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1.0  BACKGROUND: 

Military service members suffer substantial stress on the battlefield and during aeromedical evacuation. 
These stressful conditions result in systemic physiological changes that cause the increased formation of 
toxic substances such as homocysteine (HCY), which can be deleterious to their health and exacerbate 
combat-related injuries. Traumatic brain injury (TBI) is a significant public health problem and the 
signature injury of Operation Enduring Freedom and Operation Iraqi Freedom, during which more than 
300,000 service members were diagnosed with TBI. Despite longstanding efforts by the scientific 
community in TBI research, the pathophysiology of TBI and the contribution of physiologic and 
psychological stress to TBI outcomes are not clearly understood. 

 
TBI victims in the Iraq and Afghanistan wars were often subjected to intercontinental aeromedical 

evacuation (AE) for advanced medical care within a few days after injury1. The cabin pressure during these 
flights is approximately equal to 8000 feet (ft) altitude. Goodman et al. (2011)2 was the first to demonstrate 
that exposure to AE-relevant hypobaria within a few hours (hr) following TBI in mice worsens brain 
inflammation. Our Air Force-sponsored research found that exposure of adult male rats to 6 hours of these 
hypobaric conditions within three days following moderate TBI worsened neurobehavioral outcome, 
increased brain inflammation, and exacerbated cerebrovascular damage3,4. Importantly, aeromedical 
evacuation is associated with several stressors that could exacerbate TBI and other forms of injury. These 
stressors include hypobaria, vibration, acceleration/deceleration, and temperature variations, which alone 
or in combination may promote inflammation and oxidative stress5. Military activities, including stressful 
combat and regular combat practice and social behaviors among service members of excessive alcohol 
consumption and cigarette smoking6,7, as well as hypobaria exposure at a high altitude starting at 
approximately 7500 ft, can result in hyperhomocysteinemia (HHCY) in humans8–12. Moreover, stress 
induction has been shown to cause HHCY in humans and rodents via exposure to psychological stressors13, 
electric foot shock14, or pro-oxidant dietary regimen15,16. Noticeably, HHCY increases the sensitivity of 
neurons and cerebral blood vessels to injury17–19, exacerbates brain injury-induced cortical lesion volume20, 
and is observed clinically in diseases and disorders ranging from Alzheimer’s disease21 to post-traumatic 
stress disorder22. 

 
Based on the pro-inflammatory and excitotoxic effects of TBI and HHCY, neuroprotective interventions 

targeting these mechanisms are needed. Omaveloxolone (RTA-408) is a triterpenoid and very potent 
activator of Nrf2 that has been tested in animal models and is pending FDA approval to treat the 
neurodegenerative disorder Friedreich ataxia23. Following its administration, RTA-408 inhibits Keap1 and 
prevents Nrf2 ubiquitination. Under stressful conditions, Nrf2 increasingly translocates into the nucleus, 
where it heterodimerizes with the small Maf (sMaf) protein. The heterodimer binds to the antioxidant 
response element (ARE) to upregulate the expression of glutathione metabolizing genes and other 
cytoprotective genes24–26. RTA-408 also increases the catalytic activity of crucial glutathione anabolizing 
enzymes, gamma-glutamyl-cysteine ligase (ץGCL), and glutathione synthase (GS)25,26, which facilitate 
homocysteine transsulfuration and promote increased glutathione biosynthesis, crucial to scavenging 
chronic stress and/or TBI-induced reactive radicals. Overall, RTA-408 is proven to attenuate oxidative 
stress by using synthesized glutathione to detoxify and scavenge free radical formation25,27,28. It also has anti-
inflammatory properties24,29, can prevent cell death25,27,28, and attenuate mitochondrial dysfunction26– 28, all of 
which are downstream effects of increased oxidative stress. RTA-408 demonstrated broad- spectrum 
therapeutic potential, suggests that it is an outstanding candidate to mitigate the impact of stress and treat 
TBI. 
 

The objective of this study was to examine the effects of HHCY-induced stress on TBI secondary injury 
mechanism in a rodent model of controlled cortical impact (CCI)-induced TBI and its association with the 
deleterious impact of hypobaria exposure. 
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We hypothesize that (1) HHCY-induced stress before TBI worsens neurobehavioral and 

neuropathologic outcomes, which are further aggravated by exposure of rats to AE-relevant hypobaria at     24 
hr following injury. 

 
We aimed to (1) Determine if pre-existing HHCY exacerbates TBI deficits in neurobehavioral 

outcomes, injury-induced lesion volume, and associated neuronal cell death, blood-brain barrier 
dysfunction, and inflammation. (2) Determine if exposure of sham or TBI rats to 6 hr hypobaria results in 
HHCY and neurobehavioral evidence of stress. (2) chronic psychological stress prior to injury increases 
serum HCY levels worsens the pathological and behavioral outcomes following TBI and hypobaria. (4) 
Determine folic acid or Omaveloxolne administered alone or in combination to protect against the effects of 
pre-existing stress and hypobaria on TBI outcomes. 
 
 
2.0.  METHODS 

2.1  Animals and housing 

 Male Sprague Dawley rats (300–350g; Envigo, CA) were used. They were housed in a temperature- 
controlled environment, maintained at 23 ± 2 degree celsius (ºC), with a 12h light/dark cycle, with access to 
food and water ad libitum. All animal procedures were approved by the University of Maryland, Baltimore, 
Animal Use and Care Committee, the USAF Animal Use Programs Office of Research Oversight & 
Compliance, and the United States Army Medical Research and Development Command (USAMRMC). 
Animal Care and Use Review Office (ACURO) in compliance with all federal regulations governing the 
protection of animals and research. Experimental groups consisted of 5-6 rats/group for 
immunohistochemistry or biochemical analyses and 10-12 for behavioral assessment. Animals were 
randomly assigned to groups. 
 

2.2  Hyperhomocysteinemic rat model 

 Moderate HHCY was induced in rats by intraperitoneal injections of methionine (Sigma-Ulrich, MO) 
at 0.3g/kg once daily for seven days30. After surgery, methionine administration was continued until 
euthanasia on day 1, day 7, or 30 post-surgery. Body weight was measured immediately before the first 
methionine injection and weekly after that. 
 

