion per year, and indirect costs related to missed work and loss of productivity are up to 51.2 billion dollars [6]. It is noteworthy that the greatest burden of disease comes from disability and loss of productivity. In that sense, it is mandatory to recognize therapeutic approaches to mitigate disability, or maybe even avoid it.



Excitotoxicity, understood as neural death secondary to the excessive release of excitatory neurotransmitters, is broadly described as a common pathway leading to cell death in many neuropathological conditions [24,25,26,27,28]. When it comes to TBI, excitotoxicity is promoted by an increase of glutamate concentrations released into the extracellular space due to cellular lysis, followed by a rise of positive charges within the cell [29]. Calcium (Ca2+) activates second messenger pathways, exacerbates oxidative stress (OS), and initiates programmed cell death [30]. These factors can act as enhancers and perpetuators of excitotoxicity.



In this paper, we will focus on revisiting the classical and novel pathophysiological pathways involved in TBI to adequately understand new potential drug therapies. We will describe, in detail, mechanisms such as NMDAr (N-methyl-d-aspartate receptor)-dependent excitotoxicity, mechanoporation, GABA (Gamma-Aminobutyric acid)-mediated excitotoxicity, and the role of protagonist processes in TBI such as neuroinflammation, BBB disruption, and OS. New therapeutic agents regarding these pathways will also be presented and critically assessed to propose which of them could have a positive impact to avoid or mitigate secondary lesions after TBI and therefore alleviate the subsequent long-term disability and disease burden.




2. Mechanisms for Excitotoxicity


NMDAr activation is a major contributor to the enhancement of excitotoxicity following TBI. To better understand its activation, a review of the receptor structure is needed. NMDA receptors are formed by the assembly of seven subunits divided into three main subfamilies (GluN1, GluN2A-D and GluN3A-B) [31], each encoded by seven different genes, to form a final heterotetrametric structure that forms an ion channel that is permeable to Na+, K+ and Ca2+. It has two obligatory subunits: the GluN1 subunit which binds glycine and d-serine and a GluN2 subunit which binds glutamate; and/or two GluN3 (A or B) subunits [32]. The GluN2 subunit has a great influence on the EC50 (half maximal effective concentration) of glutamate depending on which of the four subunits is expressed (A-D). NMDA receptors that contain one GluN1 and two GluN2D subunits have an EC50 five-fold lower for glutamate than those receptors with two GluN2A, 2B, or 2C subunits [31]. Similarly, some subunits have a higher permeability to Ca2+ and express a higher sensitivity to the magnesium block (GluN1/2A, and GluN1/2B) [31]. Interestingly, NMDA receptors containing the GluN2B subunit have been implicated in aiding the spread of excitotoxicity among neighbor cells in cultured hippocampal neurons. In contrast, the same study suggested that NMDA receptors containing GluN2A favor neuroprotective signaling mechanisms [33].



In addition, NMDA receptors are capable of binding small ligands, especially to the amino terminus of the receptor subunits. These ligands can act as allosteric modulators, which differ from NMDA antagonists in that they can modulate the receptor activity without altering its biological functions [34], and are thus a potential drug target. The GluN2B subunit has three different binding sites for both negative and positive allosteric modulators. They interact with zinc and ifenprodil, producing an allosteric inhibition of the receptor [34].



2.1. Glutamate-Mediated Activation


Glutamate has been addressed as the most important neurotransmitter and it is involved in many processes including synaptic connectivity, cellular ionic homeostasis, long term potentiation, and even hormonal release [35,36]. All these cellular processes take place mainly through the regulation of intracellular concentrations of Ca2+ ([Ca2+]i). When studied in traumatic brain injury, the extracellular concentrations of glutamate rise [37] as a consequence of cellular lysis. The later aberrant efflux of glutamate from neurons and glia ends up worsening the scenario. High concentrations of glutamate are harmful, as it can over-activate synaptic NMDAr as well as extrasynaptic glutamate receptors [38].



Different studies have pinpointed NMDAr activation as the main cause of excitotoxicity after TBI [37,39]. NMDAr activation precedes Ca2+ and Na+ entry into intracellular spaces. High concentrations of [Ca2+]i activate second messenger pathways, caspases and calpain proteins, and the release of neurotransmitter vesicles, catabolic enzymes as phospholipases, proteases and endoproteases [40]. An indirect way to measure glutamate concentration is by recording cortical spreading depolarizations, which reach their maximum 48 h after trauma [41]. Essentially, after a TBI there is an increase in extracellular glutamate concentrations and an upregulation in ionotropic glutamate receptors such as AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA [40]. Together, these factors promote Ca2+ and Na+ entry into the neuron. Once Ca2+ and Na+ are free in the neuron’s cytosol, different processes will occur. Two main organelles, the mitochondria and the endoplasmic reticulum, play an important role in the regulation of [Ca2+]i.



Furthermore, a study by Lee and colleagues [42] demonstrated the expression of NMDA receptors on the astrocytic membrane, accompanied by an increase in glutamate release following high concentrations of intracellular calcium. With this being said, it can be stated that, as with neurons, higher concentrations of extracellular glutamate activate NMDAr, thereby augmenting calcium influx into the astrocyte. Higher calcium concentrations will override the astrocyte’s mechanism of glutamate reuptake and transformation, thus potentiating the chain reaction leading to excitotoxicity.




2.2. Mechanical Activation of NMDAr and Mechanoporation of Neuronal Membranes


Mechanical NMDA activation can occur secondary to lipid bilayer tension, allowing Ca2+ to enter the neuron in the absence of NMDA agonists [43]. The physiological response of rat astrocytes to shear stress confirmed the mechanosensitive properties of NMDA in the absence of agonists that effectively remove the Mg+ blockade [44], and therefore linking the shearing and stretching forces produced in TBI to glutamate-independent excitotoxicity. Some studies have attributed this mechanosensitive nature of the receptor to the GluN2B subunit, specifically the serine 1323 residue in the C-terminus [45].



Mechanoporation refers to the formation of pores in the cell membrane induced by mechanical forces [46,47,48]. These pores form in milliseconds because of membrane stretching, which leads to the inhibition of action potential generation [49]. Mechanoporation alters the permeability of the membrane and allows the flow of ions and molecules that lead to cell death. This mechanism of injury has been demonstrated through indirect measurements using different markers that show alteration of membrane permeability [50]. Understanding the creation of pores in the membrane of neurons following brain trauma led to the conclusion that Ca2+ could enter the cell by the same pathway as the fluorescent markers evaluated in some studies [50], and could therefore exert direct excitotoxicity without the need for a transporter. In addition, the extent of membrane damage depends on the mechanism of injury: in three-dimensional neural cultures analyzing cell survival and membrane permeability, it was shown that cells were more sensitive to bulk shear deformation than compression [51].



It has been proposed that the creation of these membrane pores can occur in two stages [51]: the initial injury that causes stretch and shearing forces, therefore creating mechanical damage to the membrane; and a secondary injury that consists of membrane degradation through the activation of degradative enzymes (e.g., calpain) [51]. Interestingly, Ca2+ influx secondary to mechanoporation has been postulated in some studies as necessary for calpain activation in axons of cultured neurons [52]. Furthermore, following calpain activation, axonal microtubule damage ensues, causing impaired axonal transport [53].



