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ABSTRACT 

The development of highly sensitive and efficient analytical methods utilizing 

advanced instrumentation is necessary to help improve disease diagnosis and 

therapeutics. A major neuro-consequence of traumatic brain injury (TBI) is oxidative 

stress from the generation of reactive oxygen species and the depletion of antioxidant 

defenses. Alteration in concentrations of certain small molecules also occurs with the 

disease progression and can help understand TBI pathophysiology. Two analytical 

methods employing liquid chromatography with tandem mass spectrometry (LC-MS/MS) 

were developed and validated to monitor the potential small-molecule TBI biomarkers at 

sub-ppb levels. Subsequently, the neuroprotective effect of an antioxidant prodrug, N-

acetylcysteine amide (NACA), was evaluated in rat models that were exposed to the 

blast-induced TBI from open-field blasts simulating what military personnel are regularly 

exposed to in combat. The benefit of antioxidant pretreatment was indicated by the 

significantly lower levels of biomarkers detected in rat urine, plasma, and brain tissue.  

Pharmaceutical manufacturers utilize solvents at different stages of production. 

Some of these harmful solvent residues can be retained in the final products and need to 

be monitored to meet regulatory requirements. A novel method for the rapid analysis of 

residual solvents in pharmaceutical products was developed by employing a compact and 

portable gas chromatography with a photoionization detector (GC-PID). The method 

detection limits for selected residual solvents in over-the-counter drugs were significantly 

lower than the compliance concentration limits. The validation of the new method 

yielded excellent accuracy, precision, and linear response. 
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1. INTRODUCTION 

1.1. BACKGROUND 

Analytical method development and utilization help understand disease pathology 

for diagnostics and therapeutic purposes. Additionally, it can be useful in monitoring 

harmful substances used in manufacturing in a quality control manner, such as the 

monitoring of residual solvents, a by-product from the manufacturing process of drug 

products. This research explored the use of analytical methods for pathophysiological 

understanding of traumatic brain injury (TBI) for diagnostic biomarkers and antioxidant 

therapy evaluation. It also uses sensitive analytical methods developed on miniaturized 

instrumentation to monitor residual solvents in pharmaceutical products.  

1.2. TRAUMATIC BRAIN INJURY (TBI) 

TBI, a significant public health concern affecting an estimated population of 1.7 

million people yearly in the United States alone [1], is prevalent among athletes, 

civilians, and military personnel [1–5]. Reintegration of the latter group into the civilian 

population is often difficult as a consequence of the burden rendered by TBI. The Global 

financial consequence of TBI is estimated to be around $US400 billion annually owing to 

deficiencies in diagnosis, prevention, care, and research [6]. Most TBI cases are often 

mild in severity, and they are passed off as mere concussions that lead to adverse chronic 

damage to brain function [2,7]. 

Direct or indirect mechanical insults to the brain cause TBI—resulting in acute 

changes such as shearing injuries, contusions, and hematomas [8,9]. In one study, TBI 



 

 

2 

was categorized based on the physical mechanisms of insults into three categories: (i) 

closed head, (ii) penetrating, and (iii) explosive blast-induced TBI [10]. These 

mechanisms usually comprise a rapid coup-counter coup or an acceleration/deceleration 

injury where the brain undergoes multiple movements in the skull that affect the white 

matter and damage the blood vessels and axons, leading to diffuse axonal injury [11–13]. 

The heterogeneity of TBI pathology with diverse manifestations consists of immediate 

and delayed mechanisms [14]. Most TBI cases involve a prominent physical injury 

(primary injury) with immediate mechanisms. However, all types of TBI comprise 

subcellular and biochemical injury (secondary injury) phases with delayed mechanisms 

that affect the structural and physiological changes to brain function [9,14,15]. Primary 

injury resulting from impact is considered to be untreatable but preventable, with 

treatment focused mainly on symptom management. Meanwhile, the secondary phase of 

the insult allows a time window for intervention. Thus, it has received a lot of attention in 

a bid to find possible therapeutic targets [14]. This secondary phase of injury may lead to 

unfavorable consequences such as neuronal necrosis and apoptosis, impaired 

neurotransmission, damage from reactive species and inflammation, blood-brain barrier 

impairment, energy deficits, and cognitive dysfunction [16]. Deviation of the central 

nervous system (CNS) homeostasis is the mainstay after TBI; however, studies have 

shown that the brain undergoes neurogenesis and plasticity after injury [15]. Many 

studies argue that neurogenesis after head insult is more likely in pediatric patients than 

in adults. However, some studies have differing opinions on the effect of age on pediatric 

response after injury [15]. Alternatively, there is a general agreement that severity and 
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type of injury play a prominent role in neuroplasticity determination [15] and recovery 

outcomes.  

1.2.1. Challenges and Opportunities in TBI Detection and Treatment. Despite 

considerable efforts and investments being channeled towards the investigation and 

treatment of TBI, it remains a challenging process [7,15] due to the complex nature and 

lack of complete understanding of the pathophysiology of TBI [17]. Candidates for TBI 

treatment are focused on the known TBI pathology; they are primarily antioxidants, anti-

inflammatory, and anti-excitotoxic moieties that can confer neuroprotection after TBI.  

Additional limitations in finding an effective TBI treatment are the lack of well-designed 

and controlled clinical investigations, univocal diagnostic criteria, the absence of 

standardized prognostic biomarkers, assessment methods and guidelines, and safety 

profiles [18,19]. Also, diagnosis difficulty stems from the variations in the symptoms of 

the disease presented and can be confounded with comorbidities, age, medical history, 

substance use and abuse, and concomitant medication [20]. Differences in age-based brain 

physiology make achieving a uniform diagnosis and treatment nearly impossible. Older 

patients often have worse outcomes, while pediatric patients have a better chance of 

recovering to a pre-TBI level of health with time [21]. Blast-related mild TBI (m-TBI) is 

the most common in military personnel [4,6,22], and existing experimental designs for 

evaluating this type of injury do not reflect real-life situations. The reported percentage of 

m-TBI cases may not reflect the actual numbers because of a lack of credible diagnostic 

and prognostic measures [6]. Prognostic methods for more severe TBI types are more 

established than m-TBI. Although new prognostic measures are beginning to emerge for 

m-TBI, validation of this method has not been fully implemented [6]. 
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Combination of neuroimaging techniques like computerized tomography (CT), 

magnetic resonance imaging (MRI), and positron emission tomography (PET) with 

Glasgow Coma Scale (GCS), tests for loss of consciousness (LOC), and post-traumatic 

amnesia (PTA) [4] are routinely used to detect and monitor TBI progression and severity. 

GCS –a measure of eye-opening (E), verbal response (V), and motor response (M)- of 13 

to 15 are classified as mild TBI, nine to 12 as moderate TBI, while a GCS less than eight 

is classified as severe TBI [4,23]. Although utilization of these techniques has proven 

handy in evaluating more severe forms of TBI, they are largely insensitive to detecting 

milder forms of TBI, which happens to be the most prevalent of all TBIs [12]. Most of 

these techniques, in addition to their lack of sensitivity to m-TBI, are invasive techniques 

that cause pain and stress to the patient during the diagnostic process. Additionally, some 

pose radiological exposure risks, prolonged hospital stays, inefficient use of resources, 

and high costs of operation. Alternative methods for monitoring TBI inception and 

progression using minimally invasive techniques involving peripheral fluids like urine 

and blood will improve current practices [15,19]. Additionally, m-TBI cases are prevalent 

in males, teenagers, and young adults, and most cases do not get treated due to lack of 

diagnosis [24]. Fluid biomarkers were predicted to emerge as new prognostic indicators 

for developing more accurate prediction models, risk improvement, clinical decision-

making, and pharmacotherapeutic regimens [19]. Noteworthily, people in rural areas and 

low-income earners may not have access to these expensive and arduous diagnostics 

techniques, which is why a cheap, easy, and accessible method of diagnosis needs to be 

developed [21]. Blast-induced TBI is suffered by United States service members in 

conflict regions, and some successes were recorded in the introduction of military 
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medical treatments for blast TBI in the war theatre that includes decompressive 

craniectomy, cerebral angiography, transcranial Doppler, and hypertonic resuscitation 

fluids, to list a few [25]. Progression in the administration of rehabilitation, stateside 

neurosurgery, and neurocritical care have also been recorded [25]. 

The general treatment regimen for acute TBI symptoms includes intracranial 

pressure minimization and optimization of cerebral perfusion to limit secondary 

impairment while addressing chronic remedies focused on motor, cognitive, and 

behavioral outcome improvement. However, newer therapies targeting the prevention of 

the secondary sequelae for neuroprotection enhancement are necessary due to the 

repression of existing repair mechanisms and therapies by the severity of the injury, age 

of the patient, recurring injury, and time-lapse in medical management [15]. 

Consequently, pharmacotherapeutics such as stem cells, antioxidant therapy, and 

pharmacological interventions enhance repair and regenerative processes after injury 

[15]. Most of these available treatments only target a few factors involved with secondary 

injury, making them less in scope in the overall protection after injury [8]. Expeditious 

diagnosis and treatment administration are vital in improving patients' treatment 

outcomes due to the different temporal biochemical changes attached to the 

pathophysiology of TBI [20]. In summary, treatment timing should be carefully targeted 

for the best efficacy. The “Prevention is better than cure”’ narrative fits nicely into the 

treatment of TBI, as it is better for pretreatment with neuroprotective agents that will 

counteract the secondary sequelae of the disease rather than finding a cure to reverse the 

effect, which may not be possible as the disease progresses. Hospitals and caregivers 

often view TBI as a one-time event and, as such, treat it in the same manner rather than as 
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the continuous event that it is [26]. In the words of Geoffrey Manley, a revered expert in 

TBI, “Look at the epidemiology of TBI and do the math,” he insists, “The field is 

underfunded. We should be taking care of this problem with the resources it deserves.” 

[26]. Another opportunity that could be taken advantage of is the oxidative stress 

characteristic of the secondary mechanisms that may be improved with antioxidant 

therapy [18].  

Due to the multifactorial involvements in the secondary aspects of injury, finding 

a target for therapy has proven difficult. However, taking advantage of factors such as 

BBB permeability increase after injury could improve the bioavailability of specific 

therapies, thereby improving treatment outcomes. Studies have shown that a combination 

of pre-and post-exposure administration of treatment is the best course of therapy against 

TBI [27–29], allowing for possible prevention and repair mechanisms to kick off 

effectively against TBI.  

1.2.2. Mechanical and Biochemical Mechanisms of Traumatic Brain Injury.  

The mechanism of mild blast-induced TBI begins with acceleration/deceleration 

movements of the brain in the skull from blast pressures and overpressure [22]. 

Participation in activities such as contact sports and military combat or training increases 

one’s susceptibility to TBI with intricate mechanisms that are yet to be fully understood 

[22,30]. Physical manifestation is to primary injury, as metabolic changes are to secondary 

injury. Although different, the mechanisms of both injury phases contribute to the overall 

consequences of TBI. The severity of injury (mild, moderate, and severe) plays a massive 

role in the acuteness and physical manifestations of TBI. The more severe type is more 

acute with observable physical injuries and vice versa. Consequently, physical injury 
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(acute and repetitive) from contact and blast overpressures initially leads to DAI, which is 

defined by acceleration/deceleration motion that results in shearing, tearing, or twisting 

forces to the white matter tracts of the brain. This finally results in dynamic brain 

parenchyma deformation [31]. Although most DAI affects the white matter, axons at the 

junction between the white matter and the gray matter experience gross and microscopic 

damage [23]. The protective covering of the axons (myelin sheath) is adversely affected 

by these forces, causing integrity changes as the DAI evolves with time. Additionally, 

progressive demyelination in affected areas and white atrophy can occur up to one-year 

post-injury [32,33]. Further exacerbation of DAI is fostered by the progression of a 

molecular and cellular cascade of metabolic changes within the axon after injury-mediated 

initial stress [31,34]. DAI’s clinical presentation in patients correlates with the severity of 

TBI. With the true incidence of DAI largely unknown, it is estimated that roughly 25% of 

DAI cases will result in death [23].  Mild TBI patients present with signs and symptoms 

that reflect concussion, while severe TBI patients may present with loss of consciousness, 

state of persistent vegetativness, and post-concussive symptoms. Also, the definition of 

the pathophysiology of m-TBI in terms of anatomical or functional descriptions and 

mechanism(s) of injury is difficult to ascertain[17,30]. Additionally, only a small fraction 

of severe TBI patients will regain consciousness in the first-year post injury [23]. Post-

mortem pathological examination of brain tissue can yield a definitive DAI diagnosis. 

However, in clinical settings, DAI diagnosis is done by implementing clinical and 

radiographic observations which may lack accuracy [23]. Pulmonary and auditory 

physiological changes resulting from the primary blast are well established, but the effect 

of the explosion on the CNS is not well known. When military personnel or civilians are 
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exposed to explosion [25], the energy released outside the body is transformed into 

bokinetic energy that damages cranial and brain structure due to the overpressure from the 

blast. Although the damage sustained is mechanistically similar to blunt TBI causes, blast 

injury contributes an additional level of complexity and uniqueness yet to be fully grasped 

[30]. Blast-related injury taxonomy is described in Table 1.1.  

 

Table 1.1. Blast-related injury taxonomy of the Department of Defense. As described by 

Bryden et al., [30]. 

Blast-related injury taxonomy 

Injury Properties 

Primary Blast overpressure wave impacting the body—examples: blast lung, 

tympanic membrane rupture, and non-blunt TBI. 

Secondary Damage from projectiles contacting the body. Examples: penetrating 

ballistic or blunt injuries. 

Tertiary Physical displacement of the body and striking solid surfaces. Examples: 

traumatic amputation, closed or open head injury, and crush injuries.  

Quaternary Other “explosive products” effects. Examples: burns and inhaled toxic 

fire gases. 

Quinary Clinical consequences of post-detonation contaminants. Examples: 

radiation poisoning and tissues reactions to fuels or metals. 

 

Military-related head trauma can be attributed to three events - ballistic, blunt, and 

blast overpressures- or a combination of these mechanisms. In ballistic head trauma, 

projectiles like shrapnels and bullets that can vary in mass, geometry, velocity, and 

impact regions cause head trauma through lacerations, stretching, and shearing of 
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adjacent regions from accompanying shockwaves, usually accompanied by hemorrhages. 

The shockwaves generated cause additional diffuse neural damage, brain tissue 

herniation, and widespread edema [30,35]. Fortunately, military helmets are designed to 

withstand blunt impact and foreign body penetration  [22,30,35]. In blast wave injury, the 

injury mechanisms and structural and tissue damage are not immediately apparent [22]. 

Explosive devices generate combined pressure waves with electromagnetic, acoustic, 

light, and thermal energies [22,25]. The chemical reaction from the explosion releases an 

initial positive pressure wave that is subsequently followed by a longer negative pressure 

wave in a pattern referred to as the the Friedlander curve[22,30,36–38] which varies by 

distance from the explosive and can be a measure of safe stand-off distance [30,39]. 

Explosive blast waves can result in reflected pressures that can be two to eight times the 

incident pressure from reflecting off surrounding objects and edifices[22,30,40]. 

Although, more often than not, the force from the initial impact is not sufficient to cause 

skull fractures, but it can lead to diffuse brain insult [31]. Thus, from a single explosion 

event, an exposed victim can suffer repeated hits from several directions and multiple 

blast waves [22,30]. Causing head and facial structures to be adversely affected by the 

blast wave transmission [22,41]. Additional transmission of pressure waves to the brain 

may also arise from a vascular surge emanating from the thoracic and abdominal 

cavities[22,42,43]. In summary, blast injuries are due to reflective blast wave forces that 

impact the body’s surface and internal environment and causes unfavorable anatomical 

and physiological changes [22]. Figure 1.1. pictorially describes blast effects on victims 

of TBI. 
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Figure 1.1. Impact and effects of explosion blast on TBI victims [42]. 

 

Finally, head trauma from blunt forces common in civilian and military 

populations alike is sustained from blunt object impact through combat, vehicle crashes, 

or ballistic generated inward indentation of helmet (backface deformation). This impact 

results in focal damage to the brain tissue and neurovasculature at the site of impact, 

causing coup lesions/ contusions and epidural hematomas. This force, if sufficient, can 

cause linear translation of the brain to contact the skull distal to the impact site, 

completing the countercoup lesions. Cranial rotation from blunt trauma causes angular 

rotation that can induce strain and shearing of tissues throughout the brain, causing DAI 

[30]. Also, blunt trauma may be initiated without external contact with the skull via 

inertial acceleration from minor vehicular accidents [30]. Overall, regardless of the 
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difference and how the mechanism of the TBI is initiated, there is an overlap between all 

the types of mechanisms as they can result in accelerative translational and/or rotational 

forces that result in focal coup lesions, distal countercoup lesions, and diffuse injury to 

microstructures in the brain [30] that eventually triggers the eventual biochemical events. 

Secondary mechanisms of injury following the DAI from TBI are posited to 

involve a series of biochemical, cellular, and molecular events that collectively resolve 

into widespread neurodegeneration [42]. Incidentally, disruption in axonal transport 

mechanisms results in swelling, secondary axonal degeneration, and Wallerian 

degeneration [31]. Eventual oxidative stress (Figure 1.2.) arising from an imbalance 

between reactive species and oxidative stress plays a central role in the genesis of DAI 

clinical phenotypes linked to the effects of a lot of post-traumatic and cellular changes 

like the release of proinflammatory cytokines and modifications in calcium metabolism 

[31]. Ischemia resulting from reduced cerebral blood flow and hematomas caused by 

damaged CNS vasculature following injury can lead to hypoxia  [31,44–47]. With 

ischemia setting in, the brain, traditionally with a high oxygen demand [48], now has a 

limited supply, leading to dysfunction of oxygen-dependent cellular processes. Calcium 

homeostasis dysregulation and glutamate proliferation caused by injury have been 

strongly correlated with the secondary injury mechanism [31,49]. Both increased calcium 

ions activate calpains and caspases that play a considerable role in necrosis and apoptosis, 

and glutamate proliferation results in widespread excitotoxicity [31,50]. Cysteine 

proteases (calpains and caspases) produce several proteolysis products with potential to 

be considered as DAI biomarkers [31].  
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Figure 1.2. Imbalance between reactive oxygen species (ROS) and antioxidants that 

causes TBI-induced oxidative stress [45]. 

 

Neuroinflammatory responses from microglial cells are triggered in the CNS as a 

reaction to DAI, particularly the accumulation of β-App, phagocytic clean-up, and CNS 

barrier fortification [31,44]. Cell death from neurodegeneration is regulated by the 

mitochondria [51] which makes it of utmost importance in TBI pathogenesis [45]. 

Subsequently, oxidative stress arises from the imbalance between reactive species and 

antioxidant defenses [45], a consequence of the rampant production of reactive species 

generated from DAI and mitochondrial dysfunction. Collectively, these brain cellular 

alterations impair neurologic functions [45]. Differentiating mechanical injury-induced 

axonal pathology from hypoxia or mass effect due to hematomas or cerebral edema is 

difficult in severe TBI cases [52], showing how these symptoms and pathologies can 
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overlap and interact with each other. Figure 1.3. shows the relationship between TBI-

induced oxidative damage and neurodegeneration. 

 

Figure 1.3. Hypothetical inter-relationship between TBI-induced oxidative damage and 

neurodegeneration. Secondary injury cascade in TBI induces oxidative stress related 

to increase of free radicals reactive oxygen species/reactive nitrogen species 

(ROS/RNS) and increase calcium entry both from intracellular stores and injury-

induced increases in glutamate (excitotoxicity). Oxidative stress induces cell 

membrane lipoperoxidation and calcium release, which activates calpain. ROS and 

RNS induced oxidative damage in neuronal mitochondria and compromise Ca2+ 

homeostasis. Activated calpain mediates further Ca2+ entry, forming a positive 

feedback loop and induces mitochondrial membrane permeability and releases the 

apoptosis inducing factor (AIF) from mitochondria. Calpain-1 also activates caspase-

3. The released AIF and activated caspase-3 together induce neurodegeneration. 

Activated calpain proteolyzes large groups of cellular proteins varying from 

structural proteins and soluble proteins (e.g., apoptotic proteins). Changing either or 

both the structure or activity of the protein substrates can have important effects such 

as axonal deterioration and neuronal death [31]. 
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1.2.3. Oxidative Stress in Traumatic Brain Injury. Oxygen, comprising 

approximately 21% of atmospheric oxygen, is critical for the continuous survival of 

aerobic multicellular organisms [53]. Reactive species such as reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) are chemically reactive radical and non-radical 

derivatives of oxygen and nitrogen [53–56]. Their high reactivity is a result of the 

presence of nonstatic bonds and unpaired valence shell electrons [53]. The unpaired 

electron in free radicals makes them highly reactive and capable of kicking off chain 

reactions intracellularly and extracellularly [53]. These reactive species include 

superoxide, hydrogen peroxide, hypochlorous acid, hydroxyl radical, singlet oxygen, nitric 

oxide, nitrogen dioxide, and peroxynitrite [53,54]. Figure 1.4. and Figure 1.5. show the 

reaction mechanism of reactive species and oxidative stress consequences, respectively. 

 

Figure 1.4. Interconversion of some reactive species. 
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Figure 1.5. Consequences of oxidative stress [57]. 

 

These species are essential in cellular metabolism, and they are utilized for 

signaling cascade, immune response, combating bacterial infections, vasodilation, and 

overall homeostasis [53,54,58], as well as in redox homeostasis, cardiovascular, and 

immune system maintenance. However, if their production is not regulated accordingly 

and/or there are insufficient antioxidant defense actions [54], the results can be 

devastating for cellular homeostasis, causing oxidative, chlorinative, and nitrosative 

stress. In contrast, low levels of these reactive species lead to cancer and cardiomyopathy, 

causing reductive stress [54,59]. The endoplasmic reticulum and mitochondria are two 

organelles closely linked to these species' production and metabolism [60]. In normal 

conditions, they are generated by various cellular enzymatic pathways primarily involved 

in mitochondrial respiration. Other generators of ROS are cytochrome P450, 𝝰-

ketoglutarate dehydrogenase, xanthine oxidoreductase, myeloperoxidase (MPO), and 
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nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) in the 

mitochondria [53,54,61–63].  

Meanwhile, in disease conditions, their generation may be enhanced by ischemia-

reperfusion, hypoxia, hyperoxia, inflammation, enzymes associated with metabolic 

dysfunction, and mitochondrial dysfunction [54,64–67]. Additionally, environmental 

factors, xenobiotics, and pathogens may increase the generation of these reactive species 

[60,68]. Also, this excessive generation of ROS may induce damage to cellular organelles 

and processes, leading to physiological dysfunction [69]. Hydroxyl radicals, singlet 

oxygen, and peroxynitrite are the most reactive, making them the most dangerous among 

known RNSs and ROSs [54]. Their proliferation serves as a marker for disease states as 

they are heavily involved in diseases such as aging, cancer, atherosclerosis, diabetes 

mellitus, cardiovascular diseases, neurodegenerative conditions, and TBI [45,54,60,61]. 

Alternatively, non-enzymatic and enzymatic antioxidant defenses are put up against these 

reactive species to maintain cellular homeostasis [69,70]. An imbalance in antioxidant 

and reactive species levels leads to oxidative, nitrosative, and halogenative stress 

[53,56,64], and these factors have been identified to play critical roles in the 

pathophysiology and biology of many diseases that are of great concern today [56,64]. 

Redox health homeostasis in oxidative stress conditions shifts towards the negative, and 

the high concentrations of reactive species generated readily react with lipids, proteins, 

nucleic acids, and carbohydrates [53] without much interference from the antioxidant 

defense system. TBI-induced oxidative stress mechanism is complex [71] compared to 

many other conditions, and it involves an initial generation of reactive species from 

hypoxia and ischemia due to the head insult [67] and a subsequent generation of these 
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reactive species by the TBI-dysfunctionalized mitochondria [71]. Mitochondrial 

oxidative stress has been implicated in both traumatic and non-traumatic brain injury 

[48]. Optimal functioning mitochondria and consistent oxygen supply from the blood are 

necessary to maintain brain homeostasis [48,72], and dysfunctional mitochondria further 

increase reactive species formation. TBI dysfunctionalizes the mitochondria and shortens 

the supply of oxygen to CNS cellular functions. As mentioned in the previous section, 

excessive accumulation of calcium ions in the cytosol activates apoptotic and necrotic 

proteins, and excessive stimulation of excitatory neurotransmitters both contribute to 

post-traumatic oxidative stress and excitotoxic cell death [10,72]. Further impairment of 

the mitochondria from these excesses disrupts the mitochondrial electron transport chain 

and membrane potential, causing additional proliferation of mitochondria-generated free 

radicals and cell apoptosis [71,72].  

Lipid peroxidation (LPO) occurs when unsaturated fatty acid components of 

lipids interact with reactive species [73]. Brain and mitochondrial membranes with 

relatively high lipid content are especially susceptible to LPO [53,74,75] after TBI due to 

elevated reactive species levels that eventually leads to diruptions in cellular and 

membrane integrity [76]. This interaction causes the formation of aldehyde-based lipid 

peroxidation byproducts like malondialdehyde, hexanal, gloxal, acrolein, crotonaldehyde, 

2-nonenal, 4-oxo-2-nonenal, and 4-hydroxynonenal (4-HNE) [73]. In TBI, disruption of 

the membrane phospholipid structure in the brain from oxidative stress leads to lipid 

peroxidation and generation of cytotoxic lipid peroxidation by-products that bind to 

cellular proteins and interrupt their normal function [31,50].  
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1.2.4. Antioxidant Therapy. Due to the complex pathophysiology of TBI, 

potential therapeutics target different pathophysiologies, including oxidative stress [10]. 

Enzymatic and non-enzymatic antioxidant defenses are set up in aerobic organisms to 

counteract the harmful effects of reactive species [70] and maintain cellular homeostasis. 

Enzymatic antioxidants include all three isoforms of superoxide dismutase (SOD), 

catalase, glutathione peroxidase (Gpx), glutathione transferase (GST), thioredoxin, and 

peroxiredoxin [70]. On the other hand, non-enzymatic antioxidants include but are not 

limited to vitamin C (ascorbic acid), vitamin E (𝝰-tocopherol), glutathione, carotenoids (β-

carotene), and serotonin [70,77].  Figure 1.6. shows enzymatic scavengers and 

corresponding catalyzed reactions. 