2.3  Restraint for stress Induction 

 Male Sprague Dawley rats (250-350grams (g)) were individually placed in a 21 cm by 6 cm diameter 
Broome rodent cylindrical restrainer (Harvard Apparatus, Cat # 52-0494) using the tail access line to put 
the animal in place. Each rat was maintained in its restrainer for 60 min daily. The procedure was repeated 
for 7 consecutive days prior to experimental brain injury induction by CCI method and continued until 
euthanasia on days 1, 7 or 31 post-injury. 
 

2.4  Induction of Controlled Cortical Impact Injury 

 Mild traumatic brain injury (mTBI) was induced by CCI. All rats were under general anesthesia with 
2.5 percent (%) isoflurane in 28% oxygen throughout the surgery. Rat body temperature was maintained at 
37⁰C using a heating pad coupled with a rectal probe. Following craniotomy over the left parietal cortex, CCI 
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was performed with a stereotaxically positioned 4mm diameter piston tip. Impact injury was done using an 
electromagnetically controlled impactor (Leica Biosystems, IL) with piston velocity set at 5m/sec and depth 
penetration of 1.5 millimeter (mm). The bone flap was replaced, the skin closed, and the anesthesia 
terminated. Sham-operated rats were also anesthetized, followed by craniotomy and replacement of the bone 
flap in the absence of cortical impact. 
 

2.5  Rat exposure to Hypobaria 

 At twenty-four hours post-surgery, rats were housed in cages with ad libitum food and water access 
and placed in a hypobaria chamber. A vacuum pump connected to the chamber was gradually adjusted to 
depressurize the chamber to 568 millimercury (mmHg), which is the ambient pressure at 8,000 ft. altitude. 
As previously reported, the chamber was kept normoxic (21% oxygen (O2)) with supplemental O2, were 
at a near- normal inspired oxygen level of 30%, the pulse oximetry (SpO2) was 97.0% at a hypobaria level 
8000 ft. Rats were maintained under these conditions for 6h, followed by depressurization every 15 minutes 
to sea level ambient pressure (757 mm Hg)4. As a control, other rats were placed in the chamber under 
normobaric conditions, equivalent to 80 ft., altitude, 21% O2 for the same duration. Some sham or CCI rats 
(6/group) received intraperitoneal injections of 2-dihydroethidium (2-DHE) in 50% DMSO (6mg/kg) to 
track superoxide formation 31 during hypobaria or normobaria-exposure conditions, equivalent to 80 ft., 
altitude, 21% O2 for the same duration. Some sham or CCI rats (6/group) received intraperitoneal injections 
of 2-dihydroethidium (2-DHE) in 50% DMSO (6mg/kg) to track superoxide formation31 during hypobaria 
or normobaria-exposure. 
 

2.6  Test compound preparation and administration 

RTA-408 (> 99% purity) will be ordered from MedChemExpress, LLC (Monmouth Junction, NJ) and 
stock prepared in pharmaceutical grade DMSO. The stock was further diluted with corn oil and 
administered orally gavage) once daily at 4 milliliters per kilogram (mL/kg) of body weight (with a 
maximum gavage volume of 20ml/kg for rats) to achieve 20 mg/kg in 2% DMSO and 98% corn oil used 
as a vehicle. 
 

2.7  Plasma homocysteine measurement 

Homocysteine levels were measured in rat’s plasma collected at days 1 and 7 post-surgery or at 2h and 
24h post-hypobaria exposure. This was done using an enzymatic assay kit (BiooScientific, TX) following 
the manufacturer’s instructions. 
 

2.8  Evan’s Blue preparation and via tail vein injection to rats and mice 

Evan’s Blue is a non-toxic dye used to assess blood-brain barrier permeability. Evan’s Blue (Sigma 
Aldrich, MO) was dissolved at 2% (2mg/ml; w/v) in normal saline immediately before use and filtered 
through a 0.22 micromolar (µM) tissue culture filter. Two hours before euthanasia, rats were administered 
the 2% Evan’s blue via lateral tail vein injection at 4 mL/kg. Two hours later, they were anesthetized and 
euthanized by exsanguination via transcardial flush with phosphate buffered saline (PBS). Brains were 
removed, submerged in formamide, and incubated at room temperature for 48 hours. The absorbance of 
the supernatant was measured at 620 nanometer (nm) using a Spectrophotometer (Fluster Optima, BMG 
LabTech, NC). 
 



4 
Distribution Statement A: Approved for public release.     AFRL-2022-2250, cleared 28 June 2022  

2.9  Measurements of oxidative stress markers in plasma and brain 

2.9.1. Malondialdehyde measurements 

Lipid peroxidation levels were determined by measuring the thiobarbituric acid reactive substance 
(TBARS) malondialdehyde (MDA) in rat plasma samples. The assay was performed using a kit (Cayman 
Chemical, MI) following the manufacturer’s instructions. 

2.9.2. Superoxide production 

The formation of superoxide anion was monitored in rat brains during hypobaria using 2- 
dihydroethidium (Molecular Probes, OR), a fluorescent probe that incorporates between nucleic acid 
strands of superoxide producing cells31. DHE was dissolved in 50% DMSO and administered 
intraperitoneally at 6mg/kg immediately before hypobaria or normobaria exposure (n = 4/group). Rats were 
euthanized at two-hours post-exposure and brain removed, processed, sectioned, and preserved as described 
32,33. DHE incorporated cells were microscopically visualized with a 20x objective at 594 nm wavelength. 
 

2.10  Measurements of reduced and oxidized plasma glutathione levels 

Plasma samples were collected during euthanasia from sham or brain-injured rats at 2h, 24h, or 30 days 
post-hypobaria or normobaria exposure. Total and oxidized glutathione concentration was measured using 
a colorimetric assay kit in rat plasma samples (n = 4/group) (Life Technologies Inc, MD). In brief, the assay 
used a colorimetric substrate that reacted with the free thiol group on glutathione to generate a highly 
colored product. Reduced glutathione concentration was the difference between total and oxidized plasma 
glutathione concentration measured separately, following the manufacturer’s instructions. 
 

2.11  Transcriptional analysis of glutathione metabolizing genes 

Total RNA was extracted from snap-frozen samples of the ipsilateral prefrontal cortex, parietal cortex, 
and hippocampus from sham and CCI rats euthanized 2h post-hypobaria or normobaria- exposure 
(n=4/group). RNA extraction was done using the PureLink RNA Mini kit (Ambion/Life Technologies 
Inc., CA), following the manufacturer’s instructions. Extracted RNA concentration was determined using 
a Spectrophotometer Nanodrop 2000C (Thermo Scientific, CA), and RNA tubes were stored immediately 
at -80ºC until used. 