Ultimately, excitotoxicity will lead to high [Ca2+]i, which is responsible for the tissue damage and cellular death that will be discussed in the next section.




2.3. Consequences of High Intracellular Calcium


In the mitochondria, elevated calcium concentrations will have different catastrophic repercussions, among which are the generation of free radicals and reactive oxygen species (ROS), protease and phospholipase activation, nitric oxide synthase (NOS) activation, and the generation of mitochondrial pores through which contents such as Cytochrome c will leak and promote the activation of caspases and nucleases, eventually leading to signaling and cellular death. ROS-induced OS is a major cause of neuronal death in the context of secondary injury after brain trauma, as it damages nucleic acids, proteins and lipids [54]. OS contributes to mitochondrial dysfunction and therefore energy depletion. In a study about OS in rats following mild and severe TBI, OS did not show a pattern in terms of proportionality between the energy of the trauma and the extent of the secondary injury. Additionally, OS was consistent across the areas of the brain without preference [55].



Another mechanism by which high [Ca2+]i is detrimental to the cell is the acidification resulting from Ca2+ influx, as this acidification will activate the Na+-H+ exchanger, a pH-regulating mechanism that will decrease the activity of the Na+-Ca2+ exchanger, affecting the cell’s ability to pump calcium out [56].



Mitochondrial Ca2+ overload added to a densely ROS-concentrated environment will lead to the formation and opening of mitochondrial transition pores. Given the close proximity of the outer mitochondrial membrane with the outer endoplasmic reticulum, these pores will function as a Ca2+ efflux mechanism. Mitochondrial transition pores are not selective, meaning that although calcium is flowing out of the cell, other intra-mitochondrial components such as Cytochrome c will also leak out, activating a chain reaction and ultimately resulting in cell death [57]. Moreover, the continuous opening of mitochondrial transition pores will alter the mitochondrial membrane potential, leading to a decrease in ATP (adenosine triphosphate) production, thus resulting in mitochondrial destruction [58]. Additionally, as Ca2+ and Cytochrome c are being liberated, water and cytosolic solutes are entering the mitochondria, leading to swelling and, consequently, matrix rupture [59].



Caspases are a family of intracellular cysteine proteases involved in inflammatory processes and programmed cell death, and are activated by high [Ca2+]i [60]. Caspase 1 cleaves acid residues, aspartic acid, and matures interleukin 1, which exacerbates damage [61,62]. As for Caspase 3, its activation will lead to the proteolysis of DNA-repairing proteins and the degradation of cytoskeletal proteins, eventually resulting in morphological changes that lead to apoptosis [63,64].



Calpains are Ca2+-activated neutral proteases involved in multiple pathways such as remodeling, cell signaling, synaptic plasticity, neuroprotection, learning, and programmed cell death [65,66]. Evidence suggests calpains are early regulators of cell death after TBI. Calpain activation is evident five hours after trauma in the dendrites, with later expression in the soma after 10 h [66]. Recent evidence shows calpain 1 and calpain 2 are directly implicated in cell death. Wang and colleagues [67] showed calpain-2 is responsible for NMDA-induced excitotoxicity through the activation of striatal-enriched protein tyrosine phosphatase (STEP) when extra synaptic NMDA receptors are activated in rat-cultured neurons. STEP activation mediated by calpain-2 results in p38 expression and, therefore, downstream cell death [65,68]. After TBI, high [Ca2+]i, OS, and ischemia, induce endoplasmic reticulum (ER) stress, which oversees membrane protein synthesis, folding, and quality control. When the ER is stressed, the unfolded protein response (UPR) is started by PERK (PKR-like ER kinase), ATF6 (activating transcription factor 6), and IRE-1 (inositol requiring enzyme 1) when they are dissociated from glucose-regulated protein/binding immunoglobulin protein (GRP78/BIP) [69]. PERK phosphorylates eukaryotic initiation factor 2α (eIF2α), which reduces protein synthesis, while IRE-1 promotes the UPR response, and cleaved ATF6 activates chaperones and intrinsic systems in charge of ER-associated degradation systems [70,71]. These pathways ultimately lead to C/EBP homologous protein (CHOP) upregulation, resulting in cellular apoptosis.



It is remarkable that high intracellular calcium is the common consequence of multiple damages sustained during TBI, such as the formation of cellular and mitochondrial membrane pores and ER stress, resulting in cellular death. Therefore, most therapies have focused on preventing or controlling the rise of [Ca2+]i.




2.4. Hippocampal Vulnerability to TBI


Following TBI, hippocampus-dependent cognitive impairment, such as memory loss, represents a significant burden for the patient and their family. The hippocampus is an interesting area because it is one of the specific regions of the brain where adult neurogenesis occurs [72] and where most animal studies in different TBI models (controlled cortical impact [73], fluid percussion [74] and stretch injury [75]) have shown the most vulnerability [76]. In particular, the subventricular zone of the lateral ventricle and the subgranular zone of the dentate gyrus (SGZ-DG) in the hippocampus have been linked to neurogenesis. Normally, these newborn neurons are continuously being generated. Approximately 700 new neurons are added every day to the hippocampus and then, as maturation occurs, they migrate and incorporate into the hippocampal circuit. The adult-born SGZ-DG cells differ from their mature counterparts in that they have a higher membrane resistance, lack glutamatergic input, and are depolarized by GABAergic input [77]. They have been linked to the consolidation of new memories, long-term spatial memory, cognitive flexibility, pattern separation and increased performance in behavioral tasks [78]. Similarly, they might be involved in the cognitive impairment seen in the chronic phase following TBI as there are studies that have shown the selective death of hippocampal newborn neurons after moderate brain trauma.



The distribution of degenerating neurons in the hippocampus of the mouse brain following moderate TBI was assessed by Gao and colleagues, who found that most of the degenerating hippocampal neurons were located in SGZ-DG [76]. Furthermore, another study [79] demonstrated that most of the neuron death that occurs in the hippocampus occurs within 24 h post-injury and continues for another 14 days. They also found that most of the dying cells in the SGZ-DG were immature. In addition, another study utilized an ionic fluorescein (FJP-fluoro-jade B) derivative reported to be a specific marker for degenerating neurons in young male rats subjected to controlled cortical impact [80]. By using the fluorescein marker, they found that there were FJP-positive neurons in the hippocampus, with higher expression in the moderate TBI group compared to the mild TBI group. The regional distribution of FJB staining was different according to the days post-injury and the severity of the TBI, and there was a direct relationship between the number of FJB-positive neurons and the severity of the trauma. The SGZ-DG had more FJB-positive neurons than other hippocampal subregions, regardless of the level of severity, as early as 24 h post-injury. Another study used the same marker (FJB) to assess neuronal injury after lateral fluid percussion brain injury in rats [81]. Cell loss was evident seven days post-injury in the cortex, hippocampus and thalamus. Three hours post-injury, injured neurons appeared in the hippocampus (CA1 and DG), thalamus, and vermis of the cerebellum, and the number of degenerating neurons was greatest after one and three days in the cortex and hippocampus, respectively.