 

 

Figure 1.6. Enzymatic scavengers of reactive species for antioxidant defense and their 

catalyzed reactions [70]. 
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Treatment of the acute phase of TBI has seen significant improvements in recent 

years, and it is mostly focused on symptom management. However, treatment of the 

chronic phase of TBI from the secondary manifestations is not well established due to a 

lack of in-depth understanding of the pathophysiology of secondary injury and its 

progression [14,17]. The substantial role of ROS and oxidative stress in TBI 

pathophysiology warrants the exploration of antioxidant therapy in combating TBI, 

especially the milder form that exhibits mostly subcellular and biochemical metabolic 

changes [44], which may be the key to finding an effective TBI therapy. In pathological 

conditions where the antioxidant defense systems have been overwhelmed [70], 

antioxidant therapy can be employed to restore redox homeostasis and improve 

outcomes. This therapy involves using exogenous substances that may be prodrugs or 

reactive species scavengers to bolster the already depleting defense system. Mechanism 

of action of antioxidant therapy can be based on reactive species scavenging, inhibition of 

reactive species formation, promotion of de novo synthesis of GSH, and lipid 

peroxidantion initiation and propagation inhibition [76,78]. Trialed and promising 

antioxidant therapy candidates for TBI include polyethylene glycol-conjugated-SOD 

(PEG-SOD), tirilazad, U-83836E, melatonin, tempol, curcumin, lipoic acid, OPC-14117, 

PBN, NXY-059, penicillamine, phenelzine, resveratrol, N-acetyl cysteine, N-

acetylcysteine amide, and small molecule Nrf2/ARE signaling activators [18,28,50,76].  

For antioxidant therapy to be effective, it must be neuroprotective. However, one 

study stated the inexistence of neuroprotective agents that can effectively prevent or 

reverse the damage from the secondary sequelae of TBI [14]. Other studies have showed 

that antioxidant therapy with exogenous antioxidants confers neuroprotection that can 
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prevent and mitigate the damage from the secondary mechanisms, particularly if 

administered with the neuroprotective time window [28,31]. The neuroprotective time 

window is defined as the time range between injury and treatment during which the 

therapy still possesses efficacy [79]. Figure 1.7. shows the proposed role of antioxidant 

therapy in reducing TBI excitotoxicity. 

 

 

Figure 1.7. Proposed role of antioxidant-based treatment in ameliorating excitotoxicity 

cascade in TBI [50]. 

 

1.2.5. Relationship Between TBI and Other Neurological Disorders. TBI, 

although classified as a neurological disorder, is a risk factor for the inception, 

acceleration, and progression of other neurological disorders and diseases in later life 

[80,81]. Additionally, multiple TBI pathomechanisms, including oxidative stress and 
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neuroinflammation, have been found to be common between secondary injury TBI and 

several neurodegenerative conditions [82]. Patients with underlying conditions report 

worsened symptoms and higher odds of neurological disorders after TBI [83]. As a result, 

TBI is considered a chronic disease with long-lasting health consequences [84]. Therefore, 

treatment and management of TBI by health care providers should also be long-term to 

avoid manifestation of incidences years post-injury [80]. Some of these neurological and 

non-neurological disorders include psychiatric diseases, seizures, sleep disorders, 

neuroendocrine diseases, neurodegenerative diseases, sexual dysfunction, systemic 

metabolic dysregulation, and bladder and bowel incontinence with a chronic nature [80].  

Neurodegenerative diseases closely associated with TBI and with overlapping symptoms 

of TBI include Alzheimer’s dementia, depression, bipolar disorder, mild cognitive 

impairments, neuropsychiatric sequelae, epilepsy, stroke, mixed affective disorders 

Parkinson’s disease, multiple sclerosis, and Lewy body dementia [80,81,83–87]. In some 

cases, mostly in military personnel, TBI is often misdiagnosed as post-traumatic stress 

disorder and vice versa due to their similarities. To worsen the situation, both conditions 

could co-occur as well, causing apparent misdiagnosis or underdiagnosis [25]. Even when 

the TBI-associated symptoms are addressed, patients who are claimed to have recovered 

end up with lifelong disability and deterioration that affect the quality of life or even death 

in some instances [80,84]. Mainly, mild TBI as an evasive form of TBI to diagnose is a 

silent risk factor and can go unnoticed until it has developed into other neurological 

diseases; age of victims often increases the risk of succumbing to the chronic effects of 

TBI [25,84]. Most patients of mild TBI recover and are restored to pre-TBI functional 

levels. However, a sizeable minority end up with complicated, incomplete, or prolonged 
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recoveries with unfavorable outcomes worse than what could have been predicted [88]. 

Post-mortem evaluation of the long-term neuropathology after injury has pinpointed 

evolving and persisting abnormalities best expressed as polypathology that include 

chronic traumatic encephalopathy [84]. Both single and repetitive TBI contribute to this 

late-stage development of neurological consequences, with single TBI having less risk 

factor than repetitive TBI [84]. Although the clinical correlation of TBI with 

neurodegeneration has been established, the causative factors connecting these processes 

have not yet been fully elucidated [82]. Consequently, due to the susceptibility of TBI to 

devolve into neurodegenerative conditions long term, prophylactic treatments against 

post-TBI neurodegeneration should be highly encouraged and developed [82]. It is 

necessary to gain an in-depth understanding of the pathophysiological mechanisms 

intimately involved in TBI, in particular, oxidative stress that appeared to be crucial in 

mediating neuroinflammation and excitotoxicity at a molecular level [82]. This would 

help discover suitable therapeutic targets -particularly targeting reactive species- and 

reduce post-injury neurodegeneration risks, in turn improving the life quality of victims of 

TBI, be it civilian or military [82].  

1.2.6. Blood-Brain Barrier Pathophysiology after TBI. The blood-brain barrier 

(BBB), an integral part of the neurovascular unit (NVU), is a restrictive barrier between 

the CNS and the rest of the body, restricting the free flow of unwanted blood-borne factors 

[8]. Cerebral homeostasis maintenance by the BBB is performed through molecular 

reuptake and cerebral blood flow regulation [8]. The NVU is a physiologic entity 

comprising different interactions between components: endothelial cells, neurons, 

pericytes, smooth muscles, microglia, astrocytes, and the basement membrane [89,90]. 
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This complex and intimate interaction between the components of the NVU led to their 

classification as a single functioning unit responsible for developing and upholding a 

highly selective BBB, cerebral homeostasis, and circulatory function [89]. Controlled 

movement of biological material through the BBB is facilitated by the inter-endothelial 

tight and adheren junction protein complexes and by selectively allowing paracellular 

diffusion [8]. Consequently, the compromisation of BBB integrity after head injury causes 

these tight junction proteins -claudins and occludins- to weaken and underexpress [8].  

 

 

Figure 1.8. Schematic representation of the neurovascular unit (NVU) structure [89]. 

 

Pathological insults from TBI impact contributing components to the NVU, 

especially the BBB. When this disturbance occurs, cerebral homeostasis has a negative 

shift due to the constituent cells’ response to adverse stimuli [89]. Specifically, 

neurovascular coupling changes may disrupt blood flow and metabolic regulation, and 

excitotoxicity may be induced by neurotransmitter release-reuptake disruption in neurons 
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and astrocytes. Gliovascular signaling alterations may underlie BBB disruption and 

traumatic edema. Finally, a culmination of all these biochemical activities may increase 

apoptosis and necrosis susceptibility [91]. In summary, these cell-cell interactions play 

critical roles in CNS disorders [91] and in-depth understanding of these interactions is of 

utmost importance in designing a treatment regimen. Having established the importance 

of BBB in the pathophysiology of TBI, it is necessary to elaborate on its specific 

function, how it is affected by TBI, and how taking advantage of BBB disruption may 

pave the way to finding effective diagnostics and therapy for TBI [14].  

The severity of TBI determines the extent and speed of BBB disruption. Severe 

forms of TBI show acute BBB changes within minutes of injury, while milder forms 

show chronic changes to the BBB that can last for days and months [92]. BBB 

breakdown initiates transcriptional neurovasvular network changes, eventually resulting 

in delayed neuronal dysfunction and degeneration [14]. Due to the high incidence of BBB 

breakdown in TBI patients, as confirmed with brain imaging data, the pathology could be 

utilized as a biomarker clinically and in drug trials [14]. In a normal functioning brain, 

interaction between the glial cells and endothelial cells in the NVU occurs via paracrine 

signaling. Following injury, this communication is affected adversely by the glial cells' 

overproduction and release of signaling and non-signaling molecules [8]. This 

overproduction and release leads to BBB degradation and eventual weakening of the tight 

junction proteins [8].  

1.2.7. Biomarkers in TBI. Current diagnosis of TBI is heavily focused on surface 

symptom observations of the mechanical injury of TBI, of which milder TBI forms 

display neural and structural changes [19]. Neuroimaging techniques can also provide 
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clinical evidence of TBI, especially those of increased severity [19,93–95]. However, this 

method cannot easily evaluate secondary biochemical and metabolic changes [12]. For 

effective evaluation and in-depth understanding of the complex secondary mechanisms of 

TBI pathophysiology, alteration in biomarkers of the metabolic changes should be easy to 

measure in accessible fluids and could be carefully evaluated to accurately determine the 

inception and extent of disease [19,96]. These small molecules represent the complex 

result of biological processes that occurs in cell, tissue, or organ; thus, they are viewed as 

attractive candidates for understanding disease phenotypes [97].The diagnostic accuracy 

of a biomarker or biomarker signature is denoted and quantitatively evaluated by its 

sensitivity and specificity [98]. Identifying accurate TBI biomarkers may be painstaking 

because it requires technical expertise and knowledge of the pathomechanisms of TBI and 

the use of complex instrumentation that may be time-consuming. Certain small molecule 

and protein biomarkers have been identified to be involved in pathophysiologies of TBI, 

including oxidative stress, excitotoxicity, mitochondrial dysfunction, neuroinflammation, 

and lipid peroxidation [93,98]. Additionally, the metabolites constitute a variety of low-

molecular-weight structures, including amino acids, lipids, nucleic acids, peptides, and 

organic acids, which complicates comprehensive analysis using analytical techniques [97].  

Biomarkers have been used as objective physiological indicators of the genesis and 

progression of different disease or injury states [98]. Similarly, TBI biomarkers can give 

details of pathogenesis, pathoprogression, and in turn, the overall pathophysiology of TBI 

to provide better insights into understanding this complex process [7,34,99,100]. A 

combination of advanced neuroimaging techniques with molecular biomarkers could be 

the key to efficiently diagnosing TBI of even the mildest form, which was found to still 
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cause disease symptoms in the absence of positive neuroimaging findings [98]. As a 

standalone, monitoring biomarkers of different pathophysiologies of TBI can be combined 

to form biomarker signatures for understanding the interactions between these 

pathophysiologies and how they influence one another. Monitoring TBI biomarkers offers 

specificity and non-variability in the diagnosis of TBI presentations [101]. After injury, it 

is widely thought that BBB disruptions result in extravasastion of biomarkers from the site 

of injury to surrounding circulation [101,102]. This makes investigations of blood, urine, 

saliva, and cerebrospinal fluid-based biomarkers representative of TBI, especially mild 

TBI, localized in different brain regions, ideal [7,12,98]. Additionally, detected biomarker 

level changes would indicate or eliminate the need for brain imaging [98], saving 

diagnosis time and resources. Also, in rural areas and conflict regions where advanced 

imaging techniques or diagnostic capabilities may not be available [20,100,103,104], 

biomarkers could complement or act as a viable replacement for diagnosing TBI. In TBI, 

the time of diagnosis is very crucial; having biomarkers that could speed up diagnosis time 

could be the key to positive recovery outcomes [7,105].  Furthermore, the efficacy of 

experimental treatments could be objectively evaluated by studying biomarker-level 

changes that represent the TBI-related metabolic changes and treatment involvement [98]. 

The use of biomarkers for TBI diagnosis can be challenging as there exist a variety of 

specific and non-specific CNS markers of brain injury [7,98]. Time course changes of 

biomarkers in response to TBI to study the progression of the disease could indicate 

different biochemical process involvement in the pathophysiology of the disease[98]. 

Although a large portion of patients with mild TBI also sustain injuries to other organs. 

Mild-TBI diagnosis can be challenging if peripheral biomarkers used are not specific to 
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the brain but also released by the other organs [98]. A good example of such a biomarker 

is S100B, majority of S100B found in the serum after TBI is sourced from the brain 

compared to other organs [98,106,107]. Consequently, in diagnosing TBI and TBI with 

polytrauma comorbidities, the best route of action lies in the combination of specific and 

non-specific CNS markers, each representing a different time course of the disease [98]. 

This combinatorial approach is referred to as “biomarker signatures” that are generated to 

improve overall specificity and accuracy of diagnosis [98]. Applications of potential 

biomarker signatures may include disease diagnosis, secondary pathology assessment, 

treatment efficacy assessment, temporal profile of disease states, injury mechanism 

identification, and determination of disease severity, progression, and recovery outcomes 

[7,12,98]. As a standalone, presently tested biomarkers are unlikely to have sufficient 

specificity and sensitivity for TBI diagnosis and outcome predictions. Evidently, the 

combinatorial approach should be the future of TBI diagnosis [98]. Additionally, serial 

sampling of biofluids for these biomarkers is a better approach than a single-point 

sampling because it provides invaluable information on the temporal profile associated 

with TBI pathophysiological changes [7]. In addition, improvement in identifying 

numerous blood-based biomarkers that well represent acute and more severe TBI has been 

recorded. However, mild-TBI blood-based biomarkers still require more evidence to 

corroborate their utility in TBI diagnosis [7]. 

Utilization of Protein biomarkers for TBI diagnosis has seen a lot of progress as 

there are FDA approved biomarkers glial fibrillary acidic protein (GFAP) and ubiquitin 

C-terminal hydrolase-L1 (UCHL1) and a host of other identified potential biomarkers 

such as S100 calcium-binding protein B (S100B), neurofilament heavy chain protein 
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(NF-H), myelin basic protein (MBP), total and phospho Tau, 𝝰II-spectrin breakdown 

products, and neuron specific enolase (NSE) [100](kevin wang, agoston). These protein 

biomarkers are indicative of TBI pathophysiologies like neuronal cell body injury, 

neuronal cell death, astroglial injury, axonal injury, white matter injury, post-injury 

neurodegeneration, and post-injury autoimmune response [7,100]. Figure 1.9. illustrates 

the connection between protein biomarkers with temporal changes and the 

pathophysiology of TBI.  

 

  

Figure 1.9. Temporal changes of protein biomarkers in different phases and 

pathophysiology of TBI [100]. 

 

Small molecule biomarkers’ use in TBI investigation has gained a lot of interest 

recently due to the identification of the involvement of many small molecules in the 

biochemical and metabolic changes initiated by TBI [93,98,99]. Such involvements may 
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include mitochondrial dysfunction, oxidative stress, lipid peroxidation, 

neuroinflammation, and neurotoxicity [108]. It has been reported that small molecules 

can move around more freely in and around the injury site after trauma [109], indicating 

that they possibly end up in peripheral fluids. N-acetylaspartic acid (NAA), 5-

hydroxyindoleacetic acid (5-HIAA), 4-hydroxynonenal (4-HNE), F2a-isoprostane (F2a), 

malondialdehyde (MDA), glutathione (GSH), and glutathione disulfide (GSSG) as 

biomarkers all have indirect and direct relationship with oxidative stress [110–114]. The 

exact function of NAA, an abundant neuron residing amino acid derivative in the adult 

brain, is not entirely understood [115,116]. Changes in NAA levels in biofluid and brain, 

for one, have been implicated in neuronal activity and mitochondrial function deficits in 

schizophrenic patients and following traumatic brain injury [117,118]. Additionally, these 

changes may be indicative of intracellular component leakage from neuronal injury or 

death  [115]. Acetyl coenzyme A dependent functions such as energy derivation, lipid 

synthesis, and protein acetylation reactions in different cell population are distinctively 

affected by NAA depletion after TBI [116]. The pathway through which NAA is 

synthesized in the citric acid cycle and used in the brain is depicted in Figure 1.10  

5-HIAA is the primary serotonin metabolite that starts as tryptophan within cells. 

It has been indicted as a marker for neurotoxicity, oxidative stress, neuroinflammation, 

diseases of malabsorption, and inborn errors of metabolism [114,119,120]. In 

neurological disorders, 5-HIAA’s reduction may be indicative of reduced production or 

increased reuptake of serotonin from neuronal synapse [121]. Urinary and biofluid 5-

HIAA is especially useful in monitoring chronic appendicitis [122], acute kidney injury 



 

 

30 

[114], and neurological disorders [121]. Figure 1.11. shows 5-HIAA synthesis in the 

tryptophan metabolic pathway. 

 

 

Figure 1.10. Proposed schematic of NAA synthesis in neuronal mitochondria. Dashed 

lines show α-ketoglutarate pathway through GDH that is bypassed by synthesis 

through AAT (aspartate amino-transferase). As more pyruvate enters the cycle NAA 

synthesis is increased, aspartate export from mitochondria is decreased and NAA 

export is increased [116]. 

 

Multiple cellular processes including cell differentiation, proliferation, and 

apoptosis utilize a tripeptide GSH as essential [124,125]. GSH homeostasis results in 

redox imbalance that has been implicated in the etiology and/or progression for numerous 
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diseases [124]. GSH is important in the pathophysiology, combating, and understanding 

of the complex process of oxidative stress from TBI and other diseases [124,125]. 

 

 

Figure 1.11. The tryptophan metabolic pathway [123]. 

 

Additionally, GSH homeostasis is maintained under normal conditions by 

controlling GSH synthesis rates and exports from the cells [124]. Low intracellular GSH 

levels indicate reduced antioxidant capacity, while higher GSH levels indicates increased 

antioxidant capacity against oxidative stress [124]. Biosynthesis of GSH in the cytosol is 

tightly regulated and controlled by the availability of rate limiting sulfur amino acid 

precursor (cysteine) and the activity of the rate limiting enzyme, glutamate cysteine 

ligase (GCL) [125]. Additionally, GSH synthesis can be carried out by the enzyme GSH 

synthetase [125]. GSH activity works in a redox cycle in which GSH converts into GSSG 

upon oxidation, largely catalyzed by GSH peroxidase (GPx) enzyme and GSSG produced 
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can be converted by to GSH using NADPH as substrate by GSH reductase enzyme 

[56,124,125]. Incidentally, GSH, GSSG, and a ratio of GSH to GSSG can be used as 

biomarkers to monitor disease states and redox health status of oxidative stress 

characterized diseases [56]. Some antioxidant therapy strategies aimed at counteracting 

oxidative stress involves the use of GSH-prodrugs like NAC and γ-glutamylcysteine 

ethyl ester to confer neuroprotection [126]. Glutathione synthesis and catabolism is 

described in Figure 1.12. 

 

 

Figure 1.12. Major pathways of glutathione homeostasis in mammalian cells. (A) 

Synthesis, (B) Catabolism, (C) Compartmentation and export, and (D) Redox and 

conjugation reactions [124]. 
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1.2.8. Peripheral Fluids and Brain Biomatrices for TBI Investigation. 

Peripheral fluids like CSF, blood and urine become connected to brain activities intimately 

at a biochemical and molecular level in disease conditions [93,127]. In disease conditions, 

the glymphatic system and BBB breakdown may be responsible for transporting TBI 

biomarkers into peripheral blood [101,102]. BBB disruption causes extravasation of 

metabolites and protein into the blood and consequently into urine [7]. This makes the 

investigation of the brain and peripheral fluids ideal for understanding how the changes 

occur as a result of injury and hopefully may help in studying treatment efficacy of TBI. 

Use of peripheral fluid would offer the advantage of using easily collectible minimally 

invasive fluids for TBI diagnosis [7], thereby relieving stress and pain on victims during 

biological sample collection and ensuring faster diagnosis time for better recovery 

outcomes. Use of these fluid-based biomarkers may also be a cheaper option to 

neuroimaging-based diagnosis. One limitation to the use of peripheral biofluids markers is 

that the mechanism through which brain interstitial fluid molecules are transferred into 

peripheral circulation are not well understood and highly complex. Additionally, this 

transportation across the BBB is largely dependent on solubility, molecular weight, and 

size of protein or molecule [7].  

1.2.9. GSH-Prodrugs NAC and NACA. TBI treatment, which is primarily 

focused on guidelines and symptom management, may not be well suited for combatting 

the disease [6,128]. Alternatively, targeting specific mechanisms of injury or a 

combination can be useful in finding effective therapies against TBI [129]. One particular 

mechanism of interest is oxidative stress, characterized by redox imbalance. This 

secondary mechanism of TBI can be counteracted with the use of antioxidants and 
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medicinal thiols to improve redox homeostasis [18,78,130–132]. Figure 1.15 from Pfaff et 

al., shows different mechanisms of action of medicinal thiols.  

 

 

Figure 1.13. Different roles of medicinal thiols [78]. 

 

A medicinal thiol drug that fits well into this narrative is N-acetylcysteine (NAC- 

2,3-meso-dimercaptosuccinic acid), which is an FDA-approved GSH prodrug and ROS 

scavenger used to combat oxidative stress induced by acetaminophen poisoning [78]. 

However, NAC’s action against oxidative stress is limited by its low bioavailability, 

which leads to higher dosage [78,133]. This limitation was addressed by the synthesis of 

N-acetylcysteine amide (NACA) in 1967 [134], an amide derivative of NAC that has 

better bioavailability due to its hydrophobic and lipophilic identity that lets it cross the 

BBB more effectively [135]. The structure of NAC and NACA is shown in Figure 1.16., 

also, Figure 1.17 shows NACA’s mechanism of action.  
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Figure 1.14.The structures of (A) N-acetylcysteine and (B) N-acetylcysteineamide [57]. 

 

 

Figure 1.15. Mechansim of action of NACA [136,137]. 
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1.2.10. Animal Models of TBI. Cellular and metabolic deviation from 

physiological homeostasis that causes physiological components to perform their 

functions sub-optimally is the cause of disease in humans and animals alike [138]. In 

research, in-vitro studies, including cell-based assays and tissue culture studies, are used to 

investigate disease mechanisms, and they provide invaluable pathological information 

[138]. However, they fail to account for the complex physiological conditions and 

interactions between different cell types of tissues and organs [138]. On the other hand, 

animal disease models address these concerns as they are used to unravel different disease 

mechanisms in physiological and pathological conditions similar to humans [138,139]. 

Animal models are useful for understanding disease mechanisms and treatment and for 

prevailing over clinical trial limitations in human subjects [138].  Historically, animal 

models use dates back to the fourth century B.C. when Williams Harvey used animals in 

the 1600s to describe the blood circulatory system [138]. Additionally, notable scientists 

Louis Pasteur (credited as the father of immunology and the pasteurization process [140]) 

and Emil von Behring (who developed therapies for diphtheria and tetanus [141]) were 

recorded to have used animal models for experiments and hypotheses proving [138]. 

Modeling the multitude of dynamic forces of DAI acting on the structurally complex 

human brain is difficult, and as such, in selecting animal models for TBI, researchers need 

to consider some important anatomical factors carefully [31,33]. Brain folds and shape in 

studying TBI are very important considerations to achieving accurate modeling. Animal 

models are classified as gyrencephalic (non-human primates, porcine, canines, and 

whales) and lissencephalic models (typically rodents) based on the type of brain-fold they 

have [33]. The gyrencephalic models most closely represent human brain anatomy and 
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physiology. However, the categories of animals in this model are not easy to handle 

during experiments and are economical [33]. Alternatively, the lissencephalic models, 

which comprise murinae that are small and easy to handle, are most preferred by 

researchers due to their reproducibility, economy, and capacity for titration of injury 

magnitude [33,142,143]. In addition, murine share some anatomical, physiological, and 

genetic similarities to humans, making them ideal for studying the pathophysiology of 

human-centric diseases [144]. In studying TBI, it is crucial to consider the brain as a 

semisolid of heterogeneous densities and composition that, when force is applied, is 

deformed in a manner consistent with its plasticity, elasticity, and viscosity [33,145]. 

Mechanical injury may be induced by a direct or indirect force that may be focal or diffuse 

with different severity. Additional variability exists in these two primary modes. For 

example, direct force may be from a penetrating or blunt force, while indirect force may 

be from blast overpressures or inertial acceleration/deceleration head trauma movement 

[33]. In inducing non-blast TBI, controlled cortical impact, impact acceleration, and fluid 

percussion models are used [33]. However, explosive blast injuries common in the 

military population require a model that is closely associated with blast neurotrauma. 

Certain researchers use compressed gas blast-tubes; however, this may not accurately 

represent heat and toxic organic compounds containing exhaust that are impacted on the 

subject in real-life scenarios [33]. Open-field blast models have been developed to 

simulate blast neurotrauma to create blast pressure and overpressures enough to induce 

mild to severe blast neurotrauma and replicate real-life effects and blast physics in the 

rodent models [22]. Figure 1.14. shows the different modes of injury animal models are 

induced with TBI. 
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Figure 1.16. Experimental models of traumatic brain injury used in simulating DAI in 

lissencephalic animals. (a) controlled cortical impact, (b) impact acceleration, (c) 

fluid percussion, (d) compressed gas blast tube [33]. 
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Finally, fresh approaches to understanding [17] blast overpressure injury 

mechanisms are critical in establishing in vivo markers of damage unique to blast [30]. 

Bryden et al. recommended strategic performance of further research in areas of 

modeling, scaling, and head-only or combined body injury. In this study, we utilized 

open-field explosive injury in murine models to closely simulate the injury military 

personnel are exposed to in training and combat. 

1.2.11. Analytical Techniques for Small Molecule Metabolites. The importance 

of small molecule biomarkers in disease diagnosis and treatment design cannot be 

overstated. These metabolites depict the “composite output” of the cellular machinery that 

accounts for proteomic, genomic, and transcriptomic variability, and thus, they closely 

represent the changes to cells, tissue, or organism that are triggered by a disease process 

[97]. Furthermore, techniques with high specificity and sensitivity are used to analyze 

these metabolites of interest in a field of studies referred to as metabolomics [97]. 

Currently, high throughput and highly sensitive analytical tools capable of detection and 

quantification of low concentrations of metabolites, enable the analyst to follow 

pathological changes with metabolite alterations and compare them with normal states or 

different pathological processes [93]. A typical metabolomic experiment operates in four 

parts: 1.) sample acquisition and preparation, 2) analyte separation and detection, 3) data 

mining and collection, and 4) data analysis and proofing [97]. The most common 

platforms with enough sensitivity and specificity used in metabolomics are nuclear 

magnetic resonance (NMR) and mass spectrometry (MS) [93]. Both techniques are 

capable of reproducible high-throughput measurement of a large number of metabolites 

[93]. MS and NMR-based analytical platforms have enabled the separation, 
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characterization, detection, and quantification of a wide variety of chemical structures 

[97]. Additionally, integrating bioinformatic techniques with these metabolomics yields a 

high throughput of analysis of metabolites and data read-out to understand disease process 

pathology better[97]. 