First, an Access RT-PCR system kit (Promega, WI) was used to amplify 2µg RNA and determine the 
optimal annealing temperature of primer sets designed for the quantitative amplification of glutathione 
metabolizing genes glutathione synthase (GS), glutathione peroxidase 1 (GPx-1) and glutathione peroxidase 4 
(GPx-4), as well as the housekeeping control gene glyceraldehyde 3- phosphate dehydrogenase (GAPDH) 
(Table 1). 
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 Quantitative reverse transcriptase-polymerase chain reaction (Q-RT-PCR) was using   the Power 
SYBR Green RNA-to- CT 1-Step kit (Applied Biosystem, MA). In brief, a   complete RT- PCR mix 
containing 150 nM of primer (IDT, CA) that yielded the best annealing temperature for the respective GS, 
GPx-1, or GPx-4 gene of interest and GAPDH control was mixed with approximately 15µg of individual 
RNA template and placed in a 96 wells plate. Q-RT-PCR test of samples in the 96 wells plate was run in a 
QuantStudio-3 machine (Applied Biosystem, MA) for a total of 35 cycles after reverse transcriptase reaction 
at 48ºC for 30 min and enzyme activation at 95ºC for 10 min (n = 4/group). Each of the 35 Q-PCR cycles 
consisted of 15-sec denaturation at 95 ºC and 1min annealing/extension at the temperature noted in t able 
1. Each sample was run in triplicate for the target genes GS, Gpx-1, or GPx-4 and duplicated for the 
reference gene, the glyceraldehyde-3-phosphate dehydrogenase (GAPDH). At the end of the run, the 
amplification of a single gene product was verified by the presence of a single peak in the melting curve 
analysis. Normalized cycle threshold (∆Ct) values were obtained by subtracting the Ct of the reference gene 
from that of each of the target genes. The double delta Ct (∆∆Ct) for each target gene was determined by 
deducting the mean ∆Ct of the target gene in the sham normobaric group from the ∆Ct of the respective 
target gene. The fold-change of each target gene compared to the normobaric sham group was calculated 
as 2-∆∆Ct. 
 

2.12  Lesion volume assessment 

 Hematoxylin and eosin (Sigma, MO) stained brain sections were dehydrated, cleared and mounted for 
lesion volume estimation. Injury lesion volume was quantified from eight sections corresponding to every 
24 serial expanding from bregma 1.05 to -6.30 to cover the complete lesion area (n = 5/group). 
Quantification was done using the Cavalieri estimator method of unbiased stereology using the stereo- 
investigator software (MBF Biosciences, VT). The contusion region (impact-induced damaged region 
resulting in tissue loss) and penumbra region (the pathologically affected region around impact-induced 
lesion that could be salvaged with an effective therapeutic intervention) were outlined in the ipsilateral 
hemisphere of all sections with a grid spacing of 100 µm, and the injury lesion volume was determined and 
expressed in mm334,35. 
 

2.13  Histological analysis 

2.13.1.  Immuno-fluorescence staining 

 Brain sections were co-stained for the expression of the oxidative stress marker nitrotyrosine and the 
neuron-specific neuronal nuclear antigen (NeuN) or the pro-inflammatory marker the intracellular adhesion 
molecule 1 (ICAM-1) and the blood vessel marker laminin as previously described 36–38. Briefly, free-
floating sections were rinsed in phosphate-buffered saline (PBS) and blocked in 1% horse serum in PBS 
containing 0.3% Triton X for 1 h. Sections were then transferred in an antibody mixture containing rabbit 
anti-nitrotyrosine polyclonal antibody (1:2500; Sigma, MO) and mouse anti-NeuN monoclonal antibody 
clone, A60 (1:1500; Millipore/Sigma, MO) or goat anti-ICAM-1 polyclonal antibody (1:2000; Santa Cruz, 
CA) and rabbit anti-laminin polyclonal antibody (1:5000; Abcam, MA) and incubated at 4 °C overnight. 
Sections were washed in PBS and incubated in a mixture of corresponding secondary antibodies Alexa 
Fluor 488 or Alexa Fluor 594 (1:2000; Invitrogen, NY), for 1 h at room temperature. Sections were washed 
with PBS, counterstained with 4,6-diamidino-2-phenylindole (DAPI), and mounted with an anti-fade 
mounting medium (Vector Labs, CA). 

2.13.2.  Nickel DAB immunostaining 

 Brain sections were antibody-stained for the expression of the inflammatory marker CD-68 or the 
endothelial cell marker, the Von Willebrand Factor (vWF) protein, using nickel DAB staining. In brief, free- 

https://www.sciencedirect.com/topics/medicine-and-dentistry/phosphate-buffered-saline
https://www.sciencedirect.com/topics/immunology-and-microbiology/horse
https://www.sciencedirect.com/topics/immunology-and-microbiology/horse
https://www.sciencedirect.com/topics/medicine-and-dentistry/tyloxapol
https://www.sciencedirect.com/topics/immunology-and-microbiology/leporidae
https://www.sciencedirect.com/topics/medicine-and-dentistry/polyclonal-antibody
https://www.sciencedirect.com/topics/immunology-and-microbiology/mouse
https://www.sciencedirect.com/topics/medicine-and-dentistry/monoclonal-antibody
https://www.sciencedirect.com/topics/medicine-and-dentistry/monoclonal-antibody
https://www.sciencedirect.com/topics/immunology-and-microbiology/clone
https://www.sciencedirect.com/topics/neuroscience/polyclonal-antibodies
https://www.sciencedirect.com/topics/medicine-and-dentistry/antibody
https://www.sciencedirect.com/topics/medicine-and-dentistry/fluor
https://www.sciencedirect.com/topics/immunology-and-microbiology/fluor
https://www.sciencedirect.com/topics/medicine-and-dentistry/dapi
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floating sections were rinsed in PBS, blocked with 1% horse serum, and incubated in mouse anti-CD-68 
monoclonal antibody (1:100k; Thermo-Fisher, MA) anti-vWF (1/2000; Abcam, MA) overnight at 4 °C. 
Sections were washed and incubated for 1-hr at room temperature in biotinylated horse anti-mouse 
secondary antibody (1/600 or 1/2000 respectively; Vector Laboratories Inc., CA), followed by incubation 
in Vestastain solution and nickel DAB and PBS washes. Sections were then mounted with DPX (Sigma, 
MO). 