The question remains as to why newborn immature neurons in the SGZ-DG are more vulnerable to TBI, and whether we can prevent it. We know that immature neurons are electrophysiologically different from their mature counterparts, that GABA A receptors are the first receptors expressed, and that during the early stages, GABAergic transmission is excitatory because of high intracellular Cl− [77]. There is a possibility that the mechanism for the observed vulnerability of the hippocampus may be due to GABA-mediated excitotoxicity [82]. However, mechanisms for hippocampal neuron vulnerability are not known. ER stress has recently been assigned a role in the apoptotic death of newborn neurons after TBI through the activation of the pro-apoptotic transcription factor CHOP [83,84]. ER stress results in the accumulation of unfolded proteins, which leads to the activation of the PERK-eIF2 pathway. PERK phosphorylates eIF2, which inhibits general protein synthesis, thereby reducing ER stress. If the stress is intense and cannot be resolved by this pathway, activating transcription factor 4 (ATF4) increases the expression of CHOP, initiating apoptotic cell death. Therefore, Hood and colleagues used CHOP knockout mice to evaluate the role of this protein in TBI-induced apoptosis of doublecortin (a marker of hippocampal newborn neurons) positive neurons. They also demonstrated that the pharmacological inhibition of PERK by GSK2606414 exacerbated newborn neuron loss, and the administration of guanabenz (a drug that causes dose-dependent increases in eIF2 alpha phosphorylation) can modify the protein production rates, therefore reducing newborn neuronal loss.





3. Blood–Brain Barrier Disruption and Neuroinflammation


Disruption of the BBB after TBI results in hyperpermeability, increased intracranial pressure, edema, and decreased cerebral perfusion pressure, perpetuating cellular damage and hypoxia. Primary lesion leads to secondary injuries through neuroinflammation and cellular and cytotoxic edema, resulting in more neuronal death. These secondary lesions are mainly mediated by the activation of resident microglia and the recruitment of immune cells such as lymphocytes, monocytes, and neutrophils. Immunity cells will reach brain parenchyma two to 48 h after the trauma. Activation leads to increases in metalloproteinases, proteases, ROS, and reactive nitrogen species (RNS), boosting BBB and cellular damage [85,86,87,88].



The inflammatory response is initiated in resident cells, such as microglia and astrocytes, which detect pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), or by an increase of ATP that activates the mTOR pathway [89]. When exposed to an inflammatory environment, these can perpetuate the inflammatory response through differentiation to type 1 or classical activation, resulting in an enhancement of proinflammatory cytokines such as IL-6, IL-1, TNF-α and nitric oxide synthase production [90]. IL6 and TNF-α are responsible for increasing BBB permeability, IL-1 induces astrocytes to promote the expression of VCAM-1/ICAM-1 (vascular cell adhesion molecule -1 and intercellular cell adhesion molecule) in the endothelium, therefore perpetuating immune cell entry to the CNS (central nervous system), while the overstimulation of nitric oxide synthase results in more OS by increasing RNS (reactive nitrogen species) [91,92].



Microglia are CNS resident immune cells with pleiotropic functions. When exposed to a proinflammatory-enriched environment, microglia can transform into their M1 type, also known as the classical type, in order to control damage, eliminate residues, and repair tissue [93,94]. It has been shown that microglia not only mediate acute inflammatory response, but are also involved in the subsequent tissue remodeling and modulation of inflammation through M2-type differentiation. In response to inflammation, M1 microglia produce proinflammatory cytokines and microparticles, modulate the neuronal microenvironment, and, through astrocytes, can indirectly influence blood brain perfusion [95,96,97]. Chronic M1 microglial activation is related to neural degeneration due to sustained inflammatory states [98]. Therefore, the proper modulation of microglia function and switching M1 microglia to M2 can prevent the perpetuation of secondary injury-related brain damage.



Ndode-Ekane and colleagues shed some light on the complex role of T-lymphocytes (T cells) after TBI. According to their findings, and those of other authors, lymphocytes migrate soon after TBI, reaching their peak one to two days post-injury, and some remaining cell clusters are found up to 90 days post-injury [99]. The higher the presence of T cells, the poorer the neurological recovery [99,100]. T cell migration is a consequence of BBB disruption, increased endothelial expression of adhesion molecules such as VCAM/ICAM-1, excessive ROS production, and cell-mediated activation and proliferation [100,101]. CD8+ T cells sustain inflammatory states and prompt cellular damage through the activation of other cells, such as microglia, neutrophils, macrophages and astrocytes, and the production of granzyme B, which causes neuron myelin degeneration [102]. B cells have also been related to TBI-secondary injury due to autoreactive antibody production directed to brain-specific proteins freed into the medium after the trauma [102,103]. Neutrophils are also protagonists of inflammation after TBI because, like lymphocytes, they quickly migrate to the brain parenchyma through the BBB, attracted by the chemokine (C-C motif) ligand. Once in the brain parenchyma, they interact with lymphocytes and resident cells, produce cytokines and chemokines to potentialize immune reactions such as CXCL-1 and CXCL-2, release metalloproteinases, and present antigens and phagocytes in order to clean the extracellular space and prepare the tissue for scarring [85,88].



Focusing on astrocytes, this type of glia not only contributes to neuroinflammation, but also to maintaining a homeostatic balance for neurons by regulating synaptic and extrasynaptic glutamate and other neurotransmitters, stabilizing the BBB, and modulating synaptic activity, among others [104,105]. Regarding inflammation [106], once differentiated to A1 by microglia, astrocytes will quickly lose their synaptic functions and phagocytic capacity, and will start killing neurons and oligodendrocytes with no clear mechanism, but likely by inducing cellular apoptosis as the blockage of caspases 1 and 2 prevents cellular death [107]. Taking these findings together and connecting high [Ca2+]i consequences, we address again the importance of modulating Ca2+ entry to cells, including astrocytes.



Regarding glutamate uptake, Dorssett and colleagues showed that the post-TBI activation of different kinases, such as kinase B (Akt) and protein kinase C (PKC), negatively modulates glutamate transporter 1 (GLT-1) function in the frontal cortex 24 h after injury [108]. GLT-1 is the most important channel of glutamate uptake in rats. In that sense, its homologous human excitatory amino acid transporter 2 (EAAT2) can also be affected after TBI [109]. In an old mouse model, Gupta and colleagues showed GLT-1 is briefly downregulated after brain trauma [110]. This means that, no matter the model or the time after trauma, glutamate reuptake is altered in astrocytes and neurons, leading to high extracellular concentrations, thus activating different glutamate receptors which promote the influx of Ca2+ to the cell and activating programmed cell death.



In conclusion, enhancers and perpetuators of excitotoxicity include the BBB, glial cells and immunity cells. They are activated after trauma through different mechanisms such as ATP release to the cellular medium, cytokine production relying on the activation of NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) triggered by DAMPS and PAMPS, and changes in cellular structure and function promoted by a proinflammatory environment. We reflect about how to modulate these enhancers later in this paper. We summarized these pathways in Figure 1.




4. Potential Therapies


Many drugs and compounds have emerged as potential therapies for TBI; however, few have strong clinical evidence to support their use. We analyzed the available evidence regarding therapeutic agents for excitotoxicity- and inflammation-mediated cellular damage and summarized it in Table 1.