NMR spectroscopy operates on the principle of nuclei resonating in a magnetic 

field at a frequency specific to that nuclei. So, when a compound is placed in a magnetic 

field, isotopes within the compound (e.g., 1H, 13C, 14N, 15N, 17O) absorb the radiation and 

resonate at a frequency dependent on its position in the small molecule [97,146]. The 

resultant data is an NMR spectrum comprising a collection of peaks at different positions 

(chemical shifts) and intensities, with each compound having its unique pattern [97]. In 

contrast to MS, NMR is non-discriminating (detecting any compounds with protons, 

carbon, nitrogen, or oxygen), non-destructive during analysis, and requires minimal or no 

sample preparation [97]. However, its limitation lies in its low sensitivity, which results 

in the omission of low abundance metabolites in NMR-based approaches[97,147]. This 

has led to a preference for MS-based techniques to NMR-based techniques for 

metabolomic studies [97,148].  

MS as a standalone is a powerful technique and can be used to run untargeted and 

targeted metabolomics. However, for optimal specificity and sensitivity [97,149], MS is 

routinely coupled with gas chromatography (GC) or liquid chromatography (LC), which 

helps to separate the analyte of interest from the matrix component and, in turn, improve 

the analysis. This makes analyzing complex biomatrices like biofluids and tissues easier 

to analyze. GC is ideal for the separation of volatile compounds such as fatty and organic 

acids, while LC is ideal for separating non-volatile compounds [97]. The working 
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principle of MS-based identification of analytes involves sample injection, separation, 

ionization, mass analysis, data acquisition, data analysis, and metabolite identification 

[97]. Typical MS workflow is outlined in Figure 1.13.  

 

 

Figure 1.17. Descriptive workflow for mass spectrometry based metabolomic analysis 

[97]. 

 

After separation by LC or GC, the biomolecules are ionized, and the mass-to-

charge (m/z) ratio is derived by parent ion fragmentation in the MS. Read-out data is 

acquired as a full scan mass spectrum of the target analytes [97]. Ionization techniques 

like chemical ionization (CI) and electron impact ionization (EI) have made it possible to 

detect and quantify target analytes at sub-femtomole levels [97]. In addition, the 

development of the soft ionization technique electrospray ionization (ESI) has made LC-

MS coupling possible [97,150,151]. The MS mass analyzers could also be oriented in 
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series to give tandem MS (LC-MS/MS), a combination of different mass analyzers, 

including triple quadropole, ion-traps, orbitraps, and/or time-of-flight (TOF) [97]. MS 

limitations lie in the destructive nature of some ionization techniques, discriminative 

nature (not all samples can be ionized under a specific set of conditions, and ion source 

polarity may have to be modified), and it requires extensive sample preparation that may 

result in metabolite loss and cost in time and resources [97]. 

Untargeted metabolomics is used by researchers to generate hypotheses and 

discover biomarkers in a way that raises research questions [97]. It is casually referred to 

as “unbiased or nondirectional metabolomics.” The ultimate goal is possible metabolite 

detection of an ample amounts in a biomatrix to classify phenotypes based on metabolite 

patterns or interaction [97]. In contrast, targeted metabolomics are hypothesis-driven to 

confirm untargeted studies or validate essential biological pathways [97]. This has caused 

it to be referred to as “biased or directed metabolomics” or “metabolomic profiling.” It 

involves the predetermination of metabolite sets or classes of specific chemicals of small 

molecules like lipids and tricarboxylic acid cycle metabolites [97]. Finally, other 

analytical instrumentation used in metabolomics may include Fourier transform infrared 

spectroscopy and capillary electrophoresis [152]. Here, we utilized targeted 

metabolomics to study biomolecules that have been hypothesized to be involved in the 

pathophysiology of TBI to understand their diagnostic potential and response to 

antioxidant therapy.  
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1.3. RESIDUAL SOLVENTS IN PHARMACEUTICAL PRODUCTS 

In the drug product manufacturing process, solvents are utilized at major stages of 

production as synthesis catalyst or vehicles, purification, and formulation of excipients 

and active pharmaceutical ingredients (APIs) [153,154]. Yield and physicochemical 

properties of the synthesized API and excipients during the manufacturing process may 

be enhanced by appropriate selection of solvent [153]. However, after usage some of 

these solvents offering no therapeutic benefits may be retained in the final drug products 

and they are hard to get rid of completely [153,154]. Residual solvents (RS) as the 

retained solvents are called, are present in varying concentrations in these drug products, 

and they should be removed to a possible extent to meet safety standards [153,154]. The 

presence of these RS has adverse effects on the quality and durability of the product 

during packaging, storage, and transportation [155]. More importantly, they may lead to 

adverse health consequences based on their toxicity, thereby defeating the objective of 

drugs for addressing disease states [155]. In addition to adverse health consequences 

posed by these RS, they also contribute to environmental depletion [154]. To control and 

regulate the amount of residual solvent that is permissible for human use owning to 

having no or tolerable risks, regulatory bodies ICH (The International Council for 

Harmonisation of Technical Requirements for Pharmaceuticals for Human Use) and USP 

(United States Pharmacopeia) have set limits that are generally agreed upon by 

manufacturing and other regulatory bodies [153–155] alike for how much of these RS 

can be tolerated based on three classes notably As described in Table 1.2. [153,154]:  

Class one- These solvents should be avoided in the production of drug substances, 

excipients, or drug products unless risk-benefit assessment can be used to justify their 
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usage. Their lists include known and suspected human carcinogens and environmental 

hazards.  

Class two- These solvents are associated with less severe toxicity and should be 

limited to protect patients from adverse effect potential. They include solvents suspected 

of significant but reversible toxicities, non-genotoxic animal carcinogens, causative 

agents of irreversible neurotoxicity and genotoxicity.  

Class three- These solvents should be used only in practical situations. They are 

known to have low toxic potential to humans, and no health-based exposure is needed for 

them.  

 

Table 1.2. Classification of residual solvents by ICH [154]. 

Class 1  Class 2  Class 3 

Solvent 

Limit 

(ppm) 

 Solvent 

Limit 

(ppm) 

 Solvent 

Limit 

(w/w%) 

Benzene 2  Acetonitrile 410  Acetic acid 0.5 

Carbon 

Tetrachlroide 

4  Chlorobenzene 360  Acetone 0.5 

1,2-Dichloroethane 5  Chloroform 60  Anisole 0.5 

1,1-Dichloroethene 8  Cumene 70  1-Butanol 0.5 

1,2-Dichloroethane 1500  Cyclohexane 3880  2-Butanol 0.5 

   

Cyclopentyl 

methyl ether 

1500  Butyl acetate 0.5 

   

1,2-

Dichloroethene 

1870  

tert-Butylmethyl 

ether 

0.5 

        



 

 

45 

Table 1.2. Classification of residual solvents by ICH [154]. (Cont.) 

Class 1  Class 2  Class 3 

Solvent 

Limit 

(ppm) 

 Solvent 

Limit 

(ppm) 

 Solvent 

Limit 

(w/w%) 

   Dichloromethane 600  

Dimethyl 

sulfoxide 

0.5 

   

1,2-

Dimethoxyethane 

100  Heptane 0.5 

   

N,N-

Dimethylacetamid

e 

1090  Isobutyl acetate 0.5 

   

N,N-

Dimethylformami

de 

880  Isopropyl acetate 0.5 

   1,4-Dioxane 380  Methyl acetate 0.5 

   2-Ethoxyethanol 160  

3-Methyl-1-

butanol 

0.5 

   Ethylene glycol 620  

Methylethyl 

ketone 

0.5 

   Formamide 220  

2-Methyl-1-

propanol 

0.5 

   Hexane 290  

2-

Methyltetrahydrof

uran 

0.5 

   Methanol 3000    

   2-Methoxyethanol 50    

        



 

 

46 

Table 1.2. Classification of residual solvents by ICH [154]. (Cont.) 

Class 1  Class 2  Class 3 

Solvent 

Limit 

(ppm) 

 Solvent 

Limit 

(ppm) 

 Solvent 

Limit 

(w/w%) 

   

Methylbutyl 

ketone 

50    

   

Methylcyclohexan

e 

1180    

   

Methylisobutylket

one 
4500    

   

N-

Methylpyrrolidon

e 

530    

   Nitromethane 50    

   Pyridine 200    

   Sulfolane 160    

   

Tertiary-butyl 

alcohol 

3500    

   Tetrahydrofuran 720    

   Tetralin 100    

   Toluene 890    

   

1,1,2-

Trichloroethene 

80    

   Xylene 2170    

 

1.3.1. Residual Solvent Monitoring. The most appropriate and widely used 

methods for qualitative and quantitative RS determination are static and dynamic 
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headspace gas chromatography and USP 23 <467> Organic Volatile impurities [155]. 

Alternatively, sampling using solid phase micro-extraction (SPME) and high-pressure 

liquid chromatography may be used in place of headspace sampling and gas 

chromatography. Detectors are imperative in any chromatography technique, and RS 

analysis may be detected by mass spectrometry (MS), Fourier transform infrared 

spectroscopy (FTIR), and flame ionization detectors (FID) [156–159]. Incidentally, static 

headspace gas chromatography coupled with flame ionization detectors (FID) is the most 

popular and recommended instrumentation used for RS analysis [153,154,160,161]. These 

techniques, although effective, still lapse in terms of cost, complexity, and size of 

instrumentation, [161,162] which can be a disadvantage in the fast-paced pharmaceutical 

drug product manufacturing industry. A solution to these problems will be the availability 

of cost-effective, selective, sensitive, easy-to-use, and miniaturized instrumentation [163] 

which fits the description of the Novatest P100 gas chromatography-photoionization 

detector (GC-PID) with online preconcentration. This instrument is a miniaturized 

combination of gas chromatography and photoionization detection that can easily satisfy 

the demand for versatilite, portable, and convenient instrumentation. Additionally, there 

are GC methods and procedures developed and described by the USP for RS analysis 

[153].  

1.3.2. Miniaturized Instruments. Historically, desire to miniaturize has yielded 

the development of more powerful devices than was existent initially [164]. For analytical 

instrumentations, development of “lab-on-a-chip” techniques, micro- and nano- scale 

chromatography systems, and enhanced professional “point of care” devices were heavily 

influenced by the desire for smaller and portable instrumentation than what was originally 
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available [164]. Miniaturized instrumentation has the advantage of ease of movement of 

equipment to/from the laboratory to be deployed for field testing or in a different area of a 

manufacturing process that may require analysis of such instruments [164]. This ease of 

movement reduces the risks of sample manhandling and contamination [164]. 

Additionally, for chromatographic instrumentation, reduced fluid volume requirement 

from reduced overall instrumentation size subsequently reduces sample size, analysis 

time, reagent volume, and operational costs [164]. Also, the miniaturization of 

photoionization detectors can help develop improved gas analyzers through reduced 

resource consumption and enhanced sensitivity from the portability [165]. Miniaturized 

GC-PID has been shown to achieve commendable gas separation and detection reliability 

for residual solvent mixtures [166]. Also, if there is a desire for lower detection limits, 

additional preconcentration step can be added to the set-up to preconcentrate the sample 

before injection into the instrument [166]. Photoionization detectors (PID) can be 

miniaturized while still retaining comparable sensitivity of RS with bulky PID and other 

detectors.  

1.3.3. Portable GC-PID System. The growing demand for convenience and 

versatility by academic and private researchers has led to the shrinkage of the GC to be 

better and improved [163]. Conventional GC is a very powerful and useful analytical 

technique; however, in the need to deploy it for field analysis, it is impractical due to its 

size [167]. The onset of micro-electromechanical systems (MEMS) technique 

development has led to further miniaturization of the portable GC to obtain microsized 

instruments that are easy to use and suitable for field deployments [168]. GC-PID is 

commonly used for the detection of volatile organic compounds (VOCs) or RS to prevent 
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environmental pollution or RS toxicity. Rapid detection of these volatiles is a necessity in 

a number of lab and on-site settings raising the need for field deployable, high precision, 

and portable GC-PID system for real time monitoring of volatiles [167].  Miniaturized 

versions of the GC with micro-GC column and micro pre concentrator coupled with a 

mini PID will have the advantage of small volume requirements, rapid analysis, low 

power consumption, and cost compared with conventional GC systems [167]. The 

miniaturized GC system usually comprises an injection unit, a micro preconcentrator, a 

micro-GC column, and a mini PID [167], as shown in Figure 1.18.  

 

 

Figure 1.18. A schematic representation of a typical miniaturized GC system architecture 

[167]. 

 

1.3.3.1. Sampling and injection. The successful outcome of a GC analysis is 

dependent on the sampling technique employed. Monitoring of volatile and semi-volatile 

compounds is ideal for the GC system [169]. However, the source of these kinds of 

compounds may be from gaseous, liquid, or solid samples [169].  Samples can be 

prepared in Tedlar® bags or GC vials for analysis. The liquid injection uses a needle to 
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introduce volatile and semi-volatile analytes into the GC through an injection port 

preheated to the initial column temperature [170]. Direct sampling injection is useful for 

small liquid or solid samples that can fit into a sample cup attached to a heating probe 

and be directly inserted into the GC-MS ionization chamber, bypassing the GC-column; 

the heat applied ionizes the sample [170]. In the SPME method, a polymeric stationary 

phase-coated fiber core needle that can be directly inserted into liquid samples or sample 

headspace is used for the adsorption of analytes [170]. In direct thermal desorption 

sampling, solid samples are directly filled into thermal desorption tubes that are heated to 

release or desorb the volatile analytes via thermal desorption into the GC system [170]. 

Similarly, in thermal desorption sampling, volatile analytes from thermal desorption 

tubes filled with large volumes of gas are released into the GC system through heat 

desorption via an adsorbent trap system [170]. Optionally, the static headspace method 

for detection of volatile analytes involves preheating liquid samples in an incubating 

chamber within the autosampler. Pre-heating results in free equilibrium movement of 

dissolved components between the liquid phase and gas headspace, and the higher 

incubation chamber temperature causes the more volatile components to converge in the 

gas phase due to an equilibrium shift [170]. Finally, the dynamic headspace method or 

purge-and-trap method employed by portable GCPID systems is an advanced form of 

headspace injection with greater accuracy than the static headspace method. In this 

method, a purge gas is introduced into a sample, and the volatile target analytes are 

carried to an adsorbent trap for concentration in the pre concentrator [170]. Heating the 

trap releases the volatiles into the GC system through a process known as desorption 

[170]. Supply of the sample to the pre-concentrator or GC column is carried out by the 
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injection unit [167]. Injection modes usually employed in GC systems may be split 

injection (sample portioned in a specified ratio), splitless injection (entire sample 

introduced into the column by carrier gas), on-column injection (sample introduced 

directly into the column with a thin injection needle), and programmed temperature 

vaporizer [169,171].  

1.3.3.2. Preconcentration. Upon injection, the sample is supplied to the 

preconcentrator, a sampling and concentrating device that can significantly improve GC 

system detection limits by 1~3 orders [167]. Existing analyte detection methods do not 

always satisfy sensitivity needs. However, preconcentrators help increase sensitivity by 

increasing the concentration of analytes via adsorption/ desorption phenomena in an 

adsorbent medium [172]. Preconcentrators' sensitivity increase characteristic has granted 

the ability to miniaturize instruments for portability [172]. The operation principle of 

prconcentrators occurs in 3 stages [172]: 

1. Room-temperature adsorption of gas or vapor molecules. 

2. High-temperature desorption of adsorbed molecules and consequent 

injection into the sample unit connected to a detector. 

Room-temperature cooling of the preconcentration in preparation for the 

subsequent sampling and analysis. 

Preconcentrators are usually coupled with GC for analyte separation, and it is 

popular due to its allowance for miniaturization of the GC [172]. The type of adsorbent 

used in preconcentrators plays a vital role in its performance[173]. As there is no “one 

size fits all” for preconcentrator adsorbent material, an ideal adsorbent material must 

possess strong analyte selectivity, large porosity, and a large adsorption capacity [173]. 
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Carbonaceous materials are the most studied and popular preconcentration materials due 

to their ease of preparation, low cost, and availability [173]. Other precontration materials 

used include metal-organic framework, polymers, and silicon-based materials that require 

more preparation resources, causing them to be less used in experiments than the 

carbonaceous materials even though they may possess better quality and properties [173]. 

The preconcentration techniques may also be classified as same-directional and opposite-

directional flow during the loading and unloading/desorption of the analyte [173]. Our 

study used the same direction flow pattern on the preconcentrator. Figure 1.19. shows the 

working principle of the portable GCPID system employed in this research. In the first 

stage of analysis, the blue route is open, and the green route is closed, air is pumped into 

the system as ambient air or from a device connected container by the sampling unit. 

Volatiles in the sample are trapped by the preconcentrator and the sample excess is 

vented out of the system. In the second phase of analysis, the green route is open, and the 

blue route is shut, the preconcentrator heats up instantly to desorb trapped analytes and 

the carrier gas carries the chemicals from the trapping unit into the GC separation unit 

and the detection unit [174]. 

 

 

Figure 1.19. Working principle of a Novatest P100 GCPID system [174]. 
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1.3.3.3. Separation. Separation of complex gaseous mixture components of 

volatile and semi-volatile compounds introduced into the column from the 

preconcentrator after desorption is carried out by the interaction between the stationary 

phase and the gaseous component being carried towards the detector by a carrier gas, 

usually an inert gas, [167]. The types of stationary phases and length of columns used in a 

GC play a vital role in the overall selectivity of the instrument. GC improves the 

sensitivity of PID due to the use of small sample sizes required and compound separation 

efficiency, making it a powerful technique in analytical chemistry [175]. 

1.3.3.4. Detection.  A photoionization detector (PID) quantifies chemicals in gas 

samples using the ionization of gaseous compounds by light as a working principle [165]. 

The main components of a PID are the ionization source, electrodes, and ionization 

chamber [165]. The light is generated by PID lamps used as a light source, and it 

generates energy in electron volts [165]. When gaseous compounds interact with the 

lamp, only the compounds with ionization potentials less than the energy generated by 

the lamp can be photoionized and detected. It is often used to the detect volatile organic 

compounds and some inorganic substances in ambient air [165]. A disadvantage of PID is 

its non-specificity, meaning that it will show a response to all analytes with its ionization 

energy range. This problem is addressed by coupling the PID with a GC that is specific 

[165]. Alternatively, PID as a standalone can quantify Total Organic Volatile Organic 

Compounds (TVOC) concentrations in units of isobutylene equivalent [165]. The high-

energy light source used to enable photoionization often has wavelengths shorter than 

143 nm for chemical species determination [165]. Also, the Classification of the PID is 

based on the ionization source used. In the first type, the ionization source and ionization 
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chamber where ionization occurs are integrated. Plasma is generated in a noble gas such 

as Helium or Argon by a discharge from the ionization source, causing it to be referred to 

as plasma or discharge photoionization detector (D-PID) [165]. In the second type of 

PID, the radiation source and ionization chambers are separated into two distinct spaces, 

causing the ionization chamber to have no fluidic connection to the ionization chamber, 

and it is known as the lamp photoionization detector (L-PID) [165]. Figure 1.20 a and b 

show the element and main components of both D-PID and L-PID, respectively. 

 

 

Figure 1.20. Components of photoionization detectors. A) Plasma or Discharge 

Photoionization Detector (D- PID), where ionization source and ionization chamber 

are integrated. B) Lamp Photoionization Detector (L-PID), where the ionization 

source and ionization chamber are physically separated by a window [165]. 
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1.4. OBJECTIVES 

The objectives of this research work involve the development of HPLC-MS/MS 

methods for monitoring potential TBI biomarkers and investigating the therapeutic 

efficacy of antioxidant therapy using NACA against blast-induced TBI. Secondly, the 

other objective entails the development of portable GC-PID methods for residual solvent 

monitoring in pharmaceutical drug products.  
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ABSTRACT 

Traumatic brain injury (TBI) poses an immediate public health concern, as it 

affects a substantial portion of the population, especially veterans. Milder forms of 

closed-head TBI can often go undetected with conventional diagnostic methods, 

increasing the likelihood and severity of long-term effects. TBI initiates a cascade of 

neurochemical changes; a sensitive small-molecule biomarker panel that monitors such 

changes would facilitate the investigation of new approaches to diagnosis and treatment. 

Therefore, two high performance liquid chromatography with tandem mass spectrometry 

(HPLC-MS/MS) methods were developed and validated to analyze six potential small-

molecule TBI biomarkers in rat plasma, urine, and brain tissue at sub-ppb levels. These 
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levels include glutathione and its oxidized form glutathione disulfide, which reflects 

tissue redox status altered by the surge of reactive oxygen and nitrogen species after TBI. 

Other potential biomarkers were investigated, including lipid peroxidation byproducts 

F2a-isoprostane and 4-hydroxynonenal, along with neurotransmitter metabolites N-

acetylaspartic acid and 5-hydroxyindoleacetic acid. Analyte stability during storage and 

handling was drastically improved by incorporating a derivatization step and oxidation 

inhibitor. The methods developed in both positive and negative ESI modes yielded 

excellent sensitivity, linearity, accuracy, and reproducibility upon application to urine, 

plasma, and brain tissue samples obtained from healthy rats. Finally, the method was 

successfully applied to samples obtained using an open-field blast model of TBI in 

rodents, and it revealed significant blast-related changes in several of the selected 

biomarkers.  

Key words: Traumatic brain injury, HPLC-MS/MS, biomarkers, urine, plasma, 

brain. 
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1. INTRODUCTION 

TBI affects millions of people each year in the US alone, with 61,000 deaths 

recorded in 2017 [1, 2]. Closed-head TBI can occur when the brain is subjected to 

physical insult inside the cranium from a blow, rapid change in momentum (whiplash), or 

explosive blast. The resulting pressure and shear stress on brain tissue can disrupt blood 

flow and physically damage neurons and glia, leading to altered brain function. TBI 

remains a primary cause of death and disability within the military and civilian 

populations alike [3, 4], with the former mainly being affected by explosive blast 

overpressures from improvised explosive devices (IEDs) or other explosive apparatus [5] 

during training or in war-zones [6, 7].  

Mild TBI (m-TBI) is the most common form of TBI, but it can be challenging to 

detect [8, 9]. Traditionally, TBI is diagnosed after a neurological exam coupled with 

imaging techniques like computerized tomography scans (CT) and magnetic resonance 

imaging (MRI) [7–9]. However, radiographic techniques may be insensitive to milder 

forms of TBI [10] due to the lack of macroscopic structural abnormalities [11, 12]. 

Without adequate symptom management and care, patients with m-TBI are at risk of 

developing more severe TBI upon subsequent insult to the head [9].  Moreover, even 

mild-to-moderate TBI can severely disrupt patients’ physical, emotional, psychiatric, and 

cognitive health [4, 9], especially if left untreated.  Thus, alternative or additional 

diagnostic techniques are needed to detect TBI in cases that might otherwise be 

overlooked [13]. 

Although TBI primarily affects the central nervous system (CNS), sensitive 

analytical techniques like GC-MS [14, 15] and LC-MS [14–16] can detect protein 
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biomarkers of TBI in easily accessible biological fluids [14, 17–19] like urine and plasma 

[11, 14, 20]. A sensitive test using urinary and plasma biomarkers could augment 

conventional tests with minimal additional cost or discomfort for the patient [19], this test 

could also be utilized in animal models of TBI to study the pathophysiologic progression 

and potential therapeutics of the disease. Additionally, when military personnel or 

emergency workers are exposed to a blast or concussive force, there is a dire need for a 

rapid, reliable test for TBI using biological samples that can be collected easily [14, 17, 

19, 21] in the field. Individuals who sustain a TBI could be relieved from duty and 

provided with prompt medical attention, while uninjured individuals could quickly 

resume their normal duties. 

To develop such a test, we selected a panel of small-molecule biomarkers that 

reflect critical biochemical pathways disrupted by TBI. TBI occurs in two stages, primary 

and secondary. Primary injury refers to the mechanical damage to the brain occurring 

immediately upon insult, which is usually irreversible [22, 23]. As the name implies, 

secondary injury encompasses the downstream effects of the primary injury that operate 

at a subcellular and biomolecular level, including ischemia, excitotoxicity, oxidative 

stress, blood-brain barrier disruption, intracranial hypotension, and apoptosis of neurons 

and glia [3, 4, 8, 24, 25] amongst others [22, 23, 26].  These secondary injury processes 

can drastically alter concentrations of certain metabolites in the CNS and systemically. 

Therefore, determination of these compounds in tissue or biological fluids may represent 

a promising approach for detecting and investigating m-TBI.  

Recently, specific small molecules and proteins were identified as possible TBI 

biomarkers with potential diagnostic utility [10, 27–29].  Selected potential TBI 
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biomarkers in this study are shown in Table 1. N-acetyl aspartate (NAA) is the second 

most abundant small molecule in the brain after glutamate [30]. Although the mechanism 

is not fully understood, alterations in brain NAA levels have been linked to mild and 

moderate TBI [31] and other neurological disorders, like Alzheimer’s and Huntington’s 

diseases [10, 30], using analytical techniques like NMR [10, 30] and LC-MS [31]. Levels 

of the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) are reportedly affected 

by fluid percussion-induced moderate TBI [32]. In comatose TBI patients, higher than 

normal CSF concentrations of 5-HIAA may correlate with poorer outcomes [33, 34]. 

Glutathione (GSH) and its oxidized product, glutathione disulfide (GSSG), represent one 

of the most critical physiological redox couples. Relatively high levels of GSH compared 

to GSSG are essential for redox homeostasis in most healthy tissues, with lower 

GSH/GSSG ratios corresponding to oxidative stress in whole blood [35] and serum [36]. 

The lipid peroxidation byproducts 4-hydroxynonenal (4-HNE) and F2α-isoprostane (F2a) 

in urine, CSF, and serum [10, 27, 35] are also elevated following oxidative stress. Due to 

the high proportion of polyunsaturated fatty acids in the brain, increased levels of these 

compounds may indicate TBI [27, 35, 36].  

Here, we developed two high-throughput, sensitive, selective, and robust LC-

MS/MS methods that can detect and quantify the selected potential small-molecule TBI 

biomarkers in a wide array of biological samples, including urine, plasma, and brain 

tissue of rats subjected to open-field blast TBI. Monitoring these analytes in urine [28], in 

addition to plasma and brain, represents a novel approach to investigating TBI. Further, 

the newly developed methods can simultaneously determine all the analytes mentioned 

above, which was not possible using previously available methodology. Consequently, 



 

 

61 

researchers can conveniently monitor thiol redox status, lipid peroxidation byproducts, 

and neurotransmitter-related analytes at the same time. Thus, these methods will find 

wide application in animal models of TBI pathology and treatment, and potentially in 

human studies investigating urine and plasma markers. 