2.13.3.  Transmission Electron microscopy 

 Four brain sections (40µm) from NHCY-sham animals were stained with hematoxylin and eosin 
(Sigma, MO) to locate the hippocampal fissure, highly vascularized to present endothelial cells. Stained 
brain sections were dehydrated, cleared, and mounted with DPX (Sigma, MO). 
For the transmission Electron microscopy, the hippocampal dentate gyrus upper blade (40µm) containing the 
hippocampal fissure was micro-dissected, fixed, dehydrated, and embedded in Epoxy resin following 
standard procedures. 70µm ultrathin sections were collected and imaged with a Transmission Electron 
Microscope (Technai T12, ThermoFisher) at 80 KeV using an AMT digital camera to capture the blood 
vessel ultrastructure. 
 

2.14  Western blot analysis 

Western blotting was performed to assess the expression of 4-hydroxy-2-nonenal (4-HNE), Zona 
occludens (ZO-1), occludin, alpha-2 spectrin protein, B-cell CLL/lymphoma 2-associated X protein 
(BAX), extracellular signal-regulated kinases 1 and 2 (ERK1/2), phosphorylated ERK1/2 (pERK1/2), 
serine/threonine kinase(AKT), phosphorylated serine/threonine kinase (pAKT), and beta actin (β-actin) 
(loading control) in the homogenates-supernatants of S1/S2 cortical brain region. The expression of thrombin 
and transferrin (loading control) was measured in freeze-thawed plasma. All brain homogenates-supernatants 
were processed for electrophoresis as previously described 32,37–39. Plasma samples were diluted 1:4 in PBS, 
and 25μg of total protein in brain homogenate-supernatants or plasma were separated by electrophoresis on 
4–12% SDS-polyacrylamide gels (Invitrogen, CA), then transferred to a nitrocellulose membrane (Sigma, 
MO). Membranes were blocked with 5% non-fat milk in Tris- buffered saline with 0.1% Tween-20 (TBST) 
and incubated overnight at 4 °C in rabbit polyclonal antibodies against occludin (1:2000; Abcam, MA), 4-
HNE (1:4000; Millipore, MA), thrombin (1:2000; Abcam, MA) or transferrin (1:6000; Abcam, MA); a rat 
anti-ZO-1 monoclonal antibody (1:400, Millipore, MA) α-ii spectrin (1:3000; Invitrogen/ThermoFisher 
Scientific, NY), BAX, ERK,1/2, pERK1/2, AKT, pAKT (1:1000; Cell Signaling Technology, MA) or a 
mouse anti-β-actin (1:4000; Sigma, MO). Blots were washed in Tris-buffered saline with 0.1% Tween-20 
and incubated for 1 h at room temperature with corresponding HRP-conjugated secondary antibodies 
(1:5000; Millipore, MA). Horseradish peroxidase- labeled proteins were detected by enhanced 
chemiluminescence (ECL, Thermo Scientific, IL), and protein bands were visualized using a digital blot 
scanner (LI-COR, NE). 
 

2.15  Behavioral testing 

 All behavioral tests were performed at time points described in the experimental time 

2.15.1. Beam Walk test 

 This test was performed to assess fine motor movements, as previously described39,40. Briefly, animals 
were trained to walk on a 1.5 mm wooden beam for three consecutive days, and baseline data determining 
the number of foot faults over a total of fifty steps were collected on day 439. Test to assess            the effect of 
hypobaria-exposure on fine motor movement in sham and CCI rats overtime was performed on days 3, 9, 
16, and 30 post-surgery. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/serum-blood
https://www.sciencedirect.com/topics/immunology-and-microbiology/monoclonal-antibody
https://www.sciencedirect.com/topics/immunology-and-microbiology/goat
https://www.sciencedirect.com/topics/medicine-and-dentistry/incubation
https://www.sciencedirect.com/topics/medicine-and-dentistry/western-blotting
https://www.sciencedirect.com/topics/medicine-and-dentistry/occludin
https://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
https://www.sciencedirect.com/topics/medicine-and-dentistry/electrophoresis
https://www.sciencedirect.com/topics/medicine-and-dentistry/nitrocellulose
https://www.sciencedirect.com/topics/medicine-and-dentistry/sodium-chloride
https://www.sciencedirect.com/topics/medicine-and-dentistry/polysorbate-20
https://www.sciencedirect.com/topics/neuroscience/antibodies
https://www.sciencedirect.com/topics/neuroscience/occludin
https://www.sciencedirect.com/topics/medicine-and-dentistry/sodium-chloride
https://www.sciencedirect.com/topics/medicine-and-dentistry/polysorbate-20
https://www.sciencedirect.com/topics/medicine-and-dentistry/horseradish-peroxidase
https://www.sciencedirect.com/topics/neuroscience/chemiluminescence
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2.15.2. Y Maze test 

 Animals were assessed for hippocampus-dependent working memory performance using the Continuous 
Spontaneous Alternation method41 on days 1, 7, 14, and 28 post-surgery. The test used a Y-shaped device 
with arm dimensions of 35cm long, 5cm wide, and 15cm tall and was performed as we previously 
described32,38,42. In brief, animals were individually placed at the center of the Y maze and allowed to 
explore the three arms for 5 min. The sequence and number of each arm entry were tracked with a video 
camera and recorded for 5 min. An arm visit referred to the animal moving all four paws into the arm, and 
each alternation was defined as a consecutive entry in three different arms. The percent spontaneous 
alternation is calculated based on the formula: total number of alternations/(total number of arm entries – 
2)43. 

2.15.3. Elevated Plus Maze test 

 The Elevated Plus maze was used to assess rats for anxiety-like behavior on days 2, 8, 15, and 29 post- 
surgery using a Plus-sign shape device as previously described 32,38. Briefly, rats were individually placed in 
the central area of the device and allowed to explore the maze for 10 min. Animal movements were analyzed 
by an overhead camera, and data was collected and analyzed by Any-Maze software (SD instrument, CA) 
to provide several behavioral parameters, including the time spent in open arms. Anxiety- like behavior was 
interpreted as inversely proportional to the time an animal spent in the open arms. 
 