4.1. NMDA Modulation


Modulation of the NMDA receptor has been widely studied in diverse pathologies. Regarding TBI, clinical evidence with classical NMDA inhibitors such as amantadine and memantine is encouraging, but confusing. Giacino and colleagues performed a multicenter randomized clinical trial in patients with severe TBI. In these patients, 200–400 mg of amantadine against placebo showed increased recovery rate after 4 weeks of administration [130]. Consistent evidence appraised the efficacy of amantadine and other NMDA antagonists with similar results [131,132,133]. Nonetheless, it must bear in mind that these studies have confounding factors such as the concomitant use of other medications, the natural progress of the disease, and the severity of head trauma. There is also an intrinsic problem in blocking NMDAr, as glutamate is an essential neurotransmitter related to memory consolidation, neuroprotection, and cell survival, and, in that sense, an effective blockade of NMDAr without altering other beneficial functions is very hard to achieve [29,134,135]. However, not all NMDA antagonists have shown clinical efficacy in TBI [136]. Other well-studied NMDAr antagonists such as MK801 [137] and dextromethorphan/quinidine [138] have been shown to reduce excitotoxicity, OS, microglial activation, and, therefore, cellular damage in animal and human studies.



Allosteric modulators have shown better pharmacological properties as they selectively block GluN2B, avoiding the undesirable effects of an NMDA blockade [34]. This prompted the study of selective GluN2B inhibitors in TBI. Taxoprodil, a GluN2B inhibitor, was studied in a randomized, double-blind, placebo-controlled study to evaluate the efficacy of a 72-h intravenous infusion in patients with severe TBI, with improved mortality and scores in the dichotomized Glasgow scale, although neither showed a significant difference [114]. Ifenprodil, another GluN2B inhibitor, has been shown to reduce excitotoxicity by modulating [Ca2+]i concentration through blockade of NMDAr in the presence of agonists or mechanical forces [45], and has also demonstrated reduced BBB breakdown, cerebral edema, and injury volume after controlled cortical impact in rats [113].



On the other hand, there have been studies that suggest NMDA receptors have different pathophysiological implications in TBI depending on the time post-injury. Initially, there is an overactivation of these receptors, leading to excitotoxicity; however, this is followed by the desensitization and loss of functional NMDA receptors from more than one hour to seven days post-injury. This was demonstrated by quantitative autoradiography of MK801 binding to NMDAr [139]. Therefore, under this premise, a partial agonist, d-cycloserine (DCS), was evaluated in TBI. Temple and colleagues [111] evaluated DCS in a fluid percussion TBI model in rats, with a daily intraperitoneal injection of DCS (10–30 mg/kg) given from 24 h until 15 days post-injury. The spatial memory of the rats was then tested in the Morris water maze, and they found a dose-dependent improvement in the treated group. Similar studies in mice have shown improvement in neurobehavioral function at the same doses beginning at 24 h post-injury [112].



During TBI, excessive glutamate release activates glutamate receptors including mGLUR5. A study evaluated mGLUR5 brain distribution in rat cortices following TBI and subsequent administration of (R,S)-2-chloro-5-hydroxyphenylglycine (CHPG) as a selective mGluR5 agonist. Results showed that mGLUR5 was upregulated after TBI in neurons, astrocytes, and microglia. The use of delayed CHPG showed a decrease in the number of degenerating neurons following TBI due to the reduction of excitotoxic damage [120]. Recent encouraging evidence has shown mGLUR5 can modulate inflammation and neurotoxicity in a model of Parkinson’s disease, and scientists are also getting encouraging results in other fields [140,141]. We consider this body of evidence as encouraging for the prospects of mGLUR5 modulators being a feasible therapy in TBI [142,143]. Nonetheless, we do not have a complete understanding of mGLUR5 kinetics and how it can decrease neurotoxicity and neurodegeneration; therefore, more research still needs to be carried out.




4.2. Dantrolene


Dantrolene is a muscle relaxant that has been used as an anti-spastic agent and for the treatment of malignant hyperthermia and neuroleptic malignant syndrome, among other pathologies. Dantrolene acts as a ryanodine receptor (RyR) antagonist; said antagonism ends up being beneficial, as the blockade of the RyR reduces the calcium-induced calcium release from the endoplasmic reticulum. This mechanism has mainly been studied in skeletal muscle; however, studies in cultured neurons have shown that dantrolene can block up to 70% of the Ca2+ rise coming from the endoplasmic reticulum because of NMDAr activation, as well as reducing neuronal apoptosis [115]. The dose required for the treatment of malignant hyperthermia and neuroleptic malignant syndrome is similar, oscillating between 1 and 2.5 mg/kg for neuroleptic malignant syndrome and 2.5 mg/kg for malignant hyperthermia [144]. As for the dosage used to achieve the desired effect in TBI, studies have shown how an interval from 10–100 μM of dantrolene administered during the appropriate therapeutic window will target and reduce excitotoxicity. Said window appears to be 40 min either before or after the injury in in vitro models and approximately 30 min for in vivo models, making this narrow therapeutic window one of the limitations for its usage [145]. We hypothesize that reducing the Ca2+ efflux from the ER will reduce [Ca2+]i, thus reducing excitotoxicity [145,146,147,148,149] and positioning dantrolene as a promising therapy for patients with acute TBI; nevertheless, further clinical studies are still needed to make a definitive clinical recommendation.




4.3. Vitamin B12


Vitamin B12 has been studied widely in animal models for its antinociceptive properties, linking multiple mechanisms of action such as neuronal regeneration, myelin synthesis, Schwann cell differentiation, and the induction of axonal growth to this antinociceptive effect [150,151,152]. These properties motivated the study of vitamin B12 in TBI. A study was conducted to assess the effect of vitamin B12 on nerve regeneration and on ER stress after TBI in vivo and in vitro. Controlled cortical impact was performed in male mice, some of which were subsequently treated with vitamin B12 by the intraperitoneal route, and the TBI + vitamin B12 group was compared to the TBI group. The results showed that vitamin-B12-treated TBI groups had reduced ipsilateral brain edema (assessed by brain water content), better functional recovery after seven days (evaluated by Garcia test), less tissue damage in the histological morphology, reduced caspase-12-dependent apoptosis (shown by immunofluorescence staining), downregulation of the ER stress-related apoptosis signaling pathway proteins (GRP78, IRE1α, XBP-1 and CHOP) evaluated by Western blot and immunofluorescence staining, and maintained microtubule stability (a determinant of axonal growth) [116]. Therefore, vitamin B12 could have a role in preventing specific hippocampal cell loss (see Section 2.4). Even though the role of vitamin B12 in TBI is very new and not many studies are available, the studies made in animals for nociceptive, nociplastic, neuropathic pain and neuropathy [153,154], combined with the mechanisms described in this review, suggest it is possible that vitamin B12 could work as a logical, effective, and safe therapy which requires further research as a potential treatment in TBI to mitigate secondary injuries and, therefore, long-term disability.