 

Table 1. List of the analytes and the name of pathways of their involvement or 

significance. 

Analyte Abbreviation Molecular Structure 
Metabolic pathway 

or significance 

N-acetylaspartic acid NAA 
 

Aspartate 

5-hydroxyindoleacetic acid 5-HIAA 

 

Serotonin 

Metabolite 

8-isoprostanglandin F2a 

 

Lipid peroxidation 

4-hydroxynonenal 4-HNE 

 

Lipid peroxidation 

Glutathione GSH 

 

Antioxidant 

Glutathione disulfide GSSG 

 

Oxidized GSH 

Creatinine CRT 

 

Hydration-dilution 

Correction 

 

2. MATERIALS AND METHODS 

2.1. CHEMICALS AND REAGENTS 

Analytical grade standards of butylated hydroxy toluene (BHT), creatinine (CRT), 

glutathione disulfide (GSSG), glutathione (GSH), and N-acetyl aspartic acid (NAA) were 
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purchased from Sigma-Aldrich (St. Louis, MO, USA). An analytical grade standard of 5-

hydroxyindoleacetic acid (5-HIAA) was purchased from Acros Organics (Fair Lawn, NJ, 

USA). 4-hydroxynonenal (4-HNE) and F2α-isoprostane (F2a) prepared in MeOAc were 

purchased from Cayman Chemicals, (Ann Arbor, MI, USA). Isotopically labelled 

compounds were used as internal standards (ISs). Glutathione-( glycine-13C2, 
15N) (GSH-

IS) was purchased from Sigma-Aldrich (St. Louis, MO, USA), glutathione disulfide-( 

glycine-13C2, 
15N, GSSG-IS) was purchased from Cambridge Isotopes Laboratories 

(Tewksbury, MA, USA) while N-acetyl aspartic acid-D3 (NAA-IS) was purchased from 

CDN Isotopes (Pointe-Claire, Quebec, CA). Creatinine-D3 (CRT-IS) and F2α-

isoprostane-D4 (F2a-IS) prepared in MeOAc were purchased from Cayman Chemicals 

(Ann Arbor, MI, USA). Analytical grade 5-hydroxyindoleacetic acid-D5 (5-HIAA-IS) 

was purchased from Cerilliant (Round Rock, Texas, USA). LC-MS grade methanol 

(MeOH), acetonitrile (ACN), ethanol (EtOH), and Optima™ LC-MS grade Formic acid 

(FA) were purchased from Fisher Chemical (Hampton, NH, USA). Centrifugal filters (3k 

Da molecular weight cut-off) were purchased from VWR North America (Radnor, PA, 

USA). N-ethylmaleimide (NEM) was purchased from CHEM-IMPEX INT’L INC (Wood 

Dale, IL, USA). Ultrapure water was produced in-house using a Millipore Elix-3 

purification system (Millipore, Billerica, MA, USA). Homogenization was done using a 

bullet blender tissue homogenizer (Next Advance, Troy, NY, USA). 

2.2. STANDARD PREPARATION AND CALIBRATION PROCEDURE 

CRT, NAA, NAA-IS, GSSG, GSH stock solutions (1 mg/mL), and CRT-IS, 

GSH-IS, GSSG-IS stock solution (10 mg/mL) were prepared in 50% (v/v) ACN in water. 
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5-HIAA (1 mg/mL) and 5-HIAA-IS (0.1 mg/mL) stock solutions were prepared in ACN 

and MeOH, respectively. Stock solutions of F2a (5 mg/mL), F2a-IS (0.1 mg/mL), and 4-

HNE (10 mg/mL) were used to prepare working solutions. Working solutions and 

calibration standards for GSH, GSSG, CRT, 4-HNE and their corresponding internal 

standards were prepared in 0.01% FA aqueous solution.  ACN 5% (v/v) aqueous solution 

was used to prepare working solutions for NAA, F2a, 5-HIAA and their corresponding 

internal standards. BHT stock solution of 10 mg/mL was prepared in pure ethanol, and 

100 mM NEM stock solution used for GSH adduct was prepared in ultrapure water. 

Calibration standards were prepared at concentrations of 0.5, 1, 2, 5, 10, 20, 50, 

100, and 200 ng/mL for all analytes. Additional concentrations of 500, 1000, and 2000 

ng/mL were prepared for CRT due to its high concentration in urine samples. Quality 

control standards were prepared at 5 ng/mL and 20 ng/mL for all analytes except CRT, 

for which 50 ng/mL and 200 ng/mL standards were prepared. 

2.3. SAMPLE COLLECTION AND STORAGE 

All animal procedures were approved by the Missouri S&T Animal Care and Use 

Committee. Fifteen-week-old healthy Fischer CDF male rats (Charles River) were used 

for all experiments described in this study. Animals were housed in a temperature- and 

humidity-controlled room with a 12-hr light-dark cycle at the Missouri S&T Animal 

Research Facility. Animals were allowed food (Purina Lab Diet rat chow) and water 

(municipal tap) ad libitum. Animals were deeply anesthetized via intraperitoneal injection 

of ketamine/xylazine. Urine was directly drawn from the bladder with slight pressure. 

Animals were euthanized by exsanguination via cardiac puncture. Blood was collected in 



 

 

64 

heparin-coated tubes and centrifuged (3000 g, 10 min; 4 °C) immediately to separate out 

plasma. Each urine or plasma sample was divided into two aliquots. Upon collection, 10 

mg/mL BHT was added to one aliquot of each urine or plasma sample to give a final 

concentration of 200 µg/mL BHT. To the other aliquot of collected urine or plasma, 100 

mM NEM was added (urine or plasma/NEM = 9:1, v/v), and the mixture was vortexed 

for a few seconds to form the stable GSH-NEM adduct. Whole brains were collected 

immediately following euthanasia. Stabilized urine, plasma, and brain samples were 

frozen immediately in liquid nitrogen and stored at -80 °C until analysis. 

2.4. RAT MODEL OF OPEN-FIELD BLAST TBI  

Twelve animals were divided into two groups: sham (n = 6) and b-TBI (n = 6). 

All animals were transported to the Experimental Mine facility at Missouri University of 

Science and Technology. The blast rats (b-TBI) group was subjected to an open-field 

explosive blast at 2.15 m from a 350 g charge of C4. No explosive was used for the sham 

group. Animals were anesthetized via ketamine/xylazine (80/12 mg/kg body weight, i.p.) 

prior to injury. On the 5th day after injury, animals were deeply anesthetized with 

ketamine/xylazine (i.p.), urine, plasma, and whole brains were collected as described 

above. The open-field blast model of TBI used here was developed and validated 

previously in rodents [37, 38]. 

2.5. SAMPLE PREPARATION FOR HPLC-ESI-MS/MS ANALYSIS 

2.5.1. Urine Sample Preparation. Aliquot 1: The BHT-stabilized urine aliquots 

were used for the analysis of NAA, 5-HIAA, and F2a. After thawing, 10 µL of BHT-
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stabilized urine was mixed with 20 µL internal standard mixture (consisting of 1 µg/mL of 

NAA-IS, 5-HIAA-IS, F2a-IS) and diluted with 970 µL of 5% ACN (v/v) aqueous solution 

for a 100-fold dilution. Diluted urine was passed through diluent-preconditioned 

centrifugal filters (13000g, 35 min) and directly used for HPLC-MS/MS analysis.  

Aliquot 2: The NEM-derivatized urine aliquots were used for the analyses of 

GSH, GSSG, and CRT. After thawing, 10 µL of derivatized urine was mixed with 20 µL 

internal standard mixture (GSH-NEM-IS and GSSG-IS, 1 µg/mL; CRT-IS, 10 µg/mL) 

and diluted with 970 µL of 0.01% FA for a total 100-fold dilution from the original urine. 

After the same ultrafiltration procedure as described above, the 100-fold diluted sample 

was directly used for HPLC-MS/MS analysis of GSH and GSSG. Another 10-fold 

dilution with 0.01% FA was applied prior to analysis of CRT. 

2.5.2. Plasma Sample Preparation. Aliquot 1: The BHT-stabilized plasma 

aliquots were used for the analysis of NAA, 5-HIAA, and F2a. Thawed BHT-stabilized 

plasma was diluted 20-fold by mixing 10 µL of sample, 20 µL of internal standard mixture 

(NAA-IS, 5-HIAA-IS, and F2a-IS, 200 ng/mL) and 170 µL of 5% ACN aqueous solution. 

Diluted samples were vortex mixed and passed through pre-conditioned centrifugal filters 

as described above and directly used for HPLC-MS/MS analysis. 

Aliquot 2: The NEM-derivatized plasma aliquots were used for the analysis of 

GSH, GSSG and CRT. Plasma derivatized with NEM was diluted 100-fold and 

ultrafiltered as described for urine aliquot 2.  GSH, GSSG and CRT were analyzed by 

HPLC-MS/MS without further dilution. 

2.5.3. Brain Tissue Sample Preparation. Whole rat brains were gently rinsed 

with phosphate-buffered saline (pH 7.4) prepared in ultrapure water. Then, each whole 
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brain was crushed with a mortar and pestle under liquid N2 until a homogenous powder 

was obtained. Crushed brain tissue was then weighed into ~50 mg aliquots in 

microcentrifuge tubes. One aliquot was used to determine the dry weight of each brain 

[39], and the other aliquots were used immediately or stored at –80oC until analysis was 

conducted. For analysis, the crushed brain tissue was homogenized in BHT solution to 

extract the analytes into solution for HPLC-MS/MS analysis. About 50 mg of zirconium 

oxide beads (0.5 mm, Next Advance, Troy, NY) and 200 µL of 200 ug/ mL BHT in MQ: 

ACN (1:1) were added to the ~50 mg aliquots of crushed brain tissue in microcentrifuge 

tubes. Homogenization was accomplished using a Bullet Blender Storm (Next Advance) 

in a –20 ˚C freezer to keep samples cold. Samples were homogenized at speed 8 for two 

intervals of 3 minutes each. The resulting homogenate was then centrifuged at 10000g for 

10 mins at 4 °C. Approximately 150 µL of supernatant was recovered after centrifugation, 

of which 90 µL was derivatized with 100 mM NEM (supernatant: NEM = 9:1, v/v). The 

derivatized supernatant was diluted by mixing 10 µL sample, 20 µL of internal standard 

mixture (GSH-NEM-IS, NAA-IS, and GSSG-IS, 9000 ng/mL; 5-HIAA-IS, F2a-IS, 900 

ng/mL) and 870 µL of 5% ACN. Diluted samples were vortexed and passed through pre-

conditioned centrifugal filters as described above and directly used for HPLC-MS/MS 

analysis of 5-HIAA, 4-HNE, and F2a thereafter. Another 10-fold dilution with 0.01% FA 

was made prior to the analysis of GSH-NEM, GSSG, NAA and CRT. Table S1 describes 

the dilution factors used for all analytes in different matrices. Figure. 1 describes a 

workflow from sample collection to HPLC-MS/MS analysis of brain tissue, plasma, and 

urine. 
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Figure. 1 Analysis procedure flow-chart for rat brain, plasma, and urine 

2.6. HPLC-MS/MS METHOD 

A Shimadzu (Columbia, MD, USA) Prominence UFLC system comprising an 

online degasser (DGU-30A3), two pumps (LC-20 AD XR), an autosampler (SIL-20AC 

XR), and a column oven (CTO-20A), connected to a 4000Q TRAP tandem mass 

spectrometer system (AB SCIEX, Concord, ON, CA) was used as described previously 

[28]. Analyst® Software was used for data acquisition and quantitation in this study. All 

analytes in this study were pre-tested using scan mode in both ionization modes (ESI+ 

and ESI-). The optimum mode for each analyte was selected based on ionization 

efficiency. ESI+ was used for GSH-NEM, GSSG, 4-HNE, and CRT while NAA, 5-HIAA 

and F2a were analyzed using ESI- mode. Ion-source parameters such as the ion source 

voltage, ion source temperature, curtain gas, and the ion source gas (GS1 and GS2) were 

determined using flow injection analysis (FIA) and are shown in ESI- (Ion spray voltage, 



 

 

68 

(-4500); Source Temp., (600 oC); Curtain gas (psi), (10); GS1 (psi), (30); GS2 (psi), (40)) 

and ESI+ (Ion spray voltage, (4500); Source Temp., (600 oC); Curtain gas (psi), (15); 

GS1 (psi), (40); GS2 (psi), (40). 

For HPLC-MS/MS analysis of GSH-NEM, GSSG, 4-HNE, and CRT, 

chromatographic separation was achieved using a Synergi™ Hydro-RP column (250 × 2 

mm, 4 μm, Phenomenex, CA, United States) equipped with a Phenomenex 

SecurityGaurd guard cartridge, and mobile phase was delivered at a binary flow rate of 

0.3 mL/min. Mobile phase A was composed of 0.01 % formic acid in ultrapure water 

(v/v), and mobile phase B was composed of 0.01 % formic acid in ACN (v/v). The 

column oven temperature was set at 40 ˚C. Following a 20 μL injection, analytes were 

separated using the following gradient program: mobile phase composition started at 

100% A for 1.0 min, decreased to 20% A from 1.0 to 7.0 min, remained at 20% A from 

7.0 min to 9.5 min, and then switched back to 100% A from 9.5 min to 10.5 min.  The 

system was allowed to re-equilibrate for 4.5 min at 100% A before the subsequent 

injection. For MS/MS detection, scheduled multiple reaction monitoring (SMRM) was 

used, in which mass transitions were monitored within a 1-min window of the retention 

time of each analyte. SMRM was used in the ESI+ method specifically to enhance GSSG 

MS detection sensitivity. 

For HPLC-MS/MS analysis of NAA, 5-HIAA and F2a, chromatographic 

separation was achieved using a Synergi™ Hydro-RP column (150 × 2 mm, 4 μm, 

Phenomenex, CA, United States) equipped with a Phenomenex SecurityGaurd guard 

cartridge, and mobile phase was delivered at a binary flow rate of 0.3 mL/min. Mobile 

phase A was composed of 0.1 % formic acid in ultrapure water (v/v), and mobile phase B 
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was composed of 0.1% formic acid in ACN (v/v). Binary flow rate, column oven 

temperature, and injection volume remained the same as described above for the ESI+ 

method. The method began with a pre-run equilibration of 4 min at 100% A and 

continued with 100% A after sample injection for first 2 min, followed by a linear 

gradient increase to 100% B from 2.0 to 8.0 min. After being held at 100% B from 8.0 to 

10.0 min, it was finally changed back to 100% A from 10.0 to 10.5 min, followed by re-

equilibration at 100% A for 4 min before the next injection. Normal multiple reaction 

monitoring (MRM) was used for MS/MS detection in ESI- mode. 

2.7. DATA ANALYSIS 

Data is represented as the mean ± SEM (standard error of the mean) of 4-6 

animals. Student’s t-tests were used to compare mean biomarker levels between groups 

(blast vs. sham). Values of p < 0.05 were considered statistically significant for analyses 

discussed here. 

3. RESULTS AND DISCUSSION 

3.1. OPTIMIZATION OF MASS PARAMETERS AND HPLC MOBILE PHASE 

Mass optimization was conducted using direct infusion of analytical standards 

with a Harvard Apparatus Pump 11 Elite (Holliston, MA, USA) syringe pump operated at 

0.6 mL/hr. The upper limits of the precursor ion scans (Q1) for each analyte were set to 

150 m/z above the theoretical mass to monitor any formation of possible adduct ions, of 

which none was found. All analytes formed singly charged ions with the Q1 scans, except 

for GSSG which formed an extra doubly-charged ion in the ESI+ mode, as previously 

observed by Wu et al [40]. Product ions and corresponding decluttering potential (DP), 
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collision energy (CE), collision cell exit potential (CXP) were optimized using 

“compound optimization” function of Analyst® Software. The optimized MS/MS 

parameters are shown in Table 2.  Additionally, it was also found that the concentration 

of formic acid influenced signal intensity. For analytes in ESI- mode, optimal sensitivity 

was achieved with 0.1% formic acid, and for analytes in ESI+ mode, a lower 

concentration of 0.01% formic acid gave better performance. The optimum concentration 

of formic acid from direct infusion was further applied in LC mobile phases. 

 

Table 2. MS/MS parameters of standards. DP, declustering potential; CE, collision 

energy; CXP, collision cell exit potential. (Q), quantitation ion pair; (C), confirmation ion 

pair. 

 

ESI Mode 

 

Analyte Ion Pairs (m/z) (DP, V) (CE, V) (CXP, V) 

ESI- 

NAA 
(Q) 174.1/88.3 -40 -22 -3 

(C) 174.1/58.3 -40 -30 -7 

5-HIAA 
(Q) 190.1/146.2 -50 -16 -7 

(C) 190.1/144.3 -50 -28 -7 

F2a 
(Q) 353.2/193.1 -95 -36 -11 

(C) 353.2/309.2 -95 -28 -7 

NAA-IS 
(Q) 177.0/91.3 -50 -24 -3 

(C) 177.0/133.3 -50 -18 -7 

5 HIAA-IS 
(Q) 195.0/151.2 -50 -16 -9 

(C) 195.0/148.3 -50 -30 -7 

F2a-IS 
(Q) 357.4/197.5 -95 -36 -11 

(C) 357.4/313.6 -95 -28 -7 

ESI+ 

4-HNE 
(Q) 157.1/138.9 +36 +15 +4 

(C) 157.1/54.9 +36 +31 +4 

GSH-NEM 
(Q)433.2/304.1 +46 +20 +20 

(C)433.2/201.1 +46 +30 +20 

GSSG 
(Q)613.2/355.2 +91 +30 +11 

(C)613.2/231.0 +91 +49 +14 

CRT 
(Q)114.0/43.9 +56 +29 +6 

(C)114.0/85.8 +56 +17 +6 

GSH-NEM-IS 
(Q) 436.0/307.0 +61 +21 +10 

(C) 436.0/201.0 +61 +31 +12 

GSSG-IS 
(Q) 619.2/360.9 +20 +30 +11 

(C) 619.2/231.1 +20 +49 +14 

CRT-IS 
(Q) 117.0/47.0 +26 +27 +14 

(C) 117.0/43.0 +26 +45 +8 
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3.2. HPLC-MS/MS METHOD VALIDATION 

Performance characteristics for the optimized methods are shown in Table 3. 

Overlaid extracted ion chromatograms from standard mixtures and real samples are 

shown in Figure 2. The methods exhibited good sensitivity with detection limits (LOD, 

S/N ≥ 3) of 0.5 ng/mL for most investigated analytes, except 4-HNE and GSSG which 

were at 5 ng/mL and 1 ng/mL respectively. Limits of quantitation (LOQ, S/N ≥ 10) for 

these methods were also found to be slightly improved or comparable to extant analytical 

methods that have been used to investigate these analytes previously [28, 40]. Analyte 

calibration curves were linear within the concentration range as shown in Table 3 with all 

R2 values (regression coefficient) greater than 0.99. The linearity was not investigated 

beyond the range given.  

 

Table 3. HPLC-MS/MS method performance. 

Analyte 
ESI 

Mode 

 RT 

(min) 

LOD 

(ng/mL) 

Linear range 

(ng/mL) 
R

2
 

NAA 
 

ESI- 

 1.8 0.5 0.5-500 0.9976 

5-HIAA  5.6 0.5 0.5-500 0.9996 

F2a  7.1 0.1 0.5-100 0.9946 

4-HNE 
 

ESI+ 

 

 8.7 5.0 5-500 0.9981 

GSH-NEM  5.7 0.5 0.5-500 0.9996 

GSSG  5.5 1.0 1-500 0.9997 

CRT  2.3 0.5 0.5-2000 0.9982 

 

Spike recovery studies were performed at two levels (low and high) for each 

analyte in each matrix. As show in Table 4, the recovery of all analytes ranged from 86 % 

to 122% in urine, 75.4% to 113% in plasma, and 78% to 119% in whole brain tissue, 



 

 

72 

except for one spiked urine sample with 130% recovery for CRT, possibly due to the 

analyte’s high native concentration in urine.  

 

 

Figure 2. Representative overlaid XIC of a)100 ng/mL standard mixture in the ESI- 

method, b) 100 ng/mL standard mixture in the ESI+ method, c) urinary analytes in 

the ESI- method, d) plasma analytes in the ESI+ method. 

 

Percent RSD for spike recovery experiments ranged from 1.4% to 15% in urine, 

3.7% to 19% in plasma, and 1.4% to 10% in brain homogenate. This further confirms that 

both the ESI+ and ESI- methods performed accurately and reproducibly. Concentrations 

used for spike recovery are depicted in Table S2. 
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Table 4. Spike recovery and relative standard deviation (recovery% ± RSD%, n =3). 

Detailed spike levels for different types of samples are shown in Table S2. 

Analyte 
Spike 

level 

Urine 

% Recovery ± %RSD 

(n=3) 

Plasma 

% Recovery ± %RSD 

(n=3) 

Brain  

%Recovery ± %RSD 

(n=3) 

NAA 

Low 106 ± 8.7 75.4 ± 14.9 104.1 ± 6.0 

High 93.2 ± 7.5 83.4 ± 9.6 99.1 ± 4.0 

5-HIAA 

Low 102.6 ± 15.2 108.1 ± 15.7 97.1 ± 5.7 

High 107.4 ± 6.0 97.7 ± 16.7 87.5 ± 4.9 

F2a 

Low 83.9 ± 6.1 109.3 ± 6.7 113.4 ± 1.4 

High 82.8 ± 10 100.9 ± 4.3 102.3 ± 3.2 

4-HNE 

Low not applied not applied 78.0 ± 2.4 

High not applied not applied 78.0 ± 4.0 

GSH-NEM 

Low 99.0 ± 4.34 87.0 ± 17.6 90.2 ± 2.9 

High 102.4 ± 2.2 95.0 ± 3.7 118.2 ± 10.7 

GSSG 

Low 102.8 ± 13.0 113.0 ± 19.2 119.0 ± 3.1 

High 93.6 ± 8.0 112.0 ± 14.0 111.9 ± 2.6 

CRT 

Low 122.7 ± 8.3 99 ± 13.3 not applied 

High 130.7 ± 1.4 101.0 ± 9.3 not applied 

 

3.3. STABILIZATION WITH ANTIOXIDANT BHT AND DERIVATIZATION OF 

THIOLS 

In the extant literature, antioxidants such as tocopherol, sodium metabisulfite, and 

BHT were used to stabilize oxidation-prone analytes in biological samples [4, 41]. 

Oxidative stress plays an important role in the pathogenesis of TBI, and changes in levels 

of redox-active markers may be key indicators that a TBI has occurred. Following TBI, 
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increased levels of reactive species deplete endogenous antioxidants such as GSH, 

leaving polyunsaturated fatty acids and other biomolecules vulnerable to oxidative 

damage. As a result, byproducts of these reactions, such as GSSG, 4HNE, and F2a, may 

be elevated in the affected CNS tissues and systemically [22, 42]. Thus, these oxidative 

stress markers were investigated as potential biomarkers of TBI for this study. However, 

oxidation can occur in tissue samples under improper storage and processing conditions, 

resulting in artifactually increased levels of oxidative stress biomarkers. Therefore, steps 

were taken to prevent oxidation in tissue samples after collection. To determine lipid 

peroxidation byproducts 4HNE and F2a, BHT was added to prevent further lipid 

peroxidation between sample collection and analysis. BHT is a lipid-soluble chain-

breaking antioxidant that has been employed to prevent lipid peroxidation [43] in 

numerous biological matrices, including zebrafish tissue [44], plasma [41, 44, 45], urine 

[41], and canola oil [46]. 

The ratio of GSH to GSSG is another critical indicator of tissue redox status, with 

levels of GSH exceeding GSSG levels by a significant factor in most healthy tissues [47]. 

Thus, oxidation of only a small fraction of free GSH can drastically impact the 

GSH/GSSG ratio. Therefore, it is critically important to prevent oxidation of GSH during 

sample manipulation. This can be accomplished by blocking the free thiol group to form 

a stable derivative suitable for long-term storage, sample preparation, and analysis. In a 

relatively simple matrix like tear fluid, oxidation of free thiols may be negligible under 

appropriate conditions [40]. In contrast, free thiols in more complex matrices like urine, 

plasma, serum, and tissue may undergo significant and rapid oxidation during routine 

sample preparation and handling. Consequently, the determination of GSH and GSSG in 
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these matrices may necessitate derivatization of free thiols with agents such as NEM [48–

50], 2-vinylpyridine [48, 51], or iodoacetic acid [49, 51] to prevent artifactual oxidation 

[48]. Out of these, NEM exhibits the fastest reaction time with free thiols, and it does not 

need to be removed from the sample prior to analysis, hence its widespread use as a 

derivatization agent in chromatographic and mass spectrometry analysis [48–50] and its 

incorporation into the method was described here. In preliminary experiments, we did not 

derivatize urine, plasma, and brain tissue, and we observed a higher GSSG concentration 

than GSH. Also, GSSG levels increased chronologically as GSH levels decreased, which 

was an indication that GSH was susceptible to oxidization prior to analysis. Others have 

noted the artifactual oxidation of GSH [50], which was conveniently remedied by 

derivatization of the free thiols with a maleimide. Ultimately, stabilization of sample 

matrix with BHT and derivatization of free thiols substantially improved the accuracy 

and reproducibility of the method by eliminating the extraneous effects of oxidation on 

analyte concentrations after sample collection. 

3.4. QUANTITATION OF NATIVE CONCENTRATIONS OF POTENTIAL TBI 

BIOMARKERS IN RAT SAMPLE 

Natural concentrations of analytes (Table 5) in rat urine, plasma, and brain tissue 

were determined using samples collected from healthy rats and subsequently accounting 

for matrix effects through spike recovery tests on the same samples to ensure accuracy 

and precision of the detected concentrations. This was necessary to optimize dilutions 

and sample preparation for each analyte and their collective determination in healthy and 

diseased samples. However, the concentrations of F2a and 4-HNE were less than the 

LOD even at dilutions as low as 5-fold. Although matrix effects increased, these less 
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diluted samples were prepared to detect F2a and 4-HNE for qualitative purposes. Native 

concentrations of NAA (brain tissue [52, 53] and plasma [52]), 5-HIAA (urine [54, 55], 

plasma [56], and brain tissue [57–60]), and CRT (urine [61, 62] and plasma [63]) were in 

agreement with extant literature values. The GSH/GSSG ratio was also within an 

acceptable range for healthy rat biological samples [64, 65]. To the best of our 

knowledge, this study was the first to report native NAA concentrations in rat urine. 