2.16  Quantitation and statistical analysis 

The stereo-investor software (MBF Biosciences) was used to quantify nitrotyrosine immuno-positive 
cells and for injury lesion volume measurement. For both measurements, a total of 6 sections were obtained 
to cover the entire impact region, − 1.60 mm to − 6.3 mm from Bergman, corresponding to every 12 serial 
sections for each brain. For the quantification of nitrotyrosine immuno-reactive cells, the optical fractionator 
method of stereology was employed to count these cells in the corpus callosum of 40 micrometer (μM) thick 
sections. Using a grid spacing of 75μm × 75μm in the x and y-axis and guard zones of 2μm at the top and 
bottom of each section, immuno-positive cell-bodies were counted. The total number of nitrotyrosine 
positive cells in the volume of interest was automatically determined and expressed as cells/mm3. 

 
Image J software (NIH) was used to determine the percent area covered by DHE incorporated cells, CD-

68, ICAM-1, or vWF immune-reactivity. To achieve that, 30 microscopic fields of each serial section from 
DHE or saline-injected rats were captured with an SRS fractionator of the stereo-investigator software 
(MBF Biosciences, VT). Each image was optically segmented with a threshold greyscale value of 0.3 μm, 
and the percent DHE-positive area was automatically measured. The mean of all DHE positive microscopic 
fields was determined. 

 
Statistical analyses were performed using GraphPad InStat-3 software (GraphPad       Software, Inc., 

CA). Data from biochemical and histological tests were analyzed using One-Way ANOVA and repeated 
ANOVA for behavioral data. Both tests were coupled to the Tukey-Kramer post-test to compare differences 
among the various groups. Results were expressed as mean ± standard error of the mean (SEM). Statistical 
significance was defined as p < 0.05. The individuals performing histologic, biochemical, and behavioral 
assays were blinded to animal group identifications, using codes revealed after data collection. 

 
 
  

https://www.sciencedirect.com/topics/immunology-and-microbiology/hippocampus
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https://www.sciencedirect.com/topics/immunology-and-microbiology/optics
https://www.sciencedirect.com/topics/medicine-and-dentistry/stereology
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3.0  RESULTS: 

3.1   Methionine induces HHCY and influence of hypobaria exposure and restraint-induced 
stress on plasma homocysteine levels 

 
To determine if methionine (Met) 

injections increased homocysteine (HCY) 
as reported in the literature22, animals were 
given Met injections for 7 days (groups 
CCI or Sham surgery) and plasma HCY 
levels measured. These Met injections 
resulted in a six-fold increase in HCY 
levels at both days-1 and 7 post-injury (pi) 
(Fig. 1A). Plasma HCY concentrations in 
the Met injection groups were 39.5 ± 5.52 
µM (day 1 pi, sham) and 37.7 ± 10.1 µM 
(day-1 pi, CCI) compared to 5.9 ± 3.32 µM 
(day 1 pi, sham) and 4.5 ± 4.2 µM (day 1 
pi, CCI) for saline injected rats (p < 0.001; 
1A).  This level of Met is considered 
clinically moderate 36,37. This HCY level 
was maintained by continuous daily 
methionine injections.  
As HHCY could alter post-surgical feeding 
and recovery, the weight of animals was 
measured on days 8 and 14, 21 and 30 post-
surgery. The presence of moderate chronic 
HHCY did not alter rat’s post-surgery 
weight gain progression. HHCY as well as normorhomocysteinemic (NHCY) sham and CCI rats weight 
gain ranged from 5.2% - 6.8% with no differences between sham, CCI, methionine or saline injections 
(p=0.2; Figure 1B). 

To determine the effect of acute hypobaria-exposure on HCY metabolism, we measured plasma HCY 
levels at 2h and 24h after 6h of 8000ft hypobaria-exposure using normobaria-exposure as control. We found 
that mTBI alone significantly reduced plasma HCY levels in normobaria-rats after 2h after exposure, 1.41 
± 0.723 µM, compared to normobaria-shams, 4.32 ± 0.431 µM (Q = 4.31, p < 0.05). At the same 2h time 
point, HCY levels were further reduced or undetectable in the plasma of TBI rats exposed to hypobaria to 
0.27 ± 0.28 µM and were significantly lower than levels in normobaric (3.12± 0.63 µM) and hypobaric 
(4.32 ± 0.431 µM) shams (Q = 0,41, p < 0.05; Q = 5.88, p < 0.01 respectively).  HCY levels in CCI-
hypobaria animals were still significantly reduced 24h after hypobaric 1.85 ± 0.63 µM compared to 
normobaric shams (Q = 4.23, p < 0.05). Hypobaria-exposure also caused a non-significant decrease in HCY 
levels among non-TBI sham rats with levels of 3.12± 0.63 µM at 2h post-exposure and 2.07 ± 0.52 µM at 
24h post-exposure compared to normobaria-shams 4.32 ± 0.431 µM (p > 0.05).  
The impact of restraint-induced chronic psychological stress on HCY metabolism was determined by 
measuring plasma HCY levels in non-restraint (NRst) and restraint (Rst) sham and brain-injured rats on 
days 1 and 7 pi. Results found on day 1 pi, 1.8 and 2-folds increases in HCY levels in Rst-sham (10.44 ± 
2.47 µM) and Rst-CCI (12.82 ± 4.17µM) compared respectively to NRst-sham (5.44 ± 2.23µM) and NRst-
CCI (5.95 ± 1.37µM); n = 8, p < 0.01. Similar changes were observed on day 7 pi. Restraint-CPS caused a 
sustained increase in HCY in sham and CCI rats, among whom 50-60% presented HHCY (HHCY), clinical 
defined as plasma HCY ≥ 15 µM36,37.  
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3.2   Hypobaria-induced increases oxidized glutathione  