4.4. Ceftriaxone


This beta-lactam antibiotic is proposed as a possible treatment for TBI. Ceftriaxone penetrates the BBB and increases the expression of EAAT2. As previously discussed, glutamate is the principal contributor for excitotoxicity and its consequences. Glutamate transporters, such as GLT-1/EAAT2, have been shown to be reduced 24 h following TBI, thus reducing glutamate reuptake and contributing to excitotoxicity. The potential therapeutic capacity of ceftriaxone in TBI is thought to be because it can activate the EAAT2 promoter in human fetal astrocytes [155,156]. In a rat model of subarachnoid hemorrhage (SAH), the use of ceftriaxone was evaluated to prevent early brain injury. Intracisternal treatment with ceftriaxone led to improved neurological outcomes and it was able to lessen glutamate accumulation after SAH [121]. Furthermore, a recent study evaluating ceftriaxone in a TBI rat model found that the ceftriaxone-treated group had significantly lower intracranial pressure, decreased infarct volume, decreased neuronal apoptosis, increased GLT-1 expression in both neurons and microglia, and improved motor dysfunction [157].




4.5. Minocycline


Tetracyclines have been studied beyond their antibiotic properties, and, as a result, they have been linked to neuroprotection, as well as anti-inflammatory and antiapoptotic activity. Minocycline is a lipid-soluble, second-generation tetracycline that has potential benefits in TBI. A study conducted to evaluate if minocycline reduced excitotoxicity in primary neuronal cultures showed that it increased neuronal survival [158]. The study showed minocycline prevented excitotoxic-induced microglial proliferation, and excessive release of nitric oxide (NO) and IL-1β. In addition, it has been shown to reduce caspase-1 activation following TBI in mice, as has been seen before in many animal models of ischemia and Huntington’s disease. However, the exact mechanism by which minocycline inhibits caspase 1 is still to be elucidated and it is beyond the scope of this review [159]. Furthermore, a study evaluating the effects of minocycline in TBI-induced neurological impairment found that minocycline increased neuronal viability, caused iron chelation in vitro, and attenuated neurological impairment in rats [117]. Minocycline safety has been studied in a phase IIa clinical trial in TBI (NCT01058395). The study consisted of administering intravenous minocycline via a central line within six hours of the initial injury to patients with a GCS of less than 12, and this treatment continued for seven days. It was found to be safe for moderate to severe TBI [160].




4.6. PSD-95 Inhibitors


NMDA and neuronal NOS are linked via the post synaptic density protein (PSD-95), a guanylate kinase. This protein binds the GluN2B subunit of NMDA to the amino terminus of nNOS, finally creating the NMDA/PSD-95/nNOS complex. Thus, NMDA overstimulation in excitotoxicity leads to neurotoxic levels of NO, which participates in cytotoxic actions, ultimately leading to neuronal death [161]. Consequently, the inhibition of PSD-95 has emerged as a possible therapeutic target. A recent study evaluated an inhibitor of this PSD-95/NMDA interaction called ZL006, a small molecule that can readily cross the BBB and that had good outcomes in mouse stroke models [118,162]. This study evaluated ZL006 in cortical neuronal cultures, showing reduced glutamate-induced neuronal death, and showed improvement in somatosensory, motor, and memory deficits, as well as cognitive impairment in rodents [118]. Furthermore, UCCB01-147, a dimeric PSD-95 inhibitor, was evaluated in rats to assess its neuroprotective effects. Rats were subjected to controlled cortical impact followed by 10 mg/kg of UCCB01. However, it failed to reduce cell death [163].




4.7. MicroRNA (miRNA), Mesenchymal Stem Cells (MSC’s), and Exosome Therapy


MiRNA are a family of short, non-coding RNA molecules that can regulate gene expression at the post-transcriptional level [164]. They have been implicated in the pathophysiology of cancer, as well as cardiovascular and metabolic diseases. They can regulate gene expression through the degradation of mRNA or by inhibiting its translation [164]. In a TBI rat model, the upregulation of miRNA-21 was found to inhibit apoptosis and promote angiogenesis [165]. Following controlled cortical impact in rats, the upregulation of miRNA-9-5 improved cellular viability and improved apoptosis by the post-transcriptional modulation of Ptch-1 (patched protein 1). It also promoted the expression of factors that promote angiogenesis (VEGF, MMP-9 and cyclin D1) [166].



The important role of miRNA has also been elucidated when studying the use of mesenchymal stem cells (MSCs) in TBI. Exosomes (membrane vesicles) are thought to be an important part in the therapeutic capacity of MSCs because they can carry proteins, lipids, mRNA, and miRNA that can be transferred among cells. Cell-free exosomes derived from MSCs are therefore considered a potential therapeutic strategy, as they can deliver specific miRNA with neuroprotective effects. Xin and colleagues found that rats exposed to treatment with MSCs after middle cerebral artery occlusion significantly increased the expression of miRNA-133b, which contributed to neurite outgrowth [167,168]. Zhang and colleagues studied the systemic administration of cell-free exosomes extracted from human bone marrow MSCs in rats after TBI [125]. Rats were subjected to controlled cortical impact, and a venous injection of exosomes was administered 24 h later. The exosome treatment group did not have a reduction in lesion size, but had sensorimotor functional recovery and improved spatial learning by promoting angiogenesis and neurogenesis and reducing neuroinflammation [125].




4.8. Progesterone


Progesterone is a neurosteroid that is involved in neuroprotection and in mechanisms regarding repair after brain injury [169]. It has been tested in various injury models, including TBI, spinal cord injury, and stroke. Some clinical trials have also been carried out, with reductions in mortality and improved neurologic outcomes [170], whereafter a randomized, double-blind, placebo-controlled clinical trial was held. This study analyzed one hundred trauma patients with a GCS of 4–12, showing no serious adverse effects, and reduced mortality in the progesterone group [126]. Various mechanisms have been proposed for these neuroprotective effects. Progesterone influences the expression of genes involved in the regulation of the inflammatory response, as well as apoptosis. It also reduces edema after TBI by modulating AQ4 (aquaporin 4) expression on astrocytes [171]. There are also studies showing that progesterone can reduce lipid peroxidation by inhibiting free radical formation [169]. Regarding excitotoxicity, progesterone can attenuate neuronal excitotoxicity by inhibiting voltage-gated calcium channels [172]. However, in 2014, a phase III randomized, placebo-controlled clinical trial was held to evaluate the efficacy of intravenous progesterone in the treatment of non-penetrating TBI. The study analyzed 882 patients with a GCS of 4–12. Nevertheless, after the second interim analysis, the trial was stopped because of futility. There were no significant differences in mortality between groups [127]. Thus, progesterone’s role as neurosteroid is still secondary, despite its importance.




4.9. Endocannabinoids


Recent published data shows cannabis can have a use in TBI [173]. When 2-arachidonylglycerol (2-AG) was administered to mice after moderate or severe TBI, activation of cannabinoid receptor type 1 (CB1) attenuated the inflammatory response, protected the BBB, and improved clinical recovery. Similar results were obtained by Tchantchou et al. [119] using WWL70 which acts as an inhibitor of monoacylglycerol lipase, an enzyme responsible for degradation of 2-AG, the most abundant endocannabinoid. WWL70, as well as other selective inhibitors of endocannabinoid metabolism such as URB597 [174] palmitylsulfonyl fluoride (AM374) [175] have given similar results. This shows the endocannabinoid system has potential therapeutical effects by modulating inflammation, and even excitotoxicity, in TBI. It is important to recognize that the setting in which CB1 is activated can have different consequences, as some studies suggest that CB1 agonism can act as an enhancer of oxidative stress and inflammation [176]. However, no human studies in patients with acute TBI in the setting of neuro-ICU care have been done yet.