Optional hydration-dilution correction of analyte concentrations was employed in 

this study, and it can be done by urine specific gravity (USG) determination or urinary 

creatinine [66, 67]. However, USG correction requires a sample volume that was 

impractical for this study. Creatinine correction allows for hydration correction regardless 

of sample volume because it can be determined alongside the target analytes using 

HPLC-MS/MS in the same sample. Therefore, creatinine correction was used for 

hydration dilution correction in urine and plasma samples collected from healthy rats as 

shown in Table 5. For brain tissues, concentration of analytes was represented as w/w 

(analyte (ng)/mg of wet tissue). 

3.5. ANALYSIS OF BIOLOGICAL MATRICES FROM TBI RAT MODELS 

To test the real-world performance of the newly developed HPLC-MS/MS 

methods, urine, plasma, and brain tissue were obtained from rats subjected to open-field 

blast injury as described above. Biomarker levels in b-TBI animals were then compared 

to those from sham-injured animals. Statistical analyses indicated several significant 

differences between sham and blast-exposed animals, although the concentrations of 4-

HNE and F2a were below the LOD in all samples, 
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Table 5. Native concentrations of analytes in rat urine, plasma, and brain (n =3). 

Unnormalized Values 

Analyte 
Urine (ng/mL) 

Mean ± SD 
Plasma (ng/mL) 

Mean ± SD 

Brain Tissue 
(ng/mg of wet 

tissue) 
Mean ± SD 

NAA 3102 ± 268.6 68 ± 2.9 1062 ± 82.5 

5-HIAA 4772 ± 171.3 38 ± 2.1 3.3 ± 0.2 

F2a < 0.5 <0.5 < 0.2 
4-HNE not analyzed not analyzed < 2.0 
GSH 208 ± 31.7 6608 ± 995.6 300 ± 10.9 

GSSG 62 ± 6.0 841 ± 128.6 32.8 ± 3.3 
CRT 560,000 ± 109,600 3000 ± 76.3 not analyzed 

Creatinine Normalized values 

Analyte 
Urine 

ng/mg CRT 
Mean ± SD 

Plasma 
ng/mg CRT 
Mean ± SD 

NAA 5.0 ± 0.66 21.9 ± 1.97 
5-HIAA 7.2 ± 0.27 12.2 ± 0.77 

GSH 0.4 ± 0.09 2164 ± 367.50 
GSSG 0.1 ± 0.03 280.2 ± 51.00 
 

In urine, NAA and 5-HIAA were significantly elevated in blast-exposed animals 

compared to controls (p < 0.05). In plasma, the opposite effect was observed for 5-HIAA 

(p < 0.01) which was significantly lower in blast-exposed animals. Plasma NAA was 

slightly decreased in the b-TBI group, but it was not significantly different from the sham 

group (p >0.05). No significant differences in NAA or 5-HIAA levels were noted in brain 

tissue. For GSH-NEM, GSSG, and GSH/GSSG, no significant differences between sham 

and blast-exposed animals were observed in urine or plasma. However, brain tissue 

exhibited key changes in the levels of these redox status biomarkers.  Most notably, GSH 

levels were significantly decreased in the blast-exposed group compared to the sham 

group (p <0.05). Changes in GSH concentration are closely linked to the excitotoxic 
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processes following initial insult [ 67]; the ability to monitor these changes is thus highly 

advantageous for application of this method in TBI models [47, 68, 69]. Neither GSSG 

nor GSH/GSSG changed appreciably in brain tissue under the blast conditions reported 

here (p > 0.05).  

Upon comparison, b-TBI-related changes in biomarker profiles differ 

substantially between the biomatrix studied. Urine and plasma NAA and 5-HIAA varied 

significantly between TBI and sham groups, but not in the brain. Only changes of GSH 

were evident in brain tissue. The apparent discrepancies may be explained in terms of 

blood-brain barrier (BBB) dysregulation resulting from closed-head blast injury [70].  

The permeability of the BBB is tightly controlled by neurovascular endothelial cells 

connected to each other with tight junction proteins. Even when macroscopic physical 

damage to the BBB is minimal, ROS generated during secondary injury processes 

activate matrix metalloproteinases that damage tight junction proteins between the 

endothelial cells of the BBB [71]. This results in an extended period of increased BBB 

permeability for efflux of small molecules like NAA and 5-HIAA [14, 70, 72–74] into 

peripheral fluids. Thus, elevated NAA and 5-HIAA may be present in peripheral fluids 

after recovery of normal homeostatic control in the brain. It is interesting to note that 

increased levels of NAA and 5-HIAA were observed in urine but not plasma at 5 days 

post-blast. However, several studies report that TBI biomarker concentrations tend to 

peak in urine at later time points than in plasma [12]. Further studies are necessary to 

elucidate the time course of the selected biomarkers post-injury. In contrast to NAA and 

5-HIAA post-injury, passive efflux of GSH through the BBB is negligible in healthy 
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controls, and therefore elevated brain GSH levels in these individuals may not be 

reflected in urine or plasma levels. 

 

 

Figure 3. Comparison of normalized analyte concentrations in sham and b-TBI groups. 

Columns represent the mean ± SEM of 4-6 animals. NAA in (a) urine, (b) plasma, (c) 

brain; 5-HIAA in (d) urine, (e) plasma, (f) brain; GSH in (g) urine, (h) plasma, (i) 

brain tissue; GSSG in (j) urine, (k) plasma, (l) brain tissue; GSH/GSSG in (m) urine, 

(n) plasma, (o) brain tissue. * p < 0.05. 
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Increased GSSG after TBI was observed in other studies but was not detected on 

this timescale [69]. It is possible that elevated GSSG was present in b-TBI animals at 

earlier time points in the study and thus not observable in samples taken 5 days after the 

blast.  

Creatinine-normalized plots and data for the test groups are shown in Figure 3 and 

Table 6, respectively. Analysis of uncorrected urine concentrations indicated significant 

differences between b-TBI and sham groups for GSH-NEM and 5-HIAA levels, but no 

significant differences were noted in plasma. Figure S1 and Table S3 report values and 

column plots. 

 

Table 6. Potential biomarker levels (mean ± SD) in rat urine, plasma, and brain 

homogenate for sham rats and b-TBI rats. 

Biological  

Matrix 
Biomarker Sham b-TBI P 

Urine 

NAA§  3.7 ± 1.6 9.9 ± 3.6 0.02* 

5-HIAA§ 6.5 ± 2.4 10.3 ± 1.7 0.02* 

GSH§ 0.5 ±0.2 0.6 ± 0.2 0.6 

GSSG§  0.1 ± 0.03 0.2 ± 0.09 0.2 

GSH/GSSG  3.8 ± 1.0 3.5 ± 1.3 0.6 

Plasma 

NAA§ 26.8 ± 5.7 26.5 ± 7.1 0.9 

5-HIAA§ 12.2 ± 1.0 9.8 ± 0.4 0.006* 

GSH§ 
2011.7 

±583.6 
1863.8 ± 56.7 0.6 

GSSG§ 289.8 ± 43.7 345.4 ± 82.5 0.2 

GSH/GSSG  7.8 ± 2.7 6.6 ± 1.9 0.5 

Brain 

NAA† 249.3 ± 24.8 235.1 ± 33.5 0.3 

5-HIAA† 1.1 ± 0.3 1.2 ± 0.2 0.6 

GSH† 75.9 ± 7.9 51.77 ± 13.3 0.01* 

GSSG† 8.3 ± 0.9 7.1 ± 1.19 0.09 

          GSH/GSSG          9.3 ± 1.6 7.3 ± 1.7 0.1 

§ Normalized with CRT, ng/µg CRT  

†ng/mg of wet tissue 
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4.  CONCLUSION 

In this study, two HPLC-MS/MS methods were developed and validated for 

plasma, urine, and brain tissue analyses. Stabilization and derivatization steps were 

incorporated to facilitate accurate determination of oxidatively labile analytes in complex 

matrices. Additionally, native concentrations for most of the analytes were successfully 

measured in these biological samples, including NAA in rat urine that had not yet been 

reported to the best of our knowledge. Finally, a proof-of-concept study demonstrated 

that the methods were sufficiently sensitive and reliable for quantitation of analytes in 

blast-exposed and sham-injured rats. The analytical methods and subsequent statistical 

treatment revealed significant differences between blast-exposed and sham groups, 

particularly with respect to NAA and 5-HIAA in urine and plasma as well as GSH levels 

in the brain. Such changes likely indicate dysregulated neurotransmission and redox 

status in animals exposed to blast TBI. Based on these results, the HPLC-MS/MS 

methods developed here may find broad application in investigations of potential 

therapeutics or diagnostic approaches. 
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LIST OF ABBREVIATIONS 

CNS- Central Nervous System 

CSF- Cerebrospinal Fluid 

BHT- Butylated Hydroxy Toluene  

NEM- N-Ethyl maleimide 

GSH- Glutathione-reduced 

GSSG- Glutathione-oxidized 

F2a- 8-Isoprotanglandin 

5 HIAA- 5-Hydroxyindoleacetic acid 

4-HNE- 4-Hydroxynonenal 

IS- Internal Standard 

TBI-Traumatic Brain Injury 

NAA- N-acetyl aspartic acid 

CRT- Creatinine 

 

SUPPLEMENTARY INFORMATION 

Table S1. Dilution factor of metabolites in urine, plasma, and brain tissue. 

Table S2. Spiked concentrations for spike recovery test. 
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Figure S.1 Comparison of unnormalized analyte concentrations in sham and b-TBI 

groups. Columns represent the mean ± SEM of 4-6 animals. NAA in (a) urine, (b) 

plasma; 5-HIAA in (c) urine, (d) plasma; GSH in (e) urine, (f) plasma; GSSG in (g) 

urine, (h) plasma; GSH/GSSG in (i) urine, (j) plasma. *Significant at p < 0.05 

Table S3. Mean ± SD of analytes in rat urine, plasma, and brain homogenate for sham 

rats and TBI rats. 

 

Table S1. Dilution factor of metabolites in urine, plasma, and brain tissue. 

Sample 

Matrix 
NAA 5-HIAA F2a GSH-NEM GSSG CRT 4-HNE 

Urine 100x 100x 100x 100x 100x 1000x - 

Plasma 20x 20x 20x 100x 100x 100x - 

Brain  

Homogenate 
1000x 100x 20x 1000x 1000x N/A 20x 

 

Table S2. Spiked concentrations for spike recovery test. 

Analyte Spike level 
Urine  

(ng/mL) 
Plasma  
(ng/mL) 

Brain (ng/mL) 

NAA 

Low 20 10 50 

High 50 50 200 

5-HIAA 

Low 20 5 5 

High 50 20 20 

F2a 
 

Low 20 10 5 

High 50 50 20 

4-HNE 
 

Low not applied not applied 5 

High not applied not applied 20 
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Table S2. Spiked concentrations for spike recovery test. (Cont.) 

Analyte Spike level 
Urine  

(ng/mL) 
Plasma  
(ng/mL) 

Brain (ng/mL) 

GSH-NEM 

Low 5 5 50 

High 20 10 200 

GSSG 

Low 5 5 5 

High 20 10 20 

CRT 

Low 200 5 not applied 

High 500 10 not applied 

 

 

Figure S.1 Comparison of unnormalized analyte concentrations in sham and b-TBI 

groups. Columns represent the mean ± SEM of 4-6 animals. NAA in (a) urine, (b) 

plasma; 5-HIAA in (c) urine, (d) plasma; GSH in (e) urine, (f) plasma; GSSG in (g) 

urine, (h) plasma; GSH/GSSG in (i) urine, (j) plasma. *Significant at p < 0.05 
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Figure S.1 Comparison of unnormalized analyte concentrations in sham and b-TBI 

groups. Columns represent the mean ± SEM of 4-6 animals. NAA in (a) urine, (b) 

plasma; 5-HIAA in (c) urine, (d) plasma; GSH in (e) urine, (f) plasma; GSSG in (g) 

urine, (h) plasma; GSH/GSSG in (i) urine, (j) plasma. *Significant at p < 0.05. (Cont.) 

 



 

 

87 

Table S3. Mean ± SD of analytes in rat urine, plasma, and brain homogenate for sham 

rats and TBI rats. 

Biological  

Matrix 
Biomarker Sham TBI P 

Urine 

NAA§ 2150.3 ± 1077.8 9322.6 ± 5709.4 0.06 

5-HIAA§ 3767.4 ±1860.1 9202.7 ± 3946.8 0.04* 

GSH-NEM§ 192.2 ± 35.6 461.4 ± 205.3 0.04* 

GSSG§ 65.6 ±19.3 145.3 ± 13.0 0.08 

GSH/GSSG 3.8 ± 1.0 3.5 ± 1.3 0.6 

Plasma 

NAA§ 80.26 ± 15.8 85.14 ±15.9 0.7 

5-HIAA§ 36.7 ± 2.3 32.8 ± 5.3 0.1 

GSH-NEM§ 6136.8 ± 1895.8 6479.6 ±1309.2 0.7 

GSSG§ 888.4 ±156.5 956.22 ±144.2 0.5 

GSH/GSSG 7.8 ± 2.7 6.6 ± 1.9 0.5 

Brain 

NAA† 249.3 ± 24.8 235.1 ± 33.5 0.3 

5-HIAA† 1.1 ± 0.3 1.2 ± 0.2 0.6 

GSH-NEM† 75.9 ± 7.9 51.77 ± 13.3 0.01* 

GSSG† 8.3 ± 0.9 7.1 ± 1.19 0.09 

          GSH/GSSG          9.3 ± 1.6 7.3 ± 1.7 0.1 

§ Normalized with CRT, ng/µg CRT   

† ng /mg of wet tissue 
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ABSTRACT 

Oxidative stress (OS) stemming from traumatic brain injury (TBI) is a preceding 

factor that leads to a cascade of excitotoxic events, including blood-brain barrier (BBB) 

disruption, and it remains an essential factor in understanding the pathophysiology of 

TBI. Private and government institutions invest considerable finances in finding effective 

therapies against TBI, yet there is no well-established treatment regimen. Rather, 

therapies are focused on the management of TBI-associated symptoms. Targeting OS 

characteristics of TBI can make the much-needed difference in finding effective 

pharmacotherapy against TBI. Antioxidant therapy using glutathione (GSH) prodrug, N-

acetylcysteine amide (NACA), can improve symptoms, maintain brain homeostasis, and 

reestablish BBB integrity that was disturbed by the secondary sequelae of head insult. 

Therefore, in our study, we evaluated the neuroprotective effects of pre-and post-

exposure use of NACA (500 mg/Kg) in rat models that were exposed to blast-induced 

TBI (b-TBI) using an open-field blast model that was simulated to represent what 

military personnel are regularly exposed to in combat. Selected potential small-molecule 
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TBI biomarkers were used to measure the TBI-induced and therapeutic efficacy of 

NACA in urine, plasma, and whole brain tissue of the rat models using HPLC-MS/MS. 

Significant level changes and trends in OS and neurotoxicity markers were observed as a 

response to both the b-TBI and the NACA treatment administered. From our findings, 

NACA may be an effective therapeutic approach for abrogating or reversing some of the 

OS and neuroinflammatory effects of b-TBI; thereby, NACA may find utility in the 

treatment and management of the disease. Therefore, future works on evaluating NACA 

as a therapeutic for TBI should be encouraged. 

Keywords: Traumatic brain injury, HPLC-MS/MS, biomarkers, N-acetylcysteine 

amide, urine, plasma, whole-brain. 

 

1. INTRODUCTION 

Despite sizeable investments from private and government entities, there are no 

well-established absolute pharmacotherapeutic protection or clinical outcome 

improvements for TBI [1–3]. The establishment of a known and widely accepted 

therapeutic regimen for traumatic brain injury (TBI) has been hampered by the absence 

of well-designed-controlled clinical investigations, therapeutic evaluation outcomes, 

well-defined interpretation of safety profiles and limits, and, most importantly, predictive 

biomarkers of TBI [2,4,5]. In the USA alone, TBI accounts for more than 230,000 

hospitalizations, and therapy is largely focused on symptom management because of a 

lack of a definitive treatment regimen [2,6–9]. This resulted in financial implications of 

up to $US400 billion globally, owning to hospital visits and TBI-induced disabilities like 

mental-health aberrations, and severe motor and cognitive impairment [4,6].  
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Blast-induced traumatic brain injury (b-TBI) incurred during training and on the 

battlefield is the most common type of TBI in military personnel [1,10,11]. Additional 

causes are the blunt or piercing forces [3,10], and they all alter the morphological 

structure of the brain and brain-dependent organs [9]; this initial phase is referred to as 

the primary injury [12,13]. Notably, most sufferers of TBI are affected by the least severe 

form of TBI, mild TBI (m-TBI), which is the hardest to identify and can have chronic and 

long-lasting effects due to systemic manifestations [1,9,14–16]. Due to the diffuse nature 

of b-TBI, the injury is usually widespread in the brain, causing it to be otherwise known 

as diffuse axonal injury (DAI) [14,17]. Consequently, a follow-up injury phase 

(secondary injury) occurring after the primary injury [10] involves numerous 

neurochemical and subcellular events, reduced cerebral blood flow, and hypoxia [3,9,18]. 

Additionally, widespread excitotoxicity with secondary disease mechanisms like 

increased intracranial pressure, loss of consciousness, cerebral edema, lipid peroxidation, 

blood-brain barrier BBB permeability increase, and oxidative stress (OS) are all critical 

contributors to the exacerbation of secondary injury [1,12,13]. All these mechanisms play 

a part in the chronic nature of the disease that translates to other neurodegenerative 

diseases like ischemic stroke, Parkinson’s disease, multiple sclerosis, Alzheimer’s 

disease, and dementia in later life [19–21].  Also, violation of the BBB integrity from 

systemic inflammation activation and other secondary mechanisms [1] perturbs cerebral 

homeostasis, which leads to unwanted passage of biological materials in and out of the 

endothelial cell lining of the BBB into surrounding peripheral fluids [19,22,23]. 

Therefore, this disruption can be associated with disease states [24]. 
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Early detection and treatment administration could be vital in restoring cerebral 

homeostasis after the onslaught of this disease [1,25]. TBI diagnosis, although not well 

established [26], utilizes some protein biomarkers [23,27], the Glasgow Coma Scale 

(GCS) [28], and symptom observation to monitor disease inception and progression. 

However, having clear and effective diagnostics sensitive to m-TBI [16,26,28], like that 

of small molecule biomarkers, will considerably improve early disease detection and 

treatment outcomes. Additionally, treatment primarily focuses on guidelines and 

symptom management, which is not the most effective therapeutic approach [4,28]. b-

TBI-induced OS from impairment of antioxidant defenses (including enzymes) by 

reactive species plays a vital role in the secondary events leading to neuronal apoptosis 

[12,17,18,29]. This phenomenon of redox imbalance [20,21], characterized by the 

proliferation of reactive oxygen species (ROS), reactive nitrogen species (RNS), free 

radicals, and a reduction in antioxidant defense setup, can be counteracted by antioxidant 

therapy [21,30]. Antioxidant therapy in b-TBI, like any other OS-related disease using 

exogenous and endogenous molecules, is designed to act on any form of OS by 

neutralizing reactive species, moderating adverse metabolic changes, interrupting and 

modulating neuronal protein for cellular homeostasis restoration [20,21,31]. Hence, the 

utilization of neurotransmitters and other markers of neurotoxicity would go a long way 

in monitoring disease states and drug efficacy in b-TBI [22,25]. 

Glutathione (GSH), a thiol-based low-molecular weight endogenous antioxidant, 

is critical in ROS scavenging, and TBI depletes both cellular and mitochondrial levels of 

GSH [8,32]. N-acetylcysteine (NAC) is an endogenous amino acid L-cysteine derivative, 

a rate-limiting precursor to GSH [29]. Hence, it is referred to as a GSH prodrug [33]. 
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NAC has received FDA approval [3] and is used to combat OS related to acetaminophen 

poisoning and is employed as a supplement [29,34]. However, a downside of this drug is 

low BBB permeability, which leads to low bioavailability and high drug dosage [29,34]. 

In 1967, N-acetylcysteine amide (NACA) was synthesized [35], described as an amide 

derivative of NAC with similar structural properties as NAC but with better 

bioavailability due to its lipophilic and hydrophobic nature [36]. Due to these minor 

modifications in its chemical structure, the physicochemical and pharmacological 

properties of NACA enhance penetration of cell membranes, mitochondria, and the 

central nervous system, providing NACA an efficacy advantage over NAC [1,36]. 

However, NACA has not received the same level of acceptance as it does not have FDA 

approval at the time of this study.  

Secondary actions of TBI leading to BBB breakdown result in an unconfined 

biomarker distribution in the central nervous system (CNS) and peripheral fluids like 

urine and blood. Understanding the complex kinetic behaviors of biomarkers will help 

researchers define the pathophysiology of TBI [23]. Furthermore, evolution of the 

secondary injury mechanisms activated after head insult spans from minutes to days and 

even months [5,37] due to delayed metabolic, neurochemical, and subcellular changes 

[1]. Taking advantage of the delayed activation of detrimental processes to administer 

pre- and post-exposure prophylactic therapeutics could mitigate the effect of TBI or even 

reverse some of the unfavorable events. NACA’s CNS bioavailability, antioxidant and 

GSH-prodrug nature, anti-inflammatory properties, and minimal side effects indicate its 

therapeutic candidacy against oxidative damage from b-TBI. In this study, we carried out 

blast simulation mimicking combat b-TBI on animal models and administered NACA 
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treatment to the studied animals. We evaluated the impact of TBI and NACA treatment 

on potential small-molecule biomarkers -N-acetyl aspartic acid (NAA), 5-

hydroxyindoleacetic acid (5-HIAA), GSH, glutathione disulfide (GSSG), GSH/GSSG 

ratio, 4-hydroxynonenal (4-HNE), and F2α-isoprostane (F2a)- to understand TBI 

pathophysiology and therapy. Collectively, these were markers that represented redox 

status [38], neurotoxicity [39,40], inflammation [41], and lipid peroxidation [42]. 

 

2. MATERIALS AND METHODS 

2.1. CHEMICALS AND REAGENTS 

An analytical grade standard of 5-HIAA was purchased from Acros Organics 

(Fair Lawn, NJ, USA). Ketamine, butylated hydroxytoluene (BHT), creatinine (CRT), 

GSSG, GSH, and NAA analytical grade standards were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). 4-HNE and F2a prepared in MeOAc were purchased from 

Cayman Chemicals (Ann Arbor, MI, USA). Isotopically labeled compounds were used as 

internal standards (ISs). Glutathione-(glycine-13C2, 
15N) (GSH-IS) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA), glutathione disulfide-(glycine-13C2, 
15N, GSSG-IS) 

was purchased from Cambridge Isotopes Laboratories (Tewksbury, MA, USA) while N-

acetyl aspartic acid-D3 (NAA-IS) was purchased from CDN Isotopes (Pointe-Claire, 

Quebec, CA). Creatinine-D3 (CRT-IS) and F2α-isoprostane-D4 (F2a-IS) prepared in 

MeOAc were purchased from Cayman Chemicals (Ann Arbor, MI, USA). Analytical 

grade 5-hydroxyindoleacetic acid-D5 (5-HIAA-IS) was purchased from Cerilliant (Round 

Rock, Texas, USA). LC-MS grade methanol (MeOH), acetonitrile (ACN), ethanol 

(EtOH), and Optima™ LC-MS grade Formic acid (FA) were purchased from Fisher 
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Chemical (Hampton, NH, USA). Centrifugal filters (3 kDa molecular weight cut-off) 

were purchased from VWR North America (Radnor, PA, USA). N-ethylmaleimide 

(NEM) was purchased from CHEM-IMPEX INT’L INC (Wood Dale, IL, USA). N-

acetylcysteine amide was purchased from Alfa Chemistry (Holbrook, NY, USA). 

Ultrapure water was generated in-house using a Millipore Elix-3 purification system 

(Millipore, Billerica, MA, USA).  

2.2. ANIMALS AND HOUSING CONDITIONS 

All animal procedures were reviewed and approved by the Missouri S&T Animal 

Care and Use Committee in compliance with Federal regulations regarding the protection 

of animals used in research. Fifteen-week-old Fischer CDF male rats (weight = 250-270 

g; Charles River, MA, USA) were used for the experiments described in this study, and 

they were housed in a temperature and humidity-controlled animal facility. The animals 

were provided precisely one week of acclimatization before studies were conducted. 

Access to food (Purina Lab Diet rat chow) and water (municipal tap) were allowed for 

the animals ad libitum, and a 12-hour light-dark cycle was provided for the animals at the 

Missouri S&T Animal Research Facility.   

2.3. EXPLOSIVE BLAST MODEL 

Twenty-three animals were divided into four groups: Sham (n = 6), NACA (n=5), 

b-TBI & NACA (n=6), and b-TBI (n = 6). All animals were transported to the Missouri 

University of Science and Technology experimental mine facility. Animals were 

anesthetized via ketamine/xylazine (80/12 mg/kg body weight, i.p.) prior to injury. No 
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explosive device was detonated for control groups: 1. Sham, and 2. NACA, however, the 

animals were kept in the same conditions as the blast rats during the blast exercise for 

equilibration. The experimental (blast-induced) rat groups: 3. b-TBI & NACA and 4. b-

TBI were suspended at a height of 60 cm in modified cages and subjected to an open-

field explosive blast at 2.15 m from a 350 g charge of C4. The open-field blast model of 

TBI used here was developed and validated previously in rodents [43–45]. Table 1 shows 

a description of the groups. The severity of the TBI from the blast-induced was 

considered mild. 

2.4. ANTIOXIDANT THERAPY 

On the day of the scheduled blast, animals were treated with s.c. injection of 

either PBS (1. Sham, and 4. b-TBI) or 500 mg/kg NACA (2. NACA, and 3. b-TBI & 

NACA) 1 h prior to injury. Animals were transported to the Experimental Mine facility at 

Missouri University of Science and Technology and were subjected to open blast injury 

as described in Section 2.3. All animals were treated with s.c injection of 500 mg/kg 

NACA or PBS for four more days after the blast exposure. Animals were fasted 

overnight on the 5th day, and they were anesthetized with ketamine/xylazine injection 

(i.p.) for collection of urine, blood, and whole brain. Table 1 shows a description of the 

treatment details of the groups. 

 

Table 1. Blast simulation and NACA treatment description. 

Group Blast Conducted Injection Injury Number 

1. Sham No Blast PBS Sham 
6 
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Table 1. Blast simulation and NACA treatment description. (Cont.) 