 We measured reduced and oxidized glutathione levels in that plasma. This showed that hypobaria-
exposure caused a modest increase in oxidized glutathione in sham rats at 2h post-exposure (1.25 ± 0.23 
µM) compared to normobaria-shams (0.76 ± 0.19 µM; p > 0.05;). TBI alone had no effect on glutathione 
oxidation among normobaria-rats at 2h post-exposure (0.723 ± 0.158 µM) compared to normobaria-shams 
(0.76 ± 0.19 µM; Q = 0.56, p > 0.05;). However, the combination of TBI and hypobaria significantly 
increased plasma oxidized glutathione to 1.998 ± 0.296 µM compared to CCI-normobaria and CCI-
hypobaria 24-h and 30 days post-surgery (Q = 4.41, p < 0.05 and Q = 9.23, p < 0.01 respectively).  
 The ratio of oxidized to reduced glutathione is an important metric of the metabolic impact of TBI and 
hypobaria on glutathione metabolism. When we assessed the ratio of oxidized to reduced glutathione, we 
found that hypobaria-exposure substantially enhanced oxidized glutathione over reduced glutathione in 
both sham and CCI rats resulting in 1.57 ± 0.202 and 2.38 ± 0.323-ratios respectively, compared to 0.741 
± 0.164 µM and 0.99 ± 0.22 µM for normobaria-sham and CCI rats (p < 0.05). This ratio decreased 
significantly overtime at 24h and 30-days (Q = 4.61, p < 0.05 and Q = 6.79, p < 0.01respectively) post-
exposure in a time-dependent manner. The elevation of oxidized glutathione implies increased free radical 
scavenging through glutathione oxidation 38, which could activate the endogenous glutathione oxidizing 
metabolic pathways.  
  

3.3   Hypobaria induces upregulation of glutathione metabolizing genes 

We examined the transcriptional profile GS, GPx-1, and GPx-4 in three regions of the ipsilateral 
hemisphere, the prefrontal cortex, parietal cortex, and hippocampus, at 2h post-exposure, to determine how 
their expression responds to hypobaria-exposure. All results are presented in table 2.   

These results show a heterogeneous expression pattern in different brain regions.  In the prefrontal cortex, 
the expression of all three genes was enhanced by the cortical imp (PTC)act-induced brain injury (Table 2; 
Q = 4.51, p < 0.05; Q = 6.90, p < 0.01; Q = 9.83, p < 0.001) with no significant effect of hypobaria-exposure 
only on the expression compared to normobaria-shams. In contrast, the combination of cortical brain injury 
and hypobaria-exposure upregulated the expression of GS and GPX-1 in the parietal cortex compared to 
normobaric brain-injured rats as well as hypobaric and normobaric shams (Table 2; Q = 6.26, p < 0.01). 
There was no significant change in GPX-4 expression in the parietal cortex of rats in any group (Table 2; p 
> 0.05). In the hippocampus, GS expression was significantly upregulated by hypobaria alone in shams 
compared to other groups (Table 2; Q = 15.32, p < 0.001). Similar to the parietal cortex, hypobaria or CCI 
only increased the expression of GPX-1 in the hippocampus and the combination of both resulted in more 
upregulation, although all are non-significant (Table 2; p > 0.05). The expression of GPX-4 in the 
hippocampus was increased by injury or hypobaria alone, and no additional effect of the two combined 
(Table 2; Q = 7.1, p < 0.01; Q = 9.96, p < 0.001). In summary, the expression of glutathione metabolizing 
genes was differentially affected by brain injury, hypobaria, or by the combination of both factors, 
dependent on the targeted brain region.  
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3.4   Hypobaric conditions increase oxidative stress 

 The biochemical markers above indicate that there may be considerable oxidative stress causing a 
compensatory reduction in HCY and elevation in the processing of glutathione antioxidant systems.  
Consistent with this conjecture, we found that TBI caused a non-significant 12.3 ± 5.23% increase in plasma 
malondialdehyde levels in normobaria-CCI rats at 2h post-exposure compared to normobaria-shams (p > 
0.05). In addition to the modest increase in TBI, when combined with hypobaria-exposure, there was a 
significant increase in MDA formation of 55.38 ± 10.5% over baseline (Q = 6.83, p < 0.01). 
 Although there is generally a good correlation between blood and brain biomarkers in TBI studies 
39, these measures of oxidative stress do not give information on where in the body they originate. To verify 
which brain regions were 
impacted by hypobaria 
induced free radical formation 
during hypobaria exposure, 
we used 2-DHE for in vivo 
tracking of superoxide 
production in brain cells 
(Figure 2A) and compared 
conditions by measuring the 
percentage of pixels in 
defined brain regions that are 
2-DHE positive. There was 
significant increase in 2-DHE 
incorporated cells in 
normobaria-CCI rats (2.42 ± 
0.18% area covered) 
compared to normobaria-
shams (1.02 ± 0.16%; Figure 
2B; Q = 0.46, p < 0.05). 
Hypobaria-exposure alone did not cause a significant change in superoxide production in sham rats 
resulting in 1.59 ± 0.18% versus normobaric-shams (1.02 ± 0.16%; Figure 2B; p > 0.05). However, in the 
presence of hypobaria with CCI, there was a marked increase in 2-DHE positive cells present with five 
times the area compared to sham (TBI/CCI 4.58 ± 0.62% of the brain region; Figure 5B; Q = 0.68, p < 0.01) 
and normobaria-CCI rats (Q = 0.46, p < 0.05). Thus, hypobaria-exposure exacerbates TBI associated 
oxidative stress.  
 

3.5   TBI lesion volume was not significantly affected by hypobaria exposure 

 To assess the effect of hypobaria-exposure on brain injury lesion, we used the Cavalieri method of 
unbiased stereology to measure injury-induced lesion volume at 2h and 24h post-exposure. At 2h post-
exposure, impact-induced injury lesion volume was approximately the same between normobaric, 6.56 ± 
2.25 mm3, and hypobaric-CCI rats, 7.09 ± 1.42 mm3 (p > 0.05). But at 24h post-exposure, corresponding to 
48h post-surgery, brain injury lesion volume presented a non-significant increase following hypobaria 
exposure, 13.68 ± 3.05 mm3 compared to 6.78 ± 2.48 mm3 among normobaric-rats (p > 0.05). This suggests 
that hypobaria exposure has no acute negative impact on TBI brain tissue loss. 
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3.6   Hypobaria exposure increases anxiety-like behavior in rats with mild TBI 