4.10. Intestinal Microbiota


Microbiota’s role on human physiology is an emerging field of study. Many authors have pinpointed bacteria as one of the main actors in the metabolism of nutrients, regulation of the immune system, and activation of gene expression, among others, while cooperating and cohabitating with human beings [177]. It is worth saying that, by this point, there is no such thing as a “bad” microbiota and authors have addressed a lack of microbiota diversity or aggressive species colonization as an altered microbiota. Taking this into account, one must have in mind that intestinal microbiota varies depending on the individual, their diet habits, and specific situations such as antibiotic use. Gut–brain signaling is a fact, and the vagus nerve, along with the immune and vascular systems, is the bridge in between the two. Bidirectional communication and compliance can be, and has been, used as pharmacological targets in different conditions. For example, in autism, antibiotic therapy, probiotics, and prebiotics have shown improvement in patients’ symptomatology by altering host microbiota [178]. The hypothesis argues that these treatments enhance fatty acid metabolism, thereby improving the supply of the main products for brain function and regulating systemic inflammation by controlling proinflammatory cytokines. Common molecular pathways, such as pyrin domain-containing 3 (NLRP3) activation, are known to alter intestinal cell homeostasis, thereby promoting bacterial inflammatory states [179,180]. NLRP3 inflammasome is also activated after TBI, ultimately leading to calpain activation through the rise of [Ca2+]i.



TBI patients can have comorbidities such as obesity and diabetes, which are well known to induce systemic inflammatory states [181]. Specific prebiotics enhance anti-inflammatory microorganisms, such as F. prausnitzii, that, through the augmentation of short chain fatty acid production, can regulate systemic inflammation and can therefore modulate brain parenchyma inflammation [182,183]. Nonetheless, there is still much more research to be done in this field [184], as TBI patients frequently have concomitant infections which are treated with antibiotics, which can then influence microbiota diversity and function. We consider that encouraging evidence in autism can be applied in TBI [122]. A directed antibiotic regimen depending on individual microbiota characterization and a consequent reconstitution through microbiota transfer therapy enhancing, for example, the growth of Acinetobacter spp., Bacteroides fragilis., and Proteobacteria [185], etc., as well as diet, probiotics and prebiotics, can modulate inflammation and oxidative stress, attenuating disability and prompting recovery after TBI.




4.11. RAGE Inhibitors


Inflammation following TBI can activate the receptor for advanced glycation end products (RAGE). RAGE activates NF-kB [186], and researchers have broadly addressed an increase of NF-kB activation after TBI [187,188]. Recently published data showed an increased expression of high mobility group box protein 1 (HMGB1), which activates inflammation in the acute setting, but has a subsequent correlation to neural genesis by targeting specific gene expression [123,189,190]. HMGB1–RAGE interaction is well known, but not clearly understood. Apparently, RAGE inhibits HMGB1 expression by direct binding and through NF-kB-mediated endocytosis. Given this complex interaction, we consider the inhibition of RAGE, but not HMGB1, as a therapeutic target to promote long-term neurogenesis and as an attenuator of inflammation. Nonetheless, no studies have been completed with RAGE inhibitors following TBI; despite that, we consider that the effects of RAGE inhibitors in other fields can shed some light on how we could start exploring this receptor in TBI [191,192].




4.12. Zinc Supplementation


Excess free zinc was initially thought to be part of the secondary injury mechanisms following TBI. Therefore, zinc chelation was evaluated for a while as a potential therapy [193,194,195]. However, the chelation of zinc was subsequently associated with neuronal damage due to overexcitation [196] and increased apoptosis and necrosis [197]. Moreover, it has been shown that patients with severe head trauma have urinary zinc excretion up to 14-fold higher than normal [198]. Zinc deficiency impairs neurogenesis [199], cell proliferation, neuronal survival, and contributes to the inflammatory response [200]. Furthermore, zinc can function as a neurotransmitter or secondary messenger, and it also regulates cellular oxidant production and signaling cascades in the brain [200]. Therefore, zinc supplementation, rather than zinc chelation, was evaluated in a randomized, controlled clinical trial in 100 patients with severe head trauma, aged 18–65 years old, with a GCS of 6–8. Patients were treated with 528 mg of zinc sulfate for 15 days; results showed improvement of the inflammatory markers, SOFA and GCS, although mortality did not significantly differ between groups [124].




4.13. Antioxidants


Free radical scavengers such as glutathione and edaravone are reasonable therapies, as they are antioxidants that can donate electrons to neutralize the toxic effects of ROS [54,201]. In a weight drop model conducted by Wang and colleagues, male rats with induced brain trauma in the right cerebral cortex were subsequently treated with edaravone two hours and 12 h after injury. Edaravone significantly reduced hippocampal neuronal loss, oxidative stress, BBB permeability, and neurological deficit after recovery. Therefore, edaravone might be considered neuroprotective in the case of stroke and TBI [128,202].




4.14. Curcumin


Curcumin (Cur) is a natural polyphenol found in the plant Curcuma longa (turmeric) [203]. It has been explored for its properties in promoting neurogenesis and improving memory, as well as for its anti-inflammatory functions. Sun and colleagues evaluated Cur in a murine model of TBI, in which they administered 30 mg/kg of Cur vs. vehicle treatment to rats, and subsequently evaluated neuroinflammation (by assessing inflammatory factors, astrocyte hypertrophy, and activated microglia in the hippocampus), and performed behavioral water maze studies. The authors found Cur ameliorated TBI-impaired spatial memory, reduced chronic neuroinflammation, reduced inflammatory factors, and increased neurogenesis in the hippocampus [129]. The mechanism by which Cur can cause these effects is thought to be through increased signaling of the BDNF/TrkB/PI3K/Akt pathway. The BDNF and TrkB pathways play a role in reducing inflammation and promoting hippocampal neurogenesis, while PI3K/Akt signaling has been linked with the promotion of neuronal survival and reducing neuroinflammation [204]. Furthermore, the neuroprotective effects of Cur have been attributed to the activation of the Nrf2-ARE (nuclear erythroid 2-related factor 2- antioxidant response element) pathway, which modulates oxidative stress. This was documented in a weight drop TBI model in rats in which Cur was shown to increase the translocation of Nrf2 from the cytoplasm to the nucleus [205].