Group Blast Conducted Injection Injury Number 

2. NACA No Blast NACA Sham 
5 

3. b-TBI & NACA Blast at 2.15m NACA Blast 
6 

4. b-TBI Blast at 2.15m PBS Blast 
6 

 

2.5. SURGICAL PROCEDURE AND SAMPLE COLLECTION 

Euthanasia, harvesting of tissues, and collections of biological fluids were 

conducted in the animal surgery theatre at the Missouri S&T Animal Research Facility on 

the 5th day after the blast. Animals were deeply anesthetized via i.p injection of 

ketamine/xylazine. Animals were euthanized by exsanguination via cardiac puncture. 

Blood was collected into heparin-coated tubes and centrifuged (3000 g, 10 min; 4 °C) 

immediately to separate plasma. Urine was drawn directly from the bladder. Each urine 

or plasma sample was divided into two aliquots. Upon collection, 10 mg/mL BHT was 

added to one aliquot of each urine or plasma sample to give a final 200 µg/mL BHT 

concentration. To the other aliquot of collected urine or plasma, 100 mM NEM was 

added (urine or plasma/NEM = 9:1, v/v), and the mixture was vortexed for a few seconds 

to form the stable GSH-NEM adduct. Whole brains were collected immediately 

following euthanasia. Stabilized urine, plasma, and brain samples were frozen 

immediately in liquid N2 and stored at -80 °C until analysis.  
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2.6. SAMPLE PREPARATION 

Biological fluids (urine and plasma) were diluted as needed and ultrafiltered in 3 

KDa molecular weight cut-off filters. Whole brain tissues were homogenized using a 

bullet blender tissue homogenizer (Next Advance, Troy, NY, USA)., followed by dilution 

and ultrafiltration in a 3 KDa molecular weight cut-off filters. Further details on sample 

preparation are in a method to be published elsewhere.  

2.7. HPLC-MS/ MS METHOD 

Two high-performance-tandem mass spectrometry (HPLC-MS/MS) methods in 

positive and negative electrospray ionization mode (ESI) were used for the analysis of the 

metabolites on a Shimadzu (Columbia, MD, USA) Prominence UFLC system connected 

to a 4000Q TRAP tandem mass spectrometer system (AB SCIEX, Concord, ON, CA). 

Chromatographic separation of NAA, 5-HIAA, and F2a in the negative ESI mode was 

done with a Hydro-RP column (150 × 2 mm, 4 μm, Phenomenex, CA, United States), 

0.1% formic acid in ultrapure water (v/v) as mobile phase A, and 0.1% formic acid in 

ACN (v/v) as mobile phase B at 0.3 mL/min with a gradient that runs at 100% A after 

sample injection for the first 2 min, followed by a linear gradient increase to 100% B 

from 2.0 to 8.0 min. The gradient is held at 100% B from 8.0 to 10.0 min before changing 

back to 100% A from 10.0 to 10.5 min.  

Chromatographic separation of GSH-NEM, GSSG, 4-HNE, and CRT in the 

positive ESI mode was done with a Hydro-RP column (250 × 2 mm, 4 μm, Phenomenex, 

CA, United States), 0.01% formic acid in ultrapure water (v/v) as mobile phase A, and 

0.01% formic acid in ACN (v/v) as mobile phase B at 0.3 mL/min with a gradient that 
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runs at 100% A after sample injection for first 1 min, followed by a linear gradient 

increase to 80% B from 1.0 to 7.0 min. The gradient is held at 80% B from 7.0 to 9.5 min 

before changing back to 100% A from 9.5 to 10.5 min. Full details of the HPLC-MS/MS 

method used are described in a yet-to-be-published work (O.A. et al)  

2.8. QUALITY CONTROL AND ASSURANCE 

Analytical methods were validated in healthy rat samples prior to analysis. 

Analytical replicates, matrix spikes, and quality control samples were added during 

analysis to ensure consistency with sample preparation and instrumentation between each 

batch run. 

2.9. DATA PROCESSING AND STATISTICAL ANALYSIS 

Hydration in urine and plasma was corrected with the creatinine level detected 

[46]. The limit of detection (LOD) was defined as the signal-to-noise ratio (S/N) = 3, 

while the limit of quantitation was defined as S/N = 10. Data is represented as the mean ± 

SEM (standard error of the mean) of 4-6 animals. GraphPad Prism 6 (San Diego, 

California) was used to conduct One-way ANOVA to compare mean biomarker levels 

between all groups. Fisher LSD pair-wise test was used to compare two individual groups 

in the study. Values of p ≤ 0.05 were considered statistically significant, and p ≤ 0.1 were 

defined to approach statistical significance for analyses discussed here.  
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3. RESULTS 

3.1. EFFECTS OF NACA ON WHOLE BRAIN TISSUE METABOLITES 

The exposure to blast overpressure (BOP) caused observable changes to the 

investigated metabolites in brain tissue. Brain tissue metabolites levels were recorded as 

ng(analyte)/mg(wet weight) of the tissue and the one-way ANOVA results are as follows: 

NAA; (F = 4.68, p = 0.0130), 5-HIAA; (F = 3.26, p = 0.0442), GSH; (F = 17.01, p ≤ 

0.0001), GSSG; (F = 5.86, p = 0.0052), GSH/GSSG ratio; (F = 1.48, p = 0.252). Further 

statistical post-hoc probing using Fisher LSD pair-wise comparison showed a p < 0.05 

and a 16% reduction in NAA levels between the b-TBI and b-TBI & NACA groups, 

indicating NACA’s ability to reduce NAA levels after b-TBI. NACA also showed a 

significant difference (p ≤ 0.01) and a 23% reduction between the sham vs b-TBI & 

NACA groups. This was an indicator that both NACA and TBI influence NAA levels. 

This phenomenon was further bolstered by the 13 % reduction in NAA levels between 

the sham vs NACA groups, which was marginally significant (p = 0.0511). The activity 

of 5-HIAA in the brain as a response to b-TBI and NACA treatment was unclear from 

our data. We observed that GSH levels in the brain were highest in the sham and NACA 

rats and lowest in the b-TBI rats. However, a 34% decrease (p < 0.0001) observed 

between the sham and b-TBI rats showed GSH’s utility as a TBI biomarker. NACA 

group rats showed a (p = 0.0017) significant 26% GSH reduction difference to the b-TBI 

group. The use of NACA in non-blast animals can maintain GSH levels in the brain, and 

b-TBI depletes that level even with NACA treatment administration (p =0.0004, NACA 

vs. b-TBI & NACA). Also, a significantly different p ≤ 0.0001 was observed between the 

sham vs. b-TBI & NACA rats, and the similarity between the GSH levels of the sham vs. 
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NACA rats showed that the b-TBI was the major contributor to the GSH decrease 

observed in the b-TBI & NACA group. We did not observe NACA’s GSH replenishing 

properties in the b-TBI & NACA group. However, GSSG levels in the b-TBI & NACA 

group were the lowest of all the groups indicating that NACA was acting more as a ROS 

scavenger and not a GSH-prodrug in the b-TBI animals treated with NACA. The GSSG 

levels observed followed a similar trend as the GSH in brain tissue; to better understand 

the redox status, it is necessary to evaluate the GSH/GSSG ratio [47]. Although not 

statistically significant, the observed GSH/GSSG ratio was highest in the sham and 

NACA rats, with the b-TBI & NACA coming next; however, the lowest GSH/GSSG 

ratio was observed in the b-TBI rats. This was an indication that the b-TBI rats were 

mainly affected by the redox imbalance from BOP, and NACA treatment was able to 

improve redox status by 24% in the b-TBI & NACA rats by acting as a ROS scavenger. 

F2a and 4-HNE levels in brain tissue were less than the LOD. Results are represented in 

the boxplot in Figure 1, and the p-values of the one-way ANOVA and the Fisher LSD 

multiple pair-wise comparison are shown in Tables 2 and 3, respectively. 

 

Table 2. One-way ANOVA p-values of different metabolites in the whole brain, urine, 

and plasma. 

Analyte 

Biological matrix 

Brain Plasma Urine 

NAA 0.0130 0.3310 0.0004 

5-HIAA 0.0442 <0.0001 0.0269 

GSH <0.0001 0.2576 0.2465 

sGSSG 0.0052 0.1700 0.2451 

GSH/GSSG 0.2521 0.3637 0.4929 



 

 

109 

Table 3. Fisher LSD pairwise comparison of whole brain tissue metabolites between 

different groups in the study. Significant p-values and approaching statistical significance 

p-values are in bold font. 

Brain 

Comparison NAA 5-HIAA GSH GSSG GSH/GSSG 

Sham vs. NACA 0.0511 0.2517 0.0908 0.0719 0.7914 

Sham vs. b-TBI & NACA 0.0016 0.0708 < 0.0001 0.0005 0.837 

Sham vs. b-TBI 0.2219 0.727 < 0.0001 0.0491 0.1067 

NACA vs. b-TBI &NACA 0.1277 0.0059 0.0004 0.0347 0.6389 

NACA vs. b-TBI 0.4792 0.1549 0.0017 0.7785 0.0662 

b-TBI &NACA vs. b-TBI 0.0372 0.1577 0.651 0.075 0.1514 

 

3.2. EFFECTS OF NACA ON PLASMA METABOLITES 

Plasma metabolites levels were recorded as (Analyte)(ng/mL)/(CRT) (ug/mL) and 

the one-way ANOVA results are as follows: NAA; (F = 1.25, p = 0.3310), 5-HIAA; (F = 

18.85, p < 0.0001), GSH; (F = 1.94, p = 0.1700), GSSG; (F = 1.49, p = 0.2576, 

GSH/GSSG ratio; (F = 1.19, p = 0.3637). From the ANOVA data, only 5-HIAA showed 

a p < 0.05; upon further post-hoc test using Fisher LSD, it was observed that one of the 

significant differences was between the sham vs. b-TBI groups (p < 0.05), and a 20% 

decrease in biomarker level was noticed between these two groups. The sham group had 

considerably statistically significant (p < 0.05) higher levels than all the other groups. 

Between the b-TBI vs. b-TBI & NACA groups, a p < 0.1 approaching statistical 

significance with a 16% decrease, indicating the possibility of NACA affecting plasma 5-

HIAA levels. 
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Figure 1. Whole brain tissue metabolite levels in Sham; NACA; b-TBI & NACA; and b-

TBI groups for a) NAA, b) 5-HIAA, c) GSH, d) GSSG, e) GSH/GSSG ratio. Values 

represent mean ± SEM (n = 4-6). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 

(****). [Sham = no blast + no treatment, NACA = no blast + NACA treatment, b-

TBI & NACA = blast + NACA treatment, b-TBI = blast + no treatment] 

 

This was further corroborated by comparing the sham vs. NACA groups, which 

showed a statistically significant p < 0.001 and a 53% decrease in 5-HIAA level between 
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the groups. NACA’s ability to lower 5-HIAA levels in plasma regardless of TBI was also 

observed with the 30% level difference between the NACA vs. b-TBI & NACA groups 

with a p < 0.05. No notable differences were observed between the groups for NAA, 

GSH, GSSG, and GSH/GSSG ratio in plasma. F2a and 4-HNE levels in plasma were less 

than the LOD. Results are represented in the boxplot in Figure 2, and the p-values of the 

one-way ANOVA and the Fisher LSD multiple pair-wise comparison are shown in 

Tables 2 and 4, respectively.  

 

Table 4. Fisher LSD pairwise comparison of plasma metabolites between different groups 

in the study. Significant p-values and approaching statistical significance p-values are in 

bold font. 

Plasma 

Comparison NAA 5-HIAA GSH GSSG GSH/GSSG 

Sham vs. NACA 0.1166 < 0.0001 0.0643 0.8179 0.0986 

Sham vs. b-TBI &NACA 0.9384 0.0003 0.0776 0.069 0.256 

Sham vs. b-TBI 0.9607 0.018 0.5358 0.2795 0.4111 

NACA vs. b-TBI &NACA 0.1323 0.0141 0.7201 0.1718 0.5771 

NACA vs. b-TBI 0.1461 0.0007 0.207 0.4722 0.3287 

b-TBI & NACA vs. b-TBI 0.9812 0.0941 0.2864 0.4438 0.69 

 

3.3. EFFECTS OF NACA ON URINARY METABOLITES 

Urinary metabolites levels were recorded as (Analyte)(ng/mL)/(CRT) (ug/mL) 

and the one-way ANOVA results are as follows: NAA; (F = 11.33, p = 0.0004), 5-HIAA; 

(F = 4.06, p = 0.0269), GSH; (F = 1.53, p = 0.2465), GSSG; (F = 1.55, p = 0.2451), and 
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GSH/GSSG ratio; (F = 0.84, p = 0.4929). Post-hoc test using Fisher LSD for NAA 

showed that there were significant differences between the b-TBI group and all the other 

groups (sham, NACA, and b-TBI & NACA) with p ≤ 0.001 for all. This indicated that 

NAA in urine could serve as a TBI biomarker, and NACA treatment had a significant 

effect in lowering NAA levels by 75% in the b-TBI & NACA rats as compared with the 

b-TBI rats. The NACA treatment regimen used in this study was able to keep NAA levels 

in b-TBI & NACA group like levels found in the sham and NACA groups. This proves 

that NACA might have therapeutic effects against b-TBI. Urinary 5-HIAA levels Fisher 

LSD tests showed significant differences (p ≤ 0.01) of 37% decrease between the sham 

vs. b-TBI rats, indicating 5-HIAA’s potential as a urinary TBI biomarker. Approaching 

statistical significance, sham and NACA rats had similar levels and were approximately 

27% lesser than b-TBI & NACA 5-HIAA levels. Although no statistically significant 

difference was observed between the b-TBI vs. b-TBI & NACA groups, a 15 % decrease 

in 5-HIAA levels was seen in the groups. OS-related biomarkers, GSH, GSSG, and 

GSH/GSSG ratio showed no significant differences or trends amongst groups. Urinary 

F2a and 4-HNE levels were less than the LOD. Results are represented in the boxplot in 

Figure 3, and the p-values of the one-way ANOVA and the Fisher LSD multiple pair-

wise comparison are shown in Tables 2 and 5, respectively.  

4. DISCUSSION 

Although with the least common usage in studies, b-TBI in rat models most 

accurately represents the diffusivity associated with most TBI [2]. Additionally, it is 

closest to the kind of TBI military personnel are exposed to in the line of duty.  
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Figure 2. Plasma metabolite levels in Sham; NACA; b-TBI & NACA; and b-TBI groups 

for a) NAA, b) 5-HIAA, c) GSH, d) GSSG, e) GSH/GSSG ratio. Values represent 

mean ± SEM (n = 4-6). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). 

[Sham = no blast + no treatment, NACA = no blast + NACA treatment, b-TBI & 

NACA = blast + NACA treatment, b-TBI = blast + no treatment]. 
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Table 5. Fisher LSD pairwise comparison of urinary metabolites between different 

groups in the study. Significant p-values and approaching statistical significance p-values 

are in bold font. 

 

Other injury models used to evaluate TBI include but are not limited to controlled 

cortical impact (CCI), fluid percussion injury, impact acceleration, and compressed gas 

tube injury [48]. The diffuse and heterogenous character of b-TBI in the white matter 

causes physical damage to the axons and triggers a cascade of secondary mechanisms, of 

which OS is one [48]. Given the reasons above, in this study, we induced m-TBI with 

explosive devices as adapted from previous research [43,44]. Furthermore, Insufficient 

attention is paid to m-TBI as the most common form of TBI, and treatment remains 

hindered due to a lack of definitive symptoms and biomarkers for prognosis [16,49,50]. 

As we did in this study, associating small molecule biomarkers with other 

pathophysiological implications related to TBI provided sufficient evidence of m-TBI's 

accurate identification and sensitivity to antioxidant therapy. TBI can adversely affect 

multiple organ systems [9] and cause changes to different peripheral fluids [51]. Control 

of efflux of compounds by the BBB protects the CNS and regulates brain homeostasis 

[52].  

Urine 

Comparison NAA 5-HIAA GSH GSSG GSH/GSSG 

Sham vs. NACA 0.2229 0.8772 0.1396 0.6183 0.932 

Sham vs. b-TBI &NACA 0.4354 0.0941 0.5877 0.3113 0.1891 

Sham vs. b-TBI 0.0007 0.0071 0.5435 0.1674 0.6175 

NACA vs. b-TBI &NACA 0.674 0.1574 0.373 0.161 0.1856 

NACA vs. b-TBI 0.0001 0.0177 0.0569 0.0807 0.5787 

b-TBI & NACA vs. b-TBI 0.0003 0.2913 0.2911 0.7519 0.3838 
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Figure 3. Urinary metabolite levels in Sham; NACA; b-TBI & NACA; and b-TBI groups 

for a) NAA, b) 5-HIAA, c) GSH, d) GSSG, e) GSH/GSSG ratio. Values represent 

mean ± SEM (n = 4-6). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). 

[Sham = no blast + no treatment, NACA = no blast + NACA treatment, b-TBI & 

NACA = blast + NACA treatment, b-TBI = blast + no treatment] 
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Consequently, changes can be observed by monitoring specific small molecule 

biomarkers related to TBI [23,53,54]. Molecular efflux into a peripheral fluid is enhanced 

for smaller, ionic molecules representing ongoing neurobiological processes in disease 

and non-disease states [52,55–57]. Additionally, BBB disruption increases this molecular 

efflux [19]. Our results showed that urinary NAA and 5-HIAA (Figure 3a, b.) increased 

significantly as a response to b-TBI, and plasma 5-HIAA (Figure 2b) also reduced 

considerably as a response to b-TBI. Incidentally, increased excitatory amino acids 

(aspartates) extracellularly and in peripheral fluids were observed as a pathogenesis of 

TBI [22,58,59]. Additionally, serotonin metabolizes into 5-HIAA and is released into the 

blood and other peripheral fluids upon inflammation [60].  

NAC and NACA both have similar pharmacological activity but different 

effectiveness [61]. NACA, as an antioxidant therapeutic modality, was also used as an 

anti-inflammatory and anti-apoptotic agent [61–63]; additionally, NAC was reported to 

act as a precursor to the most abundant neurotransmitter (glutamate) in the brain that is 

also a marker of neurotoxicity [61]. In a study that evaluated the reducing power of four 

antioxidants, NACA>NAC>BHT>𝝰-tocopherol was shown in this order [64]; this was 

ample evidence for the stellar antioxidant capacity of NACA. Indeed, the neuroprotective 

efficacy of antioxidant therapy is confounded largely on BBB permeability efficiency 

[55]; conditionally addressing the TBI-induced BBB breakdown with NACA’s BBB 

permeability was shown to improve TBI symptoms [1]. The dysfunction of the BBB also 

contributes to improving the drug's permeability. NACA’s enhanced bioavailability over 

other antioxidant drugs allows for its usage at lower dosages, thereby reducing the risk of 

side effects from high dosages.  
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The full extent of NACA’s pharmacokinetic properties is yet to be fully 

understood [34]. However, studies have shown NACA’s neuroprotective mechanism as a 

GSH prodrug, ROS/RNS scavenger, heavy metal chelator, anti-inflammatory, and 

disulfide exchanger [3,29]. Additionally, one study proposed NACA to be a NAC 

prodrug [36]. In summary, these properties make NACA to be a good prooxidant 

antagonist. The extent and progression of TBI-induced OS can be measured by observing 

GSH deficiency and GSH/GSSG ratio [51]. The use of NAC and NACA in animal 

studies for neurological disorders takes different approaches regarding loading 

mechanisms and dosage, treatment intervals, durations, and routes of administration. 

Consequently, standardization of antioxidant therapy administration regimens, like 

dosage and route of administration, will hasten the search for a TBI-effective therapy and 

solidify NACA’s efficacy for the reduction of TBI-related OS [2]. The CNS can recover 

and adapt to the secondary mechanisms of TBI in a process termed as neuroplasticity, 

where positive adaptive alterations at the molecular, synaptic, and cellular levels conform 

structure and function to improve overall cerebral homeostasis [65]. NACA usage can 

complement neuroplasticity to better improve recovery of cerebral homeostasis. To 

achieve the full benefit of NACA’s efficacy, early administration, dosage, and follow-up 

treatment of NAC and NACA must be carefully selected and designed to alleviate GSH 

reduction effectively [1,66]. Incidentally, NACA does not always return GSH to normal 

levels; instead seeks to minimize the effect of GSH reduction and alleviate some of the 

symptoms. Additionally, the efficiency of antioxidant therapy is increased when used as 

both a pre-and post-exposure prophylaxis drug, along with a follow-up treatment after an 

insult to the head [1,67]. This treatment regimen provides enough antioxidant defenses to 
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counter initial reactive species, and the follow-up treatment is to bolster the initial 

treatment and improve treatment outcomes [1]. In this study, NACA’s reactive species 

scavenging property could be observed by the GSH/GSSG ratio being lowest in the b-

TBI rats even though GSH levels in the brain tissue were not replenished by NACA 

treatment (Figure 1c, d, e.). NACA’s effectiveness and ability to protect, maintain and 

restore BBB integrity from methamphetamine-induced OS and neurotoxicity caused one 

study to propose its application to other neurodegenerative disease like TBI with OS 

characteristics [68]. The metabolism of excitatory amino acids like NAA in the brain is a 

factory for ROS generation [21]. Antioxidant therapy with NACA might have an effect of 

cutting this metabolism short, as we saw in our results, where NACA treatment reduced 

NAA levels in both healthy and diseased rats. Additionally, depleting NAA 

concentrations can signal mitochondrial dysfunction [69] from TBI. From our results, we 

observed that NAA concentrations were depleted in the TBI rats that did not undergo 

NACA treatment. In summary, both TBI and NACA treatment had effects on NAA 

levels, as seen in Figure 3a. In peripheral fluids, NACA’s downregulatory impact on 

inflammatory markers [2] (NAA and 5-HIAA) was observed, as shown in Figures 2b and 

3a, b. 

We observed here that TBI may disturb BBB homeostasis and lead to an 

unbridled movement of specific small molecules from the brain into the peripheral fluids, 

suggesting that peripheral fluids may reflect TBI pathogenesis and progression along 

with therapeutic intervention efficacy [53]. Additionally, NACA treatment was observed 

to significantly affect some markers of neurotoxicity, inflammation, and oxidation in the 

brain, plasma, and urine after TBI. This effect may result from the drug’s antioxidant 
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character, bioavailability, and TBI-induced BBB permeability. Interestingly, we observed 

NACA’s action on markers of neurotoxicity and inflammation (NAA and 5-HIAA) in the 

brain and peripheral fluids even though they are not the main target of the antioxidant 

therapy, which signifies that NACA may help improve neuroinflammatory and OS-

induced metabolic changes. The possibility of NACA to maintain and protect BBB 

integrity after OS [68] was also noted in this study as the b-TBI rats without NACA 

treatment tended to have more biomarker levels in urine and plasma than the non-TBI 

rats and NACA-treated rats, which possibly a result of the efflux and extravasation of 

small molecules in the brain into the peripheral fluids like urine and blood. Finally, 

peripheral fluid metabolites’ sensitivity to TBI and NACA treatment could mean early 

detection for patients, which may be able to improve disease monitoring and treatment 

outcomes. 

5. CONCLUSION 

In this study, small molecule metabolites of neurotoxicity, inflammation, and 

oxidation were evaluated in different biomatrices following mild b-TBI and NACA 

treatment was carried out. The efficacy of antioxidant therapy with NACA on b-TBI was 

assessed using these biomarkers. Specific markers were found to be sensitive to the mild 

b-TBI and/or NACA treatment through statistically significant changes in our results. In 

particular, brain tissue GSH, GSH/GSSG ratio, and NAA, plasma 5-HIAA, and urinary 

NAA and 5-HIAA were significantly altered following blast and/or treatment. Therefore, 

NACA may be able to improve inflammation and OS-induced metabolic changes arising 

from b-TBI. These results showed the interconnection between TBI localized in the brain 
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and responses observed in peripheral fluids like urine and plasma, showing evidence of 

possible BBB breach following TBI. Additionally, this study suggests that NACA 

treatment can be evaluated by taking advantage of this interconnectedness. Finally, we 

observed that the severity of the TBI correlates directly with OS and neuroinflammatory 

biomarkers observed. Further efforts to understand the relationship between the 

neuropathological mechanisms of TBI and NACA should be carried out to establish 

NACA’s utility as a TBI therapeutic fully. 
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CNS- Central Nervous System  

BHT- Butylated Hydroxytoluene  

NAA- N-Acetyl Aspartic Acid  

5-HIAA- 5-Hydroxyindoleacetic Acid  

GSSG- Glutathione Disulfide  

4-HNE- 4-Hydroxynonenal  

F2a- F2α-Isoprostane  

IS- Internal Standards  

NEM- N-Ethylmaleimide 

LOD- Limit of detection  

HPLC-MS/MS- High Performance-Tandem Mass Spectrometry  

BOP- Blast Overpressure  
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ABSTRACT 

Pharmaceutical manufacturing utilizes solvents at different stages of production. 

Some of the harmful solvent residuals may be retained in the final product; therefore, 

they need to be monitored for quality control and to meet the regulation requirement. 

Here, a novel method capable of rapidly analyzing residual solvents in pharmaceutical 

products was developed using a compact-portable gas chromatography with a 

photoionization detector (GC-PID). The system consists of modified Tedlar® bag 

sampling, online pre-concentration, separation of volatiles by miniaturized GC, and 

micro-PID detection. The limits of detections for the residual solvents in the method were 

in the range of 26.00 – 52.03 pg/mL which is much lower than the pharmaceutical 

compliance concentration limits. Limits of detection > 520 pg of analyte/g of drug was 

also determined for the over-the-counter drugs tested with this method. The method 

performance showed rapidity (3.8 mins total run time), good calibration linearity (r2 < 

0.99), and reproducibility of retention time (RSD < 0.4%), which allowed direct analysis 

of residual solvents from solid samples without the need for complex sample preparation. 

The method was validated using over-the-counter pharmaceutical products. It yielded 
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good accuracy (recovery > 91.2%) and precision (RSD < 6.5%) for the selected residual 

solvents, including 1,4-dioxane, benzene, chlorobenzene, cyclohexane, o-, m-,p-xylene, 

and toluene. This method is expected to have broad applications in pharmaceutical 

production and quality control. 