Next, we wanted to determine whether hypobaria exposure following mTBI in animals exacerbates 
behavioral deficits. We assessed the 
effect of hypobaria-exposure on 
anxiety-like behavior usually 
associated with TBI-related 
psychiatric impairment such as 
posttraumatic stress disorder40,41. 
Anxiety was assessed with a standard 
elevated plus-maze in which reduced 
time spent in the open arms of the 
maze is interpreted as elevated 
anxiety-like behavior. As a control, 
fine motor behaviors classically 
associated with cerebellar function, a 
brain region removed from the injury 
site, were not significantly affected as 
assessed by the Beam Walk test. On 
day 2 post-exposure, which is an early 
time point when changes due to 
hypobaria are mostly likely detectable, 
normobaric sham and CCI rats 
respectively made 1.28 ± 0.98 and 
1.87 ± 0.62-foot faults over 50 steps. 
In comparison, hypobaric sham and 
CCI rats made 1.39 ± 0.75 and 1.77 ± 
1.02 foot faults (p > 0.05, all compared 
to normobaric shams). However, brain-injured rats exposed to hypobaria spent significantly less time in the 
open arms of Plus maze on days 2 and 8 post-injury, indicative of increased anxiety compared to 
normobaria-shams. These animals spent 48.21 ± 10.74 s and 94.08 ± 21.49 s in the open arms of the Plus 
maze on days 2 and 8 respectively versus 133.04 ± 25.28 s and 241.82 ± 29.12 s for normobaria-shams 
(Figure 3; Q = 5.21 and 5.58 respectively; p < 0.05). To a lesser extent, hypobaria-sham and normobaria-
CCI rats also exhibited some deficits in anxiety-like behavior on days 2 and 8 post-surgery (Figure 3; Q < 
4.96 thresholds for significance; p > 0.05), compared to normobaria-shams. After 8 days, rats in all groups 
recovered from this deficit and exhibited Plus maze performance close to normobaric-shams.  
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3.7   HHCY exacerbates traumatic brain injury induced oxidative stress  

Chronic moderate HHCY is associated with oxidative stress in humans42,43 and mTBI is also associated 
with elevated oxidative stress in multiple animal disease models 44,45. Therefore, we hypothesized that each 
condition alone would elevate markers of oxidative stress and that the combination of HHCY and CCI 
would yield greater levels of 
oxidative stress. To test this, 
the ipsilateral hemisphere 
levels of 4-HNE, a marker of 
oxidative modifications, were 
measured in the cortex. 
Western blot analysis showed 
a significant increase of 51 ± 
14% (p < 0.05; Figure 4A-B) 
in 4-HNE levels in the S1/S2 
cortex of HHCY-sham 
compared to NHCY-rats at 
day 7-pi. HHCY also 
dramatically increased 4-
HNE expression was 
exacerbated in hyperhomocysteinemic-CCI rats both at day 1 and 7-pi showing 76 ± 24% and 57 ± 15% 
respectively (p < 0.01; Figure 4A-B).  
 
Following the observation of HHCY induced oxidative stress within the ipsilateral injured cortex, we 
hypothesized that there may also be oxidative stress responses along the major white matter tracts from the 
injured cortex. To examine this, we stained for 3-nitrotyrosine and examined nitrotyrosine positive cells in 
the corpus callosum. Nitrotyrosine was elevated in astrocyte-like cells in the corpus callosum (figure 3) of 
saline-injected as well as HHCY-CCI rats. These astrocyte-like cells had star-like appearance with multiple 
processes deriving from the soma. To quantify these observations, cells in the corpus callosum were counted 
using optical fractionator. Nitrotyrosine positive cells in the corpus callosum of HHCY-sham rats was 
significantly greater, 5,600 ± 1300cells/mm3 compared to NHCY-shams with 456 ± 195 cells/mm3 (p < 
0.05). We also found an average of 11,400 ± 3900 cells/mm3 in the corpus callosum of HHCY-CCI rats 
compared to 7500 ± 2400 cells/mm3 in NHCY-CCI rats (p < 0.05).  Interestingly, there was not significant 
difference between the number nitrotyrosine positive cells in the corpus callosum of HHCY-sham vs 
NHCY-CCI rats (P > 0.05) suggesting HHCY might be as oxidatively stressful to the corpus callosum of 
sham as mTBI rats. The data indicate that the combination HHCY-CCI increased glial oxidative stress in 
the corpus callosum to a level higher than HHCY or CCI alone.  
 

3.8   Increased homocysteine levels worsened traumatic brain injury associated blood brain 
barrier dysfunction 

HHCY has been implicated in vascular stress and pathological changes in multiple organ systems46,47. To 
assess vascular changes in the brain, the effect of HHCY on blood brain barrier (BBB) function was 
assessed by examining the expression levels of tight junction proteins ZO-1 and occludin and Evans blue 
extravasation test. ZO-1 expression was reduced by 42 ± 16% in the cortex of HHCY-shams at day 1 post-
surgery compared to NHCY-shams (p < 0.05; figure 4A, B). CCI alone also decreased the expression of 
ZO-1, consistent with our previous reports on BBB disruption in blast TBI models24,30. At day 7-pi, ZO-1 
levels were 63 ± 7% lower in the cortex of CCI injured NHCY-rats compared to NHCY-shams (p < 0.001; 
figure 4A, B). The reduction in ZO-1 in CCI was further exacerbated by HHCY, resulting in 70 ± 8% 
decrease in expression at days 7-pi (p < 0.001; Figure 4A, B).  
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 In contrast, occludin cortical expression in NHCY-sham and CCI rats were unchanged. HHCY reduced 
expression of occluding in both sham and CCI to a similar magnitude. Occludin in HHCY-rats was 30 ± 
9% lower at day-1 compared to levels in NHCY-shams and CCI rats (p < 0.05; figure 4-A, C) and occludin 
levels were reduced by 29 ± 13 % and 33 ± 17% at day 7-pi in HHCY-sham and CCI rat cortex compared 
to NHCY-CCI (p < 0.05, figure 4A, C). This shows that HHCY has a significant effect on reducing 
occludin, but CCI does no further effect in suppressing its expression. 
Since we observed that HHCY reduces both ZO-1 and occludin expression, we hypothesized that the BBB 
would become leaky from the disruption of these tight junction proteins. To quantify BBB permeability, 
we used the classic Evans blue dye extravasation test 31,48. This is performed by injecting Evans blue dye 
into the blood stream and then quantifying the amount of Evans blue dye present in the brain parenchyma. 
Evans blue 
extravasation was 
enhanced by both 
HHCY and CCI brain 
injury. Evans blue 
presence was 
significantly greater 
in the ipsilateral and 
contralateral 
hemispheres of 
HHCY-sham rats at 
day 1 post-surgery 
(4.04 ± 0.06ηg/mg) 
compared to NHCY-
shams (2.06 ± 
0.46ηg/mg; figure 
5A, B; p < 0.05). CCI 
only animals showed 
BBB disruption only 
in the ipsilateral 
cortex, however, 
HHCY enhanced 
Evans blue 
extravasation both the 
ipsilateral and 
contralateral cortex, 
with the greatest extravasation present in the combination of CCI plus HHCY.  
Although tight junction protein expression is depressed over 7 days, there could be restoration of BBB 
function overtime post-injury. Indeed, at day 7-pi, CCI-induced Evans extravasation in the ipsilateral 
hemisphere was significantly resolved resulting in 55% decrease of dye presence compared to day 1-pi 
(figure 5A, B; p < 0.01). However, the effect of HHCY persisted with 4.48 ± 0.94ηg/mg HHCY-CCI rat’s 
ipsilateral hemisphere and two-fold greater than in NHCY-CCI rats (p < 0.05). Taken together, these data 
show that HHCY disrupts BBB function in sham and yields further disruption to BBB function following 
CCI induced mTBI (6.6 ± 1.36ηg/mg).  
 