5. Conclusions


In conclusion, traumatic brain injury represents a high burden for the patient and their family, as well as for the healthcare system. Damage to the brain following TBI can be divided into primary and secondary injuries, the latter being the focus of this review. Managing the secondary mechanisms that lead to tissue damage following TBI has been a major challenge as these processes are related to tissue recovery, scar formation, and residue metabolism, leading to further tissue rehabilitation. Despite having many potential drugs, it is difficult to assess which of them can have a positive impact in the recovery pathways. Given the many mechanisms involved, a vast number of potential compounds, most coming from drug repurposing, have been proposed as potential therapies. Treatments ranging from drugs targeting different subunits or associated proteins of the NMDA receptor to antibiotics, progesterone, vitamin B12, CB1 agonism, prebiotics, and even mesenchymal stem cell therapy have shown a potential therapeutic role in TBI. However, few have achieved the bench to bedside translation. We strongly believe that widely studied compounds, such as selective GluN2B inhibitors and vitamin B12, could have a relevant role in the treatment of TBI and can have a positive impact on long term disability, thereby reducing disease burden and costs to the health care system.
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Abbreviation


TBI: Traumatic Brain Injury; NAC: North American Countries; BBB: Blood Brain Barrier; NMDAr: N-methyl D- aspartate receptor; GABA: Gamma-Aminobutyric acid; EC50: Half maximal effective concentration; AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA: N-methyl D- aspartate; NOS: Nitric Oxide Synthase; ROS: Reactive Oxygen Species; ATP: Adenosine Triphosphate; DNA: Deoxyribonucleic acid; STEP: Striatal-Enriched Protein Tyrosine Phosphatase; ER: Endoplasmic Reticulum; UPR: Unfolded Protein Response; PERK: PKR-like ER kinase; ATF6: Activating Transcription Factor 6; IRE-1: Inositol Requiring Enzyme 1; GRP78/BIP: Glucose-Regulated Protein/Binding Immunoglobulin Protein; eIF2α: PERK phosphorylates eukaryotic initiation factor 2α; CHOP: C/EBP Homologous Protein; SGZ-DG: Subgranular Zone of the Dentate Gyrus; FJP: Ionic Fluorescein; ATF4: Activating Transcription Factor 4; RNS: Reactive Nitrogen Species; PAMPs: Pathogen-Associated Molecular Patterns; DAMPs: Damage-Associated Molecular Patterns; mTOR: Mechanistic Target Of Rapamycin Kinase; VCAM-1: Vascular Cell Adhesion Molecule-1; ICAM-1: Intercellular Cell Adhesion Molecule-1; CNS: Central Nervous System; PKC: Protein kinase C; AKT: Protein kinase B (PKB); GLT-1: Glutamate transporter 1; EAAT2: Excitatory amino acid transporter 2; NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells; KCL: Potassium Chloride; GRP78: Glucose-regulated protein 78; XBP-1: X-box binding protein 1; NO: Nitric Oxide; PSD-95: Postsynaptic density protein 95; 2-AG: 2-Arachidonoylglycerol; CHPG: (R,S)-2-chloro-5- hydroxyphenylglycine; SAH: Subarachnoid Hemorrhage; MTT: Microbiota Transfer Therapy; RAGE: Receptor For Advanced Glycation End Products; HMGB1: High-Mobility group protein 1; SOFA: Sequential Organ Failure Assessment Score; mRNA: Messenger RNA; AQ4: Aquaporin-4; DCS: D-cycloserine; RyR: Ryanodine Receptor; GCS: Glasgow Coma Scale; miRNA: MicroRNA; MSCs: Mesenchymal Stem Cells; Ptch-1: Parched Protein 1; CB1: Cannabinoid Receptor type 1; AM 374: Palmitoyl Sulfonyl Fluoride; NLRP3: Pyrin Domain-Containing 3; BDNF/TrkB/PI3K/Akt: Brain-derived Neurotrophic Factor/Tropomyosin receptor kinase B/Phosphatidylinositol 3-kinase/Protein kinase B; Nrf2-ARE: Nuclear factor erythroid 2-related factor 2-Antioxidant Response Element.
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Figure 1. Illustration of pathophysiological events leading to excitotoxicity after TBI. BBB disruption leads to edema, changes in ionic homeostasis, and the migration of systemic immune cells. Release of intracellular contents in the medium activates microglia and astrocytes, enhancing OS, inflammation, and neural damage. Increase in extracellular [Ca2+] and glutamate activates NMDAr, while mechanical activation and mechanoporation of NMDAr lead to an increase in [Ca2+]i, creating an environment stressful to mitochondria, ER, and DNA, and a decrease of pH. Many pathways lead to cellular apoptosis: organelle stress and the activation of caspases, calpains, and death receptors. In black: events related to the activation and flux of ions. In red: pathways related to cellular apoptosis. Numbers address potential therapies listed in Table 1. [Ca2+]i: concentration of intracellular calcium; [Ca2+]e: concentration of extracellular calcium; BBB: blood–brain barrier; ROS: reactive oxygen species; RNS: reactive nitrogen species; NMDAr: N-methyl-d-Aspartate receptors; TLR: toll-like receptor; ATP: adenosine triphosphate; EAAT2: excitatory amino-acid transporter 2; NOS: nitric oxide synthase; DAMPS: damage-associated molecular patterns; PAMPS: pathogen-associated molecular patterns; AQ4: aquaporin-4; ICAM1: intercellular cell adhesion molecule-1; VCAM1: vascular cell adhesion molecule-1; mGluR5: glutamate metabotropic receptor; RAGE: receptor for advanced glycation end products; ER: endoplasmic reticulum; PSD-95: postsynaptic density protein-95; DR: death receptor. 
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Table 1. Summary of preclinical and clinical evidence of potential therapies for TBI.
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Novel

Potential Therapies

	
Mechanism of Action

	
Pre/Clinical Evidence

	
Result

	
Reference






	
1. NMDAr partial agonists (d-cycloserine)

	
Partial agonism of NMDA receptors in the loss of function period following TBI

	
Lateral fluid percussion TBI model. Following TBI, rats were injected with daily intraperitoneal d-cycloserine (10–30 mg/kg), which was given from 24 h until 15 days post injury. A control group received vehicle. (Animal study)

	
30 mg/kg dose significantly reduced memory deficits compared to the control group. 10 mg/kg was ineffective in attenuating memory deficits.

Loss of function of NMDA receptors was >1 h—7 days post injury

	
[111]




	
Partial agonism of NMDA receptors in the loss of function period following TBI

	
Weight-drop TBI model in male mice, subsequently treated with 10 mg/kg of d-cycloserine (i.p.) or vehicle in different regimens. (Animal study)

	
Functional recovery assessed by NSS score was better in the d-cycloserine treated group at 24 or 72 h post trauma

	
[112]




	
2. NMDAr subunit GluN2B antagonists (Ifenprodil, Taxoprodil)

	
Ifenprodil: selective GluN2B inhibitor

	
Controlled cortical impact TBI model in rats. Infenprodil vs. saline was injected by the intraperitoneal route immediately after injury, and then every 90 min until 6 h after injury. (Animal study)

	
BBB breakdown, brain edema and injury volume were lower in the ifenprodil-treated group vs. the saline-treated group.

	
[113]




	
Taxoprodil: selective GluN2B inhibitor

	
A randomized, double-blind, placebo-controlled study to evaluate the efficacy of a 72-h intravenous infusion in patients with severe TBI. 404 males and females were treated within 8 h of injury. (Human study)

	
Taxoprodil-treated group had better outcome con the Glasgow outcome scale at 6 months. Mortality rate was 7% less than in the placebo group.