Keywords- volatile residual solvents, portable GC with photoionization detector, 

pharmaceutical products, on-line pre-concentration 

 

GRAPHICAL ABSTRACT 

 

 

1. INTRODUCTION/ BACKGROUND 

Residual solvents (RS) and volatile organic impurities in pharmaceutical products 

both represent the same class of compounds that are commonly used as catalysts or 

vehicles to carry out synthesis, purification, and formulation of bioactive molecules and 
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excipients used in the production process [1,2]. However, trace levels of these solvents 

may remain in the final product. Consequently, their use is critical and impacts product 

yield, the morphology of active pharmaceutical ingredient crystals, purity, and overall 

production efficiency of drug products [2–4]. Additionally, RS presence, as well as 

harmful RS-generated chemicals in the final drug product, may result in contamination 

during storage, packaging, and transportation, thereby changing the morphology, 

efficacy, bioavailability, odor, and taste of the final drug product [1,5], which is a 

concern for both producers and consumers of the drug [1,6,7]. Complete removal of these 

RS in the final product is necessary but can be arduous and near impossible [1,8–10].  

Extensive efforts by manufacturers to minimize these RS can be pretty costly [1,2]. Some 

of the RS have been implicated as carcinogens and neurotoxins, which jeopardize the safe 

use of therapeutics. They also contribute to unfavorable environmental pollution [8–10]. 

Therefore, the drug manufacturing process is strictly controlled to ensure compliance 

with the set exposure limits deemed safe for patients to use within a certain period. These 

concentration limits have been set using risk-benefit assessment [10] to evaluate the 

impending risk of the use and presence of specific RS. The therapeutic benefits of the 

drug product are routinely assessed in comparison with the risks posed by the presence of 

unsafe RS. The concentration limits of undesirable RS during the manufacturing 

processes and in final products were set independently and generally agreed upon by 

many regulatory bodies [1]. They serve as the yardstick for set limits and methodologies 

of RS detection. RS are ranked in four categories based on toxicity [3], where the class 1 

solvents are the most restricted for use due to their higher toxicity. Exposure limits are 

non-existent for class 1 because they should be avoided; however, their use is permitted if 
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a risk-benefit assessment shows excellent benefit in the therapeutic product. Their 

permissible limits are commonly in the ppm range. Although alternative solvents [1,11], 

like water, supercritical fluids, and ionic fluids, have been employed in drug 

manufacturing [1], the use of more common solvents and the presence of RS will likely 

continue. Although pharmacopeia-recommended analytical methods exist, there is still a 

pressing need to develop fast and efficient methods that are easily adaptable for 

monitoring RS in various pharmaceutical products [12].  

Compliance with the pharmacopeia set limits by manufacturers is a criterion for 

drug products to move into the market. RS detection and control are the general precepts 

crucial for ensuring the safety, quality, and efficacy of pharmaceutical products for 

patients. However, the pharmaceutical industry considers the RS determination in drug 

substances with analytical processes complex and demanding [13]. Methodologies for RS 

evaluation range from a simple “loss-on-drying” method to more accurate 

chromatographic techniques [9]. The loss-on-drying method is accepted for class 3 RS 

with high limits [10,12]. Chromatographic methods are highly recommended for classes 

1 and 2 RS because they provide necessary specificity, sensitivity, and eliminate the 

effect of external factors like humidity [12]. Due to most residual solvents' volatility and 

thermal stability, gas chromatographic (GC) analysis is the gold standard [1,14]. High-

pressure liquid chromatography is also employed for analyzing the relatively non-volatile 

RS. Another factor to consider for RS analysis is sampling [14]. The solid phase micro-

extraction (SPME) and headspace (HS) sampling methods are employed for the volatile 

analysis of solid and liquid pharmaceutical samples. GC analysis of RS is conducted with 

a detector that may be mass spectrometry (MS), Fourier transform infrared spectroscopy 
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(FTIR), and flame ionization detectors (FID). However, they are expensive, complex, 

and/or bulky instrumentations [9,15], which do not bode well for placement in fast-paced 

pharmaceutical manufacturing facilities. Static HS-GC-FID method is recommended by 

various pharmacopeias [3,8] for RS determination [3,8,9,12] but it has limited sensitivity 

and selectivity [16]. Photoionization detectors can be miniaturized and provide 

comparable sensitivity to RS. Combining PID detection with an easy-to-use portable GC 

system will benefit RS monitoring since it can satisfy the growing demand for 

convenience, versatility, and instrumentation portability [17].  

Herein, we developed and validated an analytical method using a portable GC-

PID system capable of simultaneously monitoring and quantifying selected RS in drug 

products from different ICH (The International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use) classifications. This study aims to 

simplify RS analysis by combining direct sampling of solid drug samples with an easy-

to-use portable GC-PID system with online pre-concentration to provide a viable 

alternative to existing RS analysis methods. 

 

2. MATERIALS AND METHODS 

2.1. CHEMICALS AND REAGENTS 

Reagent grade cyclohexane, toluene, and m-, o-, and p-xylene were purchased 

from Sigma Aldrich (St. Louis, MO, USA). 1,4-dioxane, benzene, chlorobenzene, and 

ethylbenzene were purchased from Acros Organics (Fairlawn, NJ, USA). Optima grade 

hexane used as a diluent was purchased from Fisher chemicals (Hampton, NH, USA). All 

standards had purities ranging from 98% to 100%. Tedlar® sampling bags (0.5 L) with 
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polypropylene fittings were purchased from SKC (Dorset, UK). High-purity 95 mL 

disposable helium gas canisters were acquired from Leland Gas Technologies (South 

Plainfield, NJ, USA). Excedrin®, Bayer® Plus aspirin, Bayer® low dose aspirin, and 

equate™ acetaminophen over the counter (OTC) drugs used as drug matrix were 

purchased from a local pharmacy. 

2.2. STANDARD PREPARATION AND CALIBRATION 

Individual stock solution of each solvent was prepared by dissolving 3mL of the 

pure reference standard in 5mL hexanes as the diluent. From the individual stock 

solution, a standard mixture was prepared by combining an equal volume of all stock 

solution standards in the same vial to make the working solution mixture at the 

concentration of 1 mg/mL of each standard. Calibration standard solutions were prepared 

in 0.5 L Tedlar® bags adequately filled with N2 gas by injecting 5 µL of working 

solutions into each Tedlar® bag. The final concentration in the Tedlar® bag corresponds 

to a 100,000-fold dilution, which yielded a final concentration in the Tedlar® bag of 10 

ng/mL.  

2.3. TEDLAR® BAG SAMPLING METHOD 

Tedlar® bags (0.5 L) equipped with single propylene fitting were modified to 

accommodate solid matrix sampling by making a small slit diagonally at one of the 

bottom edges of the bag. The bag opening was resealed using a combination of tapes and 

clamps. The integrity of the tapes was tested by filling the modified bags with N2 and 

checking for leaks before placing them in the oven. For calibration standards, resealed 
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bags were filled to volume with N2, and 5 µL of the standard mixture was introduced 

through the polypropylene fitting on the 0.5 L bag. A similar procedure occurs for the 

drug matrix analysis; however, an extra step of inserting the drug matrix into the bag is 

done as well. Drug products were prepared by crushing the OTC tablet to a fine powder 

with a handheld mortar and pestle and transferring the appropriate weight amount into the 

bag via the slit made, and then resealing the bag. The bags were then placed in the oven 

at 60 oC for at least 20 mins for volatilization of RS and equilibrated at room temperature 

for at least 20 mins. The bags can be stored at constant room temperature after 

preparation for up to a day without any significant change. Nitrogen was used to fill the 

bags. 

2.4. PORTABLE GC-PID 

A compact NovaTest P100L – dimension, 36 x 30 x 15 cm, 7 kg in weight- GC 

(Nanova Environmental, Columbia, MO, USA) with a thermal desorption unit ideal for 

low concentration detections (ppb range) was used for analyzing the residual solvents. 

The P100L, with patented microfluidic and micro-electro-mechanical systems (MEMS) 

technology, uses helium in a portable, easily disposable canister as a carrier gas. A 

sampling unit pumps the sample into a volatile organic compound (VOC) trapping unit 

(pre-concentrator, desorption occurs at 300 oC in less than 0.5 sec). The trapping unit 

concentrates the sample before releasing it into a GC capillary column for separation and 

detection by the micro-PID (10.6 eV). The column temperature can go up to 200 oC, and 

sampling time can be adjusted as needed. An optional 11.7 eV Ultraviolet lamp detection 

unit is also available for the instrument. The online pre-concentrator is made up of 
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Carboxen 1018 beads packing as adsorbent material with insulated copper wire wrapping 

for thermal desorption and a thermocouple for temperature monitoring.  

2.5. CHROMATOGRAPHY CONDITIONS 

The system’s sampling rate was 10 ml/min, and a pre-concentration sampling 

time of 1.5 mins was used with a system carrier gas pressure of 10 psi. Separation was 

achieved with a GC capillary column (RTX-VMSTM GC column., Restek Corp, 

Bellefonte, PA, USA.) 10 m in length (0.25 mm i.d. and 1.40 µm film thickness). The 

initial waiting time was 0 sec (time before sample collection to allow for system heat-up), 

and the waiting time (time after sampling but before sample injection into the system) 

was set to be 30 sec. The initial column oven temperature of 50 oC was maintained for 30 

secs after sample introduction and then ramped up at a rate of 15 oC/min with no hold 

time to a final temperature (Temp 1) of 100 oC. Additionally, an optional secondary 

higher or equivalent temperature to heat the column and enhance analyte movement was 

set at no hold time, ramp rate of 30 oC and final temperature (Temp 2) of 100 oC. The 

total run time was 3.8 mins.  

 

3. RESULTS AND DISCUSSION 

The need for new, improved, and simplified analytical methodologies for accurate 

and precise quantitation of RS is never-ending. The choice of sampling method plays a 

vital role in achieving this. Advanced techniques like SPME and HS injection have been 

used successfully and have shown valuable utility. However, having a much easier, 

cheaper, and more rapid sampling method that can be carried out with little to no 
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extensive operator training would be of great benefit. Modification of Tedlar® bags 

allowed for solid sample introduction into the bags and resealing while still maintaining 

the structural integrity of the bags for analysis. The direct sampling of solid samples for 

RS analysis by simply heating the drug matrix in the Tedlar® bags filled with N2 to aid in 

the desorption of volatiles was found to be easier and more efficient than the addition of 

water/methanol to the sample for the removal of the volatile organic compounds [18]. 

Although different materials like polyethylene and polytetrafluoroethylene (PTFE) bags 

were explored, we observed Tedlar® bags as ideal and inert. The ability to withstand high 

temperatures up to 93 oC makes them suitable for residual solvent volatilization and 

pharmaceutical testing, indicating Tedlar® bags as viable alternatives to traditional HS 

and SPME sampling methods. Additionally, a sampling time of 1.5 mins was used as it 

was ideal for all analytes investigated to avoid pre-concentrator breakthrough of lower 

boiling point analytes. 

Method performance characteristics of the GC-PID method were measured and 

determined as summarized in Table 1. The method displayed limits of detection (LOD) 

that were less than the set regulatory limits [8] with comparable and superior 

performance in some cases to other methods [15,19,20] previously used for the 

determination of the RS in drug products. Separation of all analytes was achieved in 230 

secs (Figure 1). Additionally, the linearity and range of the calibration curve were 

displayed with R2 values > 0.99 except for that of 1,4-dioxane at R2 = 0.98. A linear 

range of calibration was established as well.  Furthermore, spike recovery studies were 

conducted in a drug matrix at three concentration levels (low, medium, and high) for 

method validation. We observed recovery levels (Table 2) of 100.2 - 178.6% for low 
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spike levels, 92.6 - 127.2% for medium spike levels, and 91.2 – 115.5% for high spike 

levels with %RSD < 6.5%. The concentration of the spike levels is shown in Table 2. The 

method also showed lower LOD than the recommended analytical methods [12]. 

Retention time and peak area repeatability were evaluated through the replicate sampling 

of standards, and they showed a %RSD of < 0.4% and < 5.3%, respectively. Retention 

time repeatability is pertinent since the identification of analytes using GC largely 

depends on consistent RT, which the method displayed. Notably, characteristic RS 

volatility makes GC the chromatographic method of choice due to the separating power 

shown by capillary columns [12,17]. However, using a GC system that does not involve 

complex method development and optimization parameters like the NovaTest P100 saved 

a significant amount of method development and run time. For the detection aspect of the 

analytical methods, PID has not found usage for RS analysis as much as FID and MS 

[12], even though it was found to be superior in simplicity, portability, low cost, lowering 

energy use, and shortening analysis time for analytes by the GC-PID[21] The use of PID 

detection would be a step in the right direction for RS analysis as we gear towards 

greener forms of analysis. One would argue that using a higher energy lamp like an 11.7 

eV would help for the detection of a more extensive array of analytes with ionization 

energy that falls within the lamp’s capacity, which is, in fact, true and is the direction of 

the further development of the instrument; Nevertheless, the 10.6 eV PID lamp used in 

the NovaTest P100 is satisfactory for the panel of RS selected in this study with 

improved linearity and stability for volatile gas detection compared to regular PID 

systems. 
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Figure 1. Chromatogram of a standard mixture containing the residual solvents. 1. 

Cyclohexane, 2. Benzene, 3. 1,4-dioxane 8, 4. Toluene, 5. Chlorobenzene, 6. m-, p-

xylene, 7. o-xylene. 

 

Furthermore, all analytes were completely resolved except for m and p-xylene, 

which could not be separated on the column; this is a common problem previously 

observed by others [15,19,21]. 1,4-dioxane peak was observed to tail on the column 

during separation, as shown in the chromatogram in Figure 1, which influenced 1,4-

dioxane sensitivity over time. This led to the eventual exclusion of 1,4-dioxane in the 

spike recovery studies. Having a method with a LOD (pg/mL) way less than the toxicity 

limit (ppm) (Table 3) as set by pharmacopeias is of immense benefit to RS monitoring. 

As shown in Table 3, all the evaluated OTC drugs displayed RS levels less than the 

method LOD (> 520 pg/g of drug). Additionally, all analytes' method detection limits 

were lower than The United States Pharmacopeia (USP) prescribed RS limits, confirming 

the method's suitability for RS monitoring in pharmaceutical products.  

Quality control samples were included to ensure system and analysis accuracy. 

Additionally, blank runs were carried out periodically during analysis to ensure that the 
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carryover response from the previous analysis was not influencing the current runs. The 

instrument also had an inbuilt cleaning procedure to remove possible residues in the 

system after every run to prepare it for the next run. The diluent choice of hexane in our 

study was influenced by the boiling point and solubility of all analytes of interest in 

hexane, even though the hexane peak was consistently intense in the chromatogram 

(Figure 1). However, the hexane peak does not interfere with the analysis of the analytes 

of interest because of its early elution in the method and low boiling point. Alternatively, 

methanol would have been a better choice due to its lack of detection on a 10.6eV lamp. 

However, methanol’s solubility was not compatible with the selected analytes. Other 

advantages of PID detection are analysis simplicity, miniaturization, and low cost 

compared with the more complex MS and FID detection [21].  However, the operation of 

the PID lamp under high humidity conditions and water-based samples is not ideal [19]. 

Finally, the spike recovery studies were conducted by using commercial 

acetaminophen tablets as a drug matrix, and different drugs were crushed and added to 

the Tedlar® to test for the robustness of the method. It was observed that no notable peaks 

were spotted in the equate™ acetaminophen sample (Figure 2a), and one detected peak 

was found in Bayer® Plus aspirin (Figure 2b), which did not correlate with any of the 

investigated RS of interest; thus, it was not identified. Excedrin® and Bayer® low dose 

aspirin showed similar chromatograms from their sampling as equate™ acetaminophen 

and Bayer® Plus aspirin, respectively. 

This high-throughput method will aid the manufacturing process tremendously by 

ensuring compliance with drug product guidelines and consequently improving drug 

product use safety [15]. 
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Table 1.  Calibration and method performance parameters of residual solvents. 

 

*  LOD represents the DL of the RS analyzed in the bags. 

#  Tr represents the retention time of the analytes. 

 

 

Figure 2. Chromatogram of OTC drug samples in Tedlar® bags a) acetaminophen, b) 

Bayer® Plus aspirin. 

Analyte 

Linearity 

 Repeatability 

(%RSD) 

Calibration range 

(ng/mL) 

Correlation 

coefficient 

(r2) 

LOD* 

(pg/mL) 

 Peak 

Area 

n=4 

Tr
#
 

n=4 

1,4-dioxane 0.26 – 64.03 0.9786 26.00  4.26 0.08 

Benzene 0.41 – 81.56 0.9979 40.78  3.94 0.39 

Chlorobenzene 0.52 – 52.03 0.9918 52.03  5.32 0.32 

Cyclohexane 0.36 — 72.66 0.9911 36.33  3.20 0.31 

m-, p-xylene 0.41 – 40.78 0.9952 40.78  5.06 0.31 

o-xylene 0.41 – 40.78 0.9962 40.78  4.72 0.30 

Toluene 0.41 – 81.56 0.993 40.78  5.16 0.35 

a b 
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Table 2. Spike recovery results of the residual solvents at a) low, b) medium, and c) high 

levels using acetaminophen as a drug matrix. 

Analyte 

Spike  

Concentration 

[low, medium, 

high] (ng/mL) 

Spike level 

a) Low spike 
b) Medium 

spike 
c) High spike 

%Recovery 

Avg (n = 3) 

%RSD 

%Recovery 

Avg (n = 3) 

%RSD 

%Recovery 

Avg (n = 3) 

%RSD 

Benzene 0.82, 2.04, 8.16 152.6 3.1 116.8 0.2 108.4 3.4 

Chlorobenzene 1.04, 2.60, 

10.41 

100.3 4.1 94.1 0.5 97.9 4.0 

Cyclohexane 0.73, 1.82, 7.27 178.6 4.7 127.2 3.0 115.5 1.9 

m-, p-xylene 0.82, 2.04, 8.16 105.2 4.6 95.8 3.5 104.0 5.3 

o-xylene 0.82, 2.04, 8.16 100.2 4.0 92.6 0.7 91.2 4.2 

Toluene 0.82, 2.04, 8.16 109.9 6.5 99.7 1.2 103.50 4.8 

 

Table 3. The concentration of residual solvents in over-the-counter drugs for method 

validation. 

*USP- United States Pharmacopeia. 

Analyte Excedrin® Bayer® Plus 

aspirin 

Bayer® low 

dose aspirin 

equate™ 

acetaminophen 

USP* 

toxicity 

limit 

(ppm) 

(pg/mL) pg/g of 

drug 

(pg/mL) pg/g of 

drug 

(pg/mL) pg/g 

of drug 

(pg/mL) pg/g 

of drug 

Benzene < 40.78 < 611 < 40.78 < 611 < 40.78 < 611 < 40.78 < 584 2 

Chlorobenzene < 52.03 < 779 < 52.03 < 779 < 52.03 < 779 < 52.03 < 745 360 

Cyclohexane < 36.33 < 544 < 36.33 < 544 < 36.33 < 544 < 36.33 < 520 3880 

m-, p-xylene < 40.78 < 611 < 40.78 < 611 < 40.78 < 611 < 40.78 < 584 2170 

o-xylene < 40.78 < 611 < 40.78 < 611 < 40.78 < 611 < 40.78 < 584 2170 

Toluene < 40.78 < 611 < 40.78 < 611 < 40.78 < 611 < 40.78 < 584 890 
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However, the limitations of this system lie in its non-compatibility with the direct 

injection of water-based samples and the use of certain solvents. The method developed 

satisfied validation parameters- specificity, selectivity, linearity, accuracy, precision, 

limits of detection and quantitation, and most importantly, system suitability for RS 

analyses.  

The instrument’s portability can be used in various aspects of the manufacturing 

process, offering RS analysis at different stages of production due to the ease of moving 

the instrument to monitor RS concentrations [17]. Which we would refer to as in-

manufacturing analysis. This would, in turn, eliminate the time needed for collection and 

transporting samples to the lab by giving instant results that can be acted upon quickly, 

thereby saving costs and preventing degradation that could affect analysis accuracy [21]. 

Additionally, calibration and sample Tedlar® bags could be kept at consistent room 

temperature and reanalyzed for up to a day without any significant change to the 

concentration. This will also address the pressing need for a robust, low-cost, and low-

power demand portable device capable of reliable analyte-specific measurement at ppb 

and sub-ppb levels for VOC and RS analysis alike [15].  GC-PID has the advantage that 

it can be miniaturized over similar techniques for VOC detection [15] without affecting 

its robustness and is not limited to isothermal operation like some commercially available 

miniaturized GC instruments. Additionally, this GC-PID is even more compact than 

similar technology [19,21], and the instrument’s ability to rapidly cool considerably 

shortens the waiting time after each run, consequently reducing overall analysis time.  
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4. CONCLUSION 

The developed method showed less than 6.5% reproducibility and sub-ppb level 

detection for the RS evaluated. The method demonstrated qualitative and quantitative 

detection of the RS of interest. Air sampling of dry drug products using a Tedlar® bag is a 

viable alternative to conventional RS sampling methods like HS and SPME. We expected 

that this instrument and methodology could be deployed during the manufacturing 

processes of drug production to monitor RS generated at every stage of production to 

ensure an accurate determination of their presence and regulation. It is anticipated that the 

method can be modified with different columns and temperature programs to include 

more RS using this method on the GC-PID system, ultimately saving time and cost of 

analysis during the production process. 
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SECTION 

2. CONCLUSIONS AND RECOMMENDATIONS 

2.1. CONCLUSIONS  

This dissertation demonstrates the utility of chromatography-based analytical 

methods coupled with mass spectrometry and photoionization detectors for analyzing 

biological metabolites and residual solvents in pharmaceutical products. The first two 

papers (I and II) discussed liquid chromatographic and tandem mass spectrometry 

methods for determining potential TBI biomarkers in different biomatrices derived from 

open-field blast animal models with mild TBI. Additionally, the second paper specifically 

evaluates antioxidant therapy efficacy for TBI treatment using biomarker changes and 

response to blast-induced mild-TBI and NACA treatment. The studies yielded results that 

indicate some of the biomarkers of interest (markers of neurotoxicity and oxidative 

stress), NAA, 5-HIAA, GSH, GSH-GSSG ratio responded to both open-field blast TBI 

disease state and NACA treatment in urine, plasma, and whole brain tissue matrices of 

rats. It further shows that NACA may be able to confer neuroprotection, maintain and 

restore redox health status, and ameliorate brain homeostasis perturbation from blast-

induced TBI. Additionally, the study shows the utility and functionality of peripheral 

fluid biomarker investigations for TBI, which is typically a brain-centered disease. These 

first two studies involved innovative measures and optimization in simulating military-

grade TBI with explosive devices using blast models, biological matrix collection, 

sample clean-up, and LC-MS/MS method developments. The instrumentation methods 



 

 

151 

and sample clean-up strategies were developed and optimized for analyte sensitivity, 

selectivity, robustness, precision, and accuracy to monitor the slight changes of analytes 

based on disease state or treatment strategy at sub-ppb levels. Having these methods for 

monitoring the selected biomarker panel will go a long way in understanding TBI 

pathophysiology and designing effective treatment strategies for combating TBI. 

The third paper (Paper III) discusses the development and application of gas 

chromatography with photoionization detection (GC-PID) method for monitoring 

different USP classes of residual solvents in pharmaceutical products. It highlights using 

portable GC-PID instrumentation and modified Tedlar® bag sampling, a much easier, 

cheaper, smaller, and similarly efficient instrumentation for monitoring residual solvents 

in pharmaceutical products. The method developed was validated and applied to over-

the-counter medications for residual solvent monitoring. Short analysis time, 

straightforward sample preparation, easy-to-use instrumentation, and compatibility make 

the overall method and instrumentation suitable for integration into the fast-paced stages 

of the pharmaceutical drug production process to save time and resources.  

2.2. RECOMMENDATIONS 

The revelation and observations made in the TBI studies corroborated the 

importance of peripheral fluid small molecule biomarkers. It will benefit our 

understanding of the various pathophysiologies of TBI to explore peripheral fluid 

biomarker changes, especially in urine, more than they are currently being studied. Future 

works can identify more secondary mechanisms and small molecule biomarkers that can 

be explored in the biomatrices used in this study and other biomatrices to understand 
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better TBI pathophysiology and the interconnection of TBI to other diseases. 

Additionally, multiple time point studies should be conducted to understand the temporal 

profile of small molecule biomarkers in response to TBI. For the antioxidant therapy 

efficacy of TBI using NACA to target oxidative stress characteristics of the disease, 

studies should be conducted to understand the effect of NACA dosage on various 

severities of TBI, especially mild TBI. Additionally, standalone and combined 

preexposure and postexposure prophylactic effects of NACA should be evaluated against 

TBI. 

In the residual solvent analysis study, the GCPID method developed could include 

more residual solvents that can be used to analyze active pharmaceutical ingredients, 

excipients, and finished products. Integrating this instrumentation and method into 

residual solvent analysis in manufacturing may be a viable alternative to existing methods 

that require laboratory instrumentations, complex analysis processes, and resources. The 

portable GC-PID could be run with minimal training and resource expenses.  
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APPENDIX 

EFFECTS OF BLAST AND NACA TREATMENT ON TBI BIOMARKERS IN 

ANIMAL MODELS ONE- AND FIVE-DAYS POST BLAST-INDUCED-TBI 

 

1. OBJECTIVES 

In this particular study, the aim was to understand better the temporal effect of 

TBI on the biomarkers studied. Additionally, NACA treatment was also conducted to see 

the efficacy of only preexposure treatment and the combination of preexposure and 

continuous post-exposure of the rats after blast-induced TBI. Animals were separated into 

two study groups that got blast-induced TBI and pre-exposure treatment of NACA on the 

same day. However, in one study group, Day 1 (D1-Collection), animals were euthanized 

the following day without any follow-up treatment. The second study group, Day 5 (D5-

Collection), underwent intermittent NACA treatment for two days and euthanasia after 

five days post-blast.   

 

2. ANIMAL CONDITIONS 

The animal procedures used in this study were reviewed and approved by the 

Missouri S&T Animal Care and Use Committee in compliance with Federal regulations 

regarding the protection of animals used in research. Rats (Fischer CDF male rats 

{weight = 250-270 g;} Charles River, MA, USA) fifteen weeks old at the time of the 

experiment were used in this study. Animal housing was in a temperature and humidity-
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controlled animal facility. Precisely one week of acclimatization was provided for the rats 

before studies were conducted. Food (Purina Lab Diet rat chow) and water (municipal 

tap) access were allowed for the animals ad libitum, and a 12-hour light-dark cycle was 

provided for the animals at the Missouri S&T Animal Research Facility.   