3.9   Homocysteine toxicity potentiates the expression of blood clotting associated proteins 
following traumatic brain injury 

HHCY disruption of the BBB function in the brain and vascular function in other organs, there could be a 
concomitant change in blood coagulation proteins. Thus, we examined the effect of HCY accumulation on 
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blood by measuring blood clotting-associated markers such as von Willebrand factor, an endothelial and 
pro-coagulation marker49,50 and thrombin (also known as blood clotting factor FII) 51–54. Thrombin levels 
increased by 53 ± 11% in NHCY-CCI rat plasma at day 1-pi. This was potentiated by HHCY, resulting in 
97 ± 35% increase (figure 6A, B; p < 0.001). These deficits in thrombin remained through day 7-post-
injury.  
 
Von Willebrand factor protein was barely detectable in the brain of NHCY-sham rats. HHCY increased 
vWF expression in sham’s brain by 1.94 ± 0.75-fold at day 1-post-surgery and in NHCY-CCI rats, its 
expression was 5.45 ± 2.3-fold higher (p < 0.05). Noticeably, the combined effect of brain injury and HHCY 
further enhanced vWF immuno-reactivity, by 7.6 ± 3.8-fold than in NHCY-sham rats (figure 7A-B; p < 
0.01). At day 7 post-surgery, vWF expression decreased in the brains of both NHCY- and HHCY-CCI rats 
compared to day 1 post-surgery however, vWF levels remained higher in HHCY-CCI rat relative to rats in 
other groups (figure 7B).  
 

3.10  HHCY promotes inflammation and caused diffuse presence of inflammatory cells following 
TBI 

Inflammation is an important hallmark of 
TBI pathophysiology and its occurrence can 
be demonstrated by the presence of cellular 
markers such the activated microglia or 
macrophages 29,30,55. Macrophages are blood 
borne-inflammatory cells that invade 
injured brain regions 56,57; with the 
mediation of cell adhesion molecules such 
as the intercellular adhesion molecule 1 
(ICAM-1) 58–60. CCI-induced brain injury 
caused an increase of ICAM-1 expressing 
cells, mostly confined to the penumbral 
around the lesion site in the 
motor/somatosensory 1-cortex among 
NHCY-rats at day 7 post-injury. These cells 
covered 4.3 ± 1.7-fold greater brain area 
than that of NHCY-sham rats (p < 0.05). By 
contrast, ICAM-1 positive cells in HHCY-
CCI rats covered an area 9 ± 2.8-fold greater 
than that of NHCY-shams (p < 0.001) and 
2.1 ± 0.87-fold than NHCY-CCI brain (p < 
0.05). In these rat brains, ICAM-1 positive 
cells were also densely present in more 
distant cortical regions including the 
somato-sensory 2-cortex. To a lesser extent, 
ICAM-1 positive cells were also present in 
the brain of HHCY-sham rat brain where 
they were found mostly around blood 
vessels covering an area 1.9 ± 0.73-fold greater than that of NHCY-shams (p > 0.05).  

The presence and regional distribution of inflammatory cells demonstrated by CD-68 immuno-
reactivity, a marker of activated microglia and microphages, correlated closely with that of ICAM-1. In 
NHCY-CCI rat brains, CD-68 positive cells showed a high density in the motor/somatosensory 1 cortex 
and low presence in regions such as the corpus callosum. At day1-pi, they covered in NHCY-CCI and 
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HHCY-CCI rat brains 2.2 ± 0.8-fold and 5.8 ± 1.2-fold respectively greater area compared to NHCY-shams 
(Figure 6; p < 0.001). At day 7-pi, CD-68 positive cells covered 5.59 ± 2.35-fold (p < 0.05) and 11.9-± 
3.14-fold (Figure 6; p < 0.001) respectively in NHCY-CCI and HHCY-CCI rat brains versus NHCY-shams. 
Similar to ICAM-1, CD-68 positive cells were also present in HHCY-sham rat’s brains, mostly around 
blood vessels covering of their brain.  
 

3.11  Homocysteine accumulation enlarges CCI lesion volume 

The observation of enhanced and broadening neuro-inflammation beyond the injury with HHCY 
suggested that penumbra tissue would be of elevated risk of death and widening of the CCI lesion. To assess 
this, we examined the impact of HHCY on TBI-induced lesion volume. CCI-induced brain injury caused a 
lesion volume of 2.81 ± 
2.42mm3 in NHCY-CCI rats 
compared to sham rats which 
exhibited only a mild 
craniotomy-induced scar 
averaging 0.23 ± 0.15mm3 
and 0.25 ± 0. 2mm3 in 
NHCY-shams and HHCY-
shams respectively. HHCY 
significantly exacerbated 
CCI-induced lesion volume 
to 5.45 ± 3.38mm3 (p < 0.05, 
figure 7A, B). Taken 
together, these data show 
HHCY is inducting oxidative 
stress, BBB disruption, cortical neuro-inflammation, and that HHCY is worsening these neuropathological 
changes in mTBI