	
[114]




	
3. Ryanodine receptor antagonist (Dantrolene)

	
Ryanodine receptor antagonist, blockage of calcium induced calcium-release from the ER, protecting against glutamate induced excitotoxicity

	
Cerebral cortical neurons of mice were exposed to KCl or glutamate alone or in combination with dantrolene. (Animal study)

	
Dantrolene reduced the glutamate induced increase in [Ca2+]i by 70%

	
[115]




	
4. Vitamin B12

	
↓ ER stress related apoptosis

	
Controlled cortical impact was performed in male mice who were subsequently treated with vitamin B12 by the intraperitoneal route. The TBI + vitamin B12 group was compared to the TBI group. (Animal study)

	
TBI + VB12 showed:

↓ ipsilateral brain edema, tissue damage

↓ GRP78, IRE1α, XBP-1 and CHOP

Better functional recovery after 7 days

	
[116]




	
5. Protein synthesis inhibitors (Minocycline)

	
↓ excessive release of NO, ↓ Activation of Caspase 1 and 3, Fe2+ and Fe3+ chelating activity, ↓ IL-1B

	
Rats were subjected to weight drop model of TBI, and were subsequently divided intro TBI + vehicle, or TBI + minocycline at different doses. (Animal study)

	
Minocycline treated groups had increased neuronal viability, chelating activity for iron in vitro, and attenuated neurological impairment

	
[117]




	
6. PSD-95 inhibitors (ZL006)

	
Inhibition of PSD-95 reducing neurotoxic levels of NO

	
Female mice were subjected to controlled cortical impact, after 30 min post injury they were treated with ZL006 or vehicle. (Animal study)

	
ZL006 (PSD-95 inhibitor) treated group had reduced expression of apoptotic markers, improved neuroscores, and attenuated cognitive impairment

	
[118]




	
7. Endocannabinoids

	
2-arachidonylglycerol attenuates inflammatory response, protects BBB

	
Male mice were subjected to controlled cortical impact. 30 min following TBI, WWL70 (inhibitor of the principal enzyme that degrades 2-AG) was administered vs. saline. (Animal study)

	
Improved motor coordination and working memory performance, reduced lesion size in the cortex and neurodegeneration in the dentate gyrus

	
[119]




	
8. mGLU5 agonists (CHPG)

	
Reduction of excitotoxic damage

	
Male rats were subjected to a weight drop TBI model and were distributed among sham, TBI, TBI + vehicle, and TBI + CHPG (mGluR5 agonist) groups. (Animal study)

	
The use of delayed CHPG led to a decrease in the number of degenerating neurons.

Reduced excitotoxic damage

	
[120]




	
9. Bacterial cell wall synthesis inhibitors (Ceftriaxone)

	
Activates the EAAT2 promoter in human fetal astrocytes, increasing glutamate reuptake

	
Rat model of SAH compared SAH + intracisternal treatment with ceftriaxone at different doses compared to SAH + saline. (Animal study)

	
Decreased hippocampal neuronal apoptosis, improved neurological outcomes and reduced extracellular glutamate concentration

	
[121]




	
10. Prebiotics

	
Regulation of systemic inflammation

	
Open-label trial of MTT in 18 participants with autism. (Human study)

	
GI symptom relief, autism severity was lower (according to CARS)

	
[122]




	
11. RAGE inhibitors (Glycyrrhizin, FPS-ZM1)

	
Rage inhibition leads to ↑ HMGB1 which activated neural genesis, attenuation of glycosylation, antioxidative stress, metal ion chelation, and reduced scavenging of reactive 1,2-dicarbonyl compounds or ROS/RNS

	
Glycyrrhizin (10 mg/kg) and FPS-ZM1 (1 mg/kg) were administered to inhibit microglial RAGE and HMGB1 respectively (Animal study)

	
Blockade of RAGE/HMGB1 suppresses proinflammatory microglia polarization and granted neuroprotection

	
[123]




	
12. Zinc

	
Regulates cellular oxidant production and signaling cascades in the brain, modulates hippocampal neurogenesis

	
Double-blind randomized placebo-controlled clinical trial evaluated 100 patients with severe head trauma. Patients received placebo vs. 120 mg Zinc (Human study)

	
Improvement in the SOFA, Glasgow coma scale, and inflammation factors

	
[124]




	
13. MicroRNA/exosome therapy

	
Regulate gene expression by degradation of mRNA or by inhibiting its translation

	
Rats were subjected to controlled cortical impact; 24 h later, exosomes were injected intravenously. (Animal study)

	
Sensorimotor functional recovery, improved spatial learning by promoting angiogenesis, neurogenesis and reducing neuroinflammation

	
[125]




	
14. Neurosteroids (Progesterone)

	
Modulates inflammatory response, apoptosis and AQ4, regulation of inflammatory response

	
Randomized double-blind, placebo-controlled clinical trial was held. One hundred trauma patients with a Glasgow score of 4–12 were analyzed, and the subjects were randomized to receive intravenous progesterone or placebo. (Human study)

	
Lower 30-day mortality rate than controls

	
[126]




	
Randomized double-blind, placebo-controlled clinical trial evaluated 882 patients with non-penetrating TBI. Progesterone was administered i.v. within 4 h of trauma and compared with placebo. (Human study)

	
No mortality difference was seen between the two groups. The trial was stopped early because of futility.

	
[127]




	
15. ROS scavenger (Edaravone)

	
Donates electrons to neutralize ROS

	
Rats were subjected to a weight drop model and were subsequently treated with edaravone 2 h and 12 h after injury. (Animal study)

	
Edaravone significantly reduced hippocampal neuronal loss, reduced oxidative stress, BBB permeability and neurological deficit after recovery

	
[128]




	
16. Curcumin

	
↑ BDNF/TrkB/PI3K/Akt signaling

	
Rats were subjected to a TBI model and 28 days after were treated with 30 mg /kg of Cur vs. vehicle. (Animal study)

	
Cur ameliorated TBI-impaired spatial memory, reduced chronic neuroinflammation, reduced inflammatory factors and increased neurogenesis in the hippocampus

	
[129]








KCl: potassium chloride; ER: endoplasmic reticulum; GRP78: glucose regulated protein 78,000; IRE1α: inositol-requiring kinase/endonuclease 1; XBP-1: X-box binding protein 1; CHOP: C/EBP homologous protein; CARS: childhood autism rating scale; 2-AG: 2-Arachidonoylglycerol; EAAT2: excitatory amino acid transporter 2; SAH: subarachnoid hemorrhage; MTT: microbiota transfer therapy; RAGE: receptor for advanced glycation end products; HMGB1: high-mobility group protein 1; SOFA: sequential organ failure assessment score; mRNA: messenger RNA; AQ4: aquaporin-4; DCS: d-cycloserine; RyR: ryanodine receptor; GCS: Glasgow coma scale; miRNA: microRNA; MSCs: mesenchymal stem cells; Ptch-1: parched protein 1; CB1: cannabinoid receptor type 1; CHPG: (R,S)-2-chloro-5- hydroxyphenylglycine; BDNF: brain-derived neurotrophic factor; TrkB: tropomyosin receptor kinase B; PI3K: phosphatidylinositol 3-kinases; Akt: protein kinase B.
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