 

3. EXPLOSIVE BLAST DETAILS  

Twenty-four animals in two study groups (D1 and D5 Collections) containing 4 

and 3 individual groups were used in this study. The first study group, D1-Collection, 

was divided into four groups: Sham (n = 3), D1-NACA (n=3), D1-b-TBI & NACA (n=4), 

and D1-b-TBI (n = 3). Also, the second study group, D5-Collection, was divided into 

three groups: D5-NACA (n=3), D5-b-TBI & NACA (n=5), and D5-b-TBI (n = 3). All 

animals were transported to the Missouri University of Science and Technology 

experimental mine facility. All animals were conscious prior to and after injury for both 

study groups. In the D1-Collection study group with four individual groups, no explosive 

device was detonated for control groups: 1. Sham, and 2. D1-NACA, however, the 

animals were kept in the same conditions as the blast-induced rats during the blast 

exercise for equilibration. The experimental (blast-induced) rat groups for the D1-

Collection: 3. b-TBI & NACA and 4. b-TBI were suspended at a height of 60 cm in 

modified cages and subjected to an open-field explosive blast at 2.15 m from a 350 g 

charge of C4.  

In the second study group, the D5-Collection study group with three individual 

groups, no explosive device was detonated for the control group: 5. D1-NACA, however, 

the D1-NACA rats were kept in the same conditions as the blast-induced rats during the 
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blast exercise for equilibration. The experimental (blast-induced) rat groups for the D5-

Collection: 6. b-TBI & NACA and 7. b-TBI were suspended at a height of 60 cm in 

modified cages and subjected to an open-field explosive blast at 2.15 m from a 350 g 

charge of C4. The open-field blast model of TBI used in these animals was developed 

and validated previously in rodents. Table A1 shows a description of the groups and the 

blast-induced. The severity of the TBI from the blast-induced was considered mild.  

 

Table A1 Study groups with blast simulation and NACA treatment description. 

1st study group D1-Collection 

Group 

Blast 

Conducted 

Injection Injury 
Number 

1. Sham No Blast PBS Sham 
3 

2. D1-NACA No Blast NACA Sham 
3 

3. D1-b-TBI & 

NACA 

Blast at 2.15m NACA Blast 
4 

4. D1-b-TBI Blast at 2.15m PBS Blast 
3 

2nd study group D5-Collection 

Group 

Blast 

Conducted 

Injection Injury 
Number 

5. D5-NACA No Blast NACA Sham 
3 

6. D5-b-TBI & 

NACA 

Blast at 2.15m NACA Blast 
5 

7. D5-b-TBI Blast at 2.15m PBS Blast 
3 
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4. ANTIOXIDANT (NACA) TREATMENT 

On the scheduled blast day, animals were treated with s.c. Injection of either PBS 

(1. Sham, 4. D1-b-TBI, and 7. D5-b-TBI) or 500 mg/kg NACA (2. D1-NACA, 3. D1-b-

TBI & NACA, 5. D5-NACA, and 6. D5-b-TBI & NACA) 1 h prior to injury. Animals 

were transported to the Experimental Mine facility at Missouri University of Science and 

Technology and were subjected to open blast injury as described in the explosive blast 

details section. D1-Collection animals were euthanized one day after the blast and did not 

undergo subsequent treatment. D5-collection animals were treated with s.c injection of 

500 mg/kg NACA or PBS for two more days after the blast exposure at intervals. 

Animals were fasted overnight before euthanasia. D1-collection animals were euthanized 

a day after the blast was induced, while D5-collection animals were euthanized five days 

after the blast was induced on the study rats. The collection of urine, blood, and whole 

brain tissue followed euthanasia. Table A1 shows a description of the treatment details of 

the groups. 

 

5. SURGICAL PROCEDURE AND SAMPLE COLLECTION 

Euthanasia, harvesting of tissues, and collections of biological fluids were 

conducted in the animal surgery theatre at the Missouri S&T Animal Research Facility 

one and five days after the blast for the D1-Collection and D5-Collection rats, 

respectively. Animals were deeply anesthetized via i.p injection of ketamine/xylazine. 

Animals were euthanized by exsanguination via cardiac puncture. Blood was collected 

into heparin-coated tubes and centrifuged (3000 g, 10 min; 4 °C) immediately to separate 
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plasma. Urine was drawn directly from the bladder. Each urine or plasma sample was 

divided into two aliquots. Upon collection, 10 mg/mL BHT was added to one aliquot of 

each urine or plasma sample to give a final 200 µg/mL BHT concentration. To the other 

aliquot of collected urine or plasma, 100 mM NEM was added (urine or plasma/NEM = 

9:1, v/v), and the mixture was vortexed for a few seconds to form the stable GSH-NEM 

adduct. Whole brains were collected immediately following euthanasia. Stabilized urine, 

plasma, and brain samples were frozen immediately in liquid N2 and stored at -80 °C 

until analysis. 

5.1. SAMPLE PREPARATION AND ANALYSIS 

Samples were prepared and analyzed as described in Papers 1 and II, portrayed in 

the paper section of this dissertation.  

5.2. DATA ANALYSIS 

Data is represented as the mean ± SEM (standard error of the mean) of 3-5 

animals. GraphPad Prism 6 (San Diego, California) was used to conduct One-way 

ANOVA to compare mean biomarker levels between all groups. Fisher LSD pair-wise 

test was used to compare two individual groups in the study. Values of p ≤ 0.05 were 

considered statistically significant, and p ≤ 0.1 were defined to approach statistical 

significance for analyses discussed here. 
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6. RESULTS AND DISCUSSION 

6.1. EFFECT OF NACA ON BRAIN TISSUE FOR D1 AND D5 STUDY GROUPS 

The exposure to blast overpressure (BOP) caused observable changes within and 

between collection days on the investigated metabolites in brain tissue. Brain tissue 

metabolites levels were recorded as ng(analyte)/mg(wet weight) of the tissue, and the 

one-way ANOVA results are as follows: NAA; (F = 2.44, p = 0.0691), 5-HIAA; (F  = 

1.09, p = 0.4087), GSH; (F = 1.87, p = 0.1455), GSSG; (F = 1.50, p = 0.2371), 

GSH/GSSG ratio; (F = 3.178, p = 0.0280). Further statistical post-hoc probing using 

Fisher LSD pair-wise comparison on brain tissue NAA showed a similar level between 

the sham and D1-b-TBI & NACA groups. With a p-value approaching statistical 

significance, there was a 7% reduced NAA level between D1-b-TBI & NACA vs. D1-b-

TBI. This observation shows that NAA level changes may not be an accurate reflection 

of TBI one day after injury. However, in the D5 groups, the D5-NACA and D5-b-TBI & 

NACA groups showed similar NAA levels, while the D5-b-TBI group had slightly lower 

NAA levels compared to the other D5 groups. This result indicates that continuous 

NACA treatment may be able to increase and prevent the depletion of NAA levels in the 

brain for b-TBI-induced animals. The activity of 5-HIAA in the brain as a response to b-

TBI and NACA treatment was unclear from our data. However, there were p-values of 

statistical significance (p < 0.05) and approaching statistical significance (p < 0.1) 

between the D1-b-TBI & NACA vs. D1-b-TBI and D1-b-TBI & NACA vs. D5-b-TBI 

respectively. However, GSH depletion was not observed in the D1 groups, possibly due 

to the delay of TBI effects to a later time point. This phenomenon was observed as there 

was a ~20% statistically significant (p < 0.05) decrease in GSH levels between the D5-b-
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TBI & NACA vs. D5-b-TBI and a ~19% decrease approaching statistical significance (p 

< 0.1) between D5-NACA vs. D5-b-TBI. This shows that continuous NACA treatment 

can maintain GSH levels in b-TBI-induced animals, and b-TBI depletes GSH levels. This 

result agrees with our previous study. Additionally, the D1 study groups had relatively 

higher GSSG levels than the D5 study groups. Comparing the GSH/GSSG ratio of the 

animals in both study groups, it was observed that there were lower GSH/GSSG ratios in 

the D1 study groups than in the D5 study groups. The D5-NACA group had the highest 

GSH/GSSG ratio in the D5 study group; this was closely followed by the D5-b-TBI & 

NACA group, which was 12% lower than the D5-NACA group. However, the D5-b-TBI 

had the lowest GSH/GSSG ratio, which was 30% and 20 % lower than the D5-NACA 

and the D5-b-TBI & NACA groups, respectively. Additionally, significant differences in 

the GSH/GSSG ratio between the D1 and D5 study groups indicate that prolonged 

NACA treatment after initial pre-exposure treatment may better improve redox health 

outcomes. Results are represented in the boxplot in Figure A1, and the p-values of the 

one-way ANOVA and the Fisher LSD multiple pairwise comparisons are shown in 

Tables A2 and A3, respectively. 

 

Table A2. One-way ANOVA p-values of the two study groups combined for different 

metabolites in the whole brain, urine, and plasma.  

Analyte 

Biological matrix 

Brain Plasma Urine 

NAA 0.0691 0.9386 0.0084 

5-HIAA 0.4087 0.1742 0.7262 

GSH 0.1455 0.1563 0.9709 
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Table A2. One-way ANOVA p-values of the two study groups combined for 

different metabolites in the whole brain, urine, and plasma. (Cont.) 

Analyte 

Biological matrix 

Brain Plasma Urine 

GSSG 0.2371 0.6187 0.5387 

GSH/GSSG 0.0280 0.1465 0.0452 

 

Table A3. Fisher LSD pairwise comparison of whole brain tissue metabolites between 

different groups in the study. Significant p-values and approaching statistical significance 

p-values are in bold font.  

Day 1 and Day 5 study comparison p-value (Brain Tissue) 

Comparison NAA 5-HIAA GSH GSSG GSH/GSSG 

Sham vs. D1 NACA 0.0151 0.587 0.2047 0.8428 0.5651 

Sham vs. D1 b-TBI 0.2931 0.1607 0.0713 0.9096 0.2317 

Sham vs. D1 b-TBI & NACA 0.5888 0.4879 0.1113 0.7556 0.2807 

Sham vs. D5 NACA 0.1521 0.4367 0.1048 0.0636 0.002 

Sham vs. D5 b-TBI 0.5664 0.2528 0.9543 0.1945 0.1599 

Sham vs. D5 b-TBI & NACA 0.1182 0.587 0.0644 0.1768 0.0149 

D1 NACA vs. D1 b-TBI 0.089 0.3939 0.6138 0.745 0.5479 

D1 NACA vs. D1 b-TBI & NACA 0.0047 0.2237 0.7228 0.6113 0.6047 

D1 NACA vs. D5 NACA 0.2456 0.811 0.6979 0.0431 0.007 

D1 NACA vs. D5 b-TBI 0.0261 0.5797 0.1437 0.1335 0.427 

D1 NACA vs. D5 b-TBI & NACA 0.3055 > 0.9999 0.519 0.1256 0.0488 

D1 b-TBI vs. D1 b-TBI & NACA 0.1124 0.0399 0.8992 0.8262 0.9612 

D1 b-TBI vs. D5 NACA 0.611 0.5465 0.9277 0.061 0.0164 

D1 b-TBI vs. D5 b-TBI 0.5573 0.7077 0.0377 0.1982 0.8533 

D1 b-TBI vs. D5 b-TBI &NACA 0.5091 0.3939 0.8516 0.182 0.116 

D1 b-TBI & NACA vs. D5 NACA 0.0561 0.1505 0.9732 0.1136 0.0212 

D1 b-TBI & NACA vs. D5 b-TBI 0.2463 0.0646 0.0697 0.3328 0.8254 
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Table A3. Fisher LSD pairwise comparison of whole brain tissue metabolites 

between different groups in the study. Significant p-values and approaching 

statistical significance p-values are in bold font. (Cont.) 
Day 1 and Day 5 study comparison p-value (Brain Tissue) 

Comparison NAA 5-HIAA GSH GSSG GSH/GSSG 

D1 b-TBI & NACA vs. D5 b-TBI & 

NACA 0.0422 0.2237 0.7694 0.2896 0.129 

D5 NACA vs. D5 b-TBI 0.2902 0.7729 0.0649 0.3973 0.0182 

D5 NACA vs. D5 b-TBI & NACA 0.8855 0.811 0.7951 0.5727 0.359 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Whole brain tissue metabolite levels in Sham; D1-NACA; D1-b-TBI & 

NACA; D1-b-TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) 

NAA, b) 5-HIAA, c) GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to 

visualize the blast and treatment effects, respectively, for a, b, c, d, and e. Values are 

represented as mean ± SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 

0.001 (****). [D1 = Day 1 study group, D5= Day 5 study group, Sham = no blast + 

no treatment, NACA = no blast + NACA treatment, b-TBI & NACA = blast + 

NACA treatment, b-TBI = blast + no treatment] 
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Figure A1. Whole brain tissue metabolite levels in Sham; D1-NACA; D1-b-TBI & 

NACA; D1-b-TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, 

b) 5-HIAA, c) GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the 

blast and treatment effects, respectively, for a, b, c, d, and e. Values are represented as 

mean ± SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). [D1 = 

Day 1 study group, D5= Day 5 study group, Sham = no blast + no treatment, NACA = no 

blast + NACA treatment, b-TBI & NACA = blast + NACA treatment, b-TBI = blast + no 

treatment] (Cont.) 
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Figure A1. Whole brain tissue metabolite levels in Sham; D1-NACA; D1-b-TBI & 

NACA; D1-b-TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, 

b) 5-HIAA, c) GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the 

blast and treatment effects, respectively, for a, b, c, d, and e. Values are represented as 

mean ± SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). [D1 = 

Day 1 study group, D5= Day 5 study group, Sham = no blast + no treatment, NACA = no 

blast + NACA treatment, b-TBI & NACA = blast + NACA treatment, b-TBI = blast + no 

treatment] (Cont.) 
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6.2. EFFECT OF NACA IN PLASMA FOR D1 AND D5 STUDY GROUPS 

Plasma metabolites levels were recorded as (Analyte)(ng/mL)/(CRT) (ug/mL) and 

the one-way ANOVA results are as follows: NAA; (F = 0.28, p = 0.9386), 5-HIAA; (F = 

1.73, p = 0.1742), GSH; (F = 1.81, p = 0.1563), GSSG; (F = 0.75, p = 0.6187), 

GSH/GSSG ratio; (F = 1.86, p = 0.1465). No statistical significance was observed 

comparing the D1 and D5 study groups' mean; however, isolating the D5 study group 

shows a trend of increased NAA levels (~24-27%) that was approaching statistical 

significance for the D5-b-TBI group compared to D5-NACA and D5-b-TBI & NACA 

groups that were relatively similar. This indicates that days after the initial injury, b-TBI 

kept NAA levels elevated, and prolonged NACA treatment after an injury can keep NAA 

levels identical to that of the control group. 

For 5-HIAA, comparing the D1 and D5 study group means with one another 

showed no outstanding statistical differences; however, by isolating the D5 groups, it is 

observed that there is an ~30% increase approaching statistical significance in D5-b-TBI 

5-HIAA levels compared to D5-NACA and D5-b-TBI & NACA groups. This indicated 

that injury could elevate 5-HIAA levels days after injury, and prolonged NACA 

treatment after initial treatment can maintain 5-HIAA levels to control levels. This trend 

in plasma 5-HIAA was similar to that observed in plasma NAA and our previous blast 

study. The D1-b-TBI and D5-b-TBI levels remained relatively the same despite being in 

different treatment and study durations. No notable differences were observed between 

the GSH, GSSG, and GSH/GSSG ratio groups in plasma. Results are represented in the 

boxplot in Figure A2, and the p-values of the one-way ANOVA and the Fisher LSD 

multiple pairwise comparisons are shown in Tables A2 and A4, respectively. 
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Table A4. Fisher LSD pairwise comparison of plasma metabolites between different 

groups in the study. Significant p-values and approaching statistical significance p-values 

are in bold font.   

Day 1 and Day 5 study comparison p-value (Plasma) 

Comparison NAA 5-HIAA GSH GSSG GSH/GSSG 

Sham vs. D1 NACA 0.9858 0.1067 0.2283 0.3064 0.2466 

Sham vs. D1 b-TBI & NACA 0.4781 0.4031 0.0292 0.2431 0.128 

Sham vs. D1 b-TBI 0.7024 0.1737 0.0437 0.4853 0.1678 

Sham vs. D5 NACA 0.8251 0.0198 0.0685 0.6134 0.4006 

Sham vs. D5 b-TBI & NACA 0.8783 0.0216 0.0089 0.2058 0.0427 

Sham vs. D5 b-TBI 0.5837 0.2517 0.0311 0.081 0.0081 

D1 NACA vs. D1 b-TBI & NACA 0.4889 0.4094 0.2736 0.8787 0.6941 

D1 NACA vs. D1 b-TBI 0.7165 0.6934 0.4109 0.684 0.8765 

D1 NACA vs. D5 NACA 0.8113 0.3969 0.4963 0.5964 0.7396 

D1 NACA vs. D5 b-TBI & NACA 0.8643 0.4205 0.1072 0.7971 0.3359 

D1 NACA vs. D5 b-TBI 0.5972 0.4827 0.3538 0.508 0.1162 

D1 b-TBI & NACA vs. D1 b-TBI 0.7036 0.6213 0.7186 0.5698 0.7905 

D1 b-TBI & NACA vs. D5 NACA 0.3555 0.1045 0.6682 0.4966 0.4706 

D1 b-TBI & NACA vs. D5 b-TBI & NACA 0.3907 0.1129 0.5766 0.9166 0.5627 

D1 b-TBI & NACA vs. D5 b-TBI 0.8038 0.8224 0.7591 0.6214 0.2436 

D1 b-TBI vs. D5 NACA 0.538 0.2011 0.9216 0.8724 0.6105 

D1 b-TBI vs. D5 b-TBI & NACA 0.5863 0.2165 0.3432 0.4975 0.3802 

D1 b-TBI vs. D5 b-TBI 0.8703 0.7493 0.9388 0.2437 0.1231 

D5 NACA vs. D5 b-TBI & NACA 0.9458 0.9658 0.3287 0.4342 0.2017 

D5 NACA vs. D5 b-TBI 0.4294 0.1094 0.8624 0.2178 0.058 

D5 b-TBI & NACA vs. D5 b-TBI 0.4739 0.1192 0.3563 0.7055 0.5908 
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Figure A2. Plasma metabolite levels in Sham; D1-NACA; D1-b-TBI & NACA; D1-b-

TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, b) 5-HIAA, c) 

GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the blast and 

treatment effects, respectively, for a, b, c, d, and e. Values are represented as mean ± 

SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). [D1 = Day 1 

study group, D5= Day 5 study group, Sham = no blast + no treatment, NACA = no blast 

+ NACA treatment, b-TBI & NACA = blast + NACA treatment, b-TBI = blast + no 

treatment] 
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Figure A2. Plasma metabolite levels in Sham; D1-NACA; D1-b-TBI & NACA; D1-b-

TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, b) 5-HIAA, c) 

GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the blast and 

treatment effects, respectively, for a, b, c, d, and e. Values are represented as mean ± 

SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). [D1 = Day 1 

study group, D5= Day 5 study group, Sham = no blast + no treatment, NACA = no blast 

+ NACA treatment, b-TBI & NACA = blast + NACA treatment, b-TBI = blast + no 

treatment] (Cont.) 
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Figure A2. Plasma metabolite levels in Sham; D1-NACA; D1-b-TBI & NACA; D1-b-

TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, b) 5-HIAA, c) 

GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the blast and 

treatment effects, respectively, for a, b, c, d, and e. Values are represented as mean ± 

SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). [D1 = Day 1 

study group, D5= Day 5 study group, Sham = no blast + no treatment, NACA = no blast 

+ NACA treatment, b-TBI & NACA = blast + NACA treatment, b-TBI = blast + no 

treatment] (Cont.) 

 

6.3. EFFECT OF NACA IN URINE FOR D1 AND D5 STUDY GROUPS  

Urinary metabolites levels were recorded as (Analyte)(ng/mL)/(CRT) (ug/mL), 

and the one-way ANOVA results are as follows: NAA; (F = 4.38, p = 0.0084), 5-HIAA; 

(F = 0.60, p = 0.7262), GSH; (F = 0.86, p = 0.5387), GSSG; (F = 0.20, p = 0.9709), and 
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pronounced five days after injury than one day after injury, as shown by the significantly 

different (p ≤ 0.01) increase of about 194 % in the D5-b-TBI group compared to the D1-

b-TBI group. Subsequently, the effect of NACA in lowering urinary NAA levels in the 

injury animals was shown by the statistically significant (p ≤ 0.05) 46% decrease 

observed when comparing the D5-b-TBI vs. D5-b-TBI & NACA groups. No statistically 

significant change was observed for the urinary 5-HIAA levels when comparing the 

means of the D1 and D5 study groups. However, isolating the D1 study group showed 

that there was a decreased level of urinary 5HIAA in the D1-b-TBI group compared with 

the D1- NACA and D1-b-TBI & NACA groups. Alternatively, isolating the D5 study 

group, it was observed that there was an increase (although not statistically significant) in 

urinary 5HIAA levels in the D1-b-TBI group compared with the D1- NACA and D1-b-

TBI & NACA groups. The trend observed in both NAA and 5-HIAA was similar to 

previously observed urinary biomarker trends in our previous study. Urinary GSH and 

GSSG levels did not show any statistically significant differences comparing group 

means. However, the trend observed shows a generally reduced GSH level for the D5 

study groups compared to the D1 study groups, with the GSSG levels staying relatively 

the same in both study groups. To evaluate the redox health status in urine, the 

GSH/GSSG ratio was determined, and it showed a generally higher GSH/GSSG ratio for 

the D1 study group compared to the D5 study group. Results are graphically depicted in 

the boxplot in Figure A3, and the p-values of the one-way ANOVA and the Fisher LSD 

multiple pairwise comparisons are shown in Tables A2 and A5, respectively.  
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Table A5 Fisher LSD pairwise comparison of urinary metabolites between different 

groups in the study. Significant p-values and approaching statistical significance p-values 

are in bold font. 

Day 1 and Day 5 study comparison p-value (Urine) 

Comparison NAA 5-HIAA GSH GSSG GSH/GSSG 

Sham vs. D1 NACA 0.3475 0.567 0.5954 0.3973 0.6875 

Sham vs. D1 b-TBI & NACA 0.6291 0.4706 0.8164 0.4339 0.1187 

Sham vs. D1 b-TBI 0.6777 0.1679 0.7148 0.6345 0.6488 

Sham vs. D5 NACA 0.2061 0.151 0.1439 0.4809 0.1325 

Sham vs. D5 b-TBI & NACA 0.5845 0.196 0.1207 0.4352 0.1246 

Sham vs. D5 b-TBI 0.0075 0.4244 0.2219 0.6298 0.3008 

D1 NACA vs. D1 b-TBI & NACA 0.7138 0.8315 0.8069 0.9805 0.2179 

D1 NACA vs. D1 b-TBI 0.5495 0.4244 0.8385 0.6622 0.9794 

D1 NACA vs. D5 NACA 0.0362 0.3694 0.3346 0.8842 0.0634 

D1 NACA vs. D5 b-TBI & NACA 0.1465 0.4554 0.2886 0.9455 0.0593 

D1 NACA vs. D5 b-TBI 0.0008 0.8701 0.5154 0.637 0.1462 

D1 b-TBI & NACA vs. D1 b-TBI 0.886 0.6273 0.9378 0.681 0.2026 

D1 b-TBI & NACA vs. D5 NACA 0.1141 0.5505 0.2717 0.877 0.0074 

D1 b-TBI & NACA vs. D5 b-TBI & 

NACA 

0.3362 0.6461 0.2364 0.9318 0.0069 

D1 b-TBI & NACA vs. D5 b-TBI 0.0055 0.9287 0.4069 0.6609 0.0148 

D1 b-TBI vs. D5 NACA 0.0856 0.8688 0.222 0.7779 0.0464 

D1 b-TBI vs. D5 b-TBI & NACA 0.323 0.9985 0.1864 0.7156 0.0431 

D1 b-TBI vs. D5 b-TBI 0.0015 0.4628 0.3513 0.9867 0.1099 

D5 NACA vs. D5 b-TBI & NACA 0.4584 0.8758 0.9194 0.9383 0.972 

D5 NACA vs. D5 b-TBI 0.1326 0.399 0.6609 0.7565 0.4922 

D5 b-TBI & NACA vs. D5 b-TBI 0.027 0.5007 0.582 0.692 0.4684 
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Figure A3. Urinary metabolite levels in Sham; D1-NACA; D1-b-TBI & NACA; D1-b-

TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, b) 5-

HIAA, c) GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the 

blast and treatment effects, respectively, for a, b, c, d, and e. Values are represented 

as mean ± SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). 

[D1 = Day 1 study group, D5= Day 5 study group, Sham = no blast + no treatment, 

NACA = no blast + NACA treatment, b-TBI & NACA = blast + NACA treatment, b-

TBI = blast + no treatment] 
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Figure A3. Urinary metabolite levels in Sham; D1-NACA; D1-b-TBI & NACA; D1-b-

TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, b) 5-HIAA, c) 

GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the blast and 

treatment effects, respectively, for a, b, c, d, and e. Values are represented as mean ± 

SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). [D1 = Day 1 

study group, D5= Day 5 study group, Sham = no blast + no treatment, NACA = no blast 

+ NACA treatment, b-TBI & NACA = blast + NACA treatment, b-TBI = blast + no 

treatment] (Cont.) 
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Figure A3. Urinary metabolite levels in Sham; D1-NACA; D1-b-TBI & NACA; D1-b-

TBI; D5-NACA; D5-b-TBI & NACA; and D5-b-TBI groups for a) NAA, b) 5-HIAA, c) 

GSH, d) GSSG, e) GSH/GSSG ratio. (i) and (ii) are used to visualize the blast and 

treatment effects, respectively, for a, b, c, d, and e. Values are represented as mean ± 

SEM (n = 3-5). p ≤ 0.1 (*), p ≤ 0.05 (**), p ≤ 0.01 (***), p ≤ 0.001 (****). [D1 = Day 1 

study group, D5= Day 5 study group, Sham = no blast + no treatment, NACA = no blast 

+ NACA treatment, b-TBI & NACA = blast + NACA treatment, b-TBI = blast + no 

treatment] (Cont.) 
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and we observed depleting GSH levels in the injury rats in the D5 study group. Also, the 

GSH/GSSG ratio displayed better redox health status in the NACA-treated groups than in 

the D5 study group's injury group. Incidentally, follow-up treatment with NACA was 

more effective than a one-point initial pretreatment, and the manifestation of TBI on the 

selected small molecule biomarkers is more pronounced in the D5 study group than in the 

D1 study group. In order words, a combination of NACA pretreatment after injury 

followed up with post-injury may be the appropriate approach to getting the desired 

effect in TBI treatment. Overall, this result partially agreed with our previous study that 

involved the treatment of rats for four days straight after initial injury rather than for 

alternating days in this study. Also, additional evidence of time point changes to 

biomarkers was shown in this present study. 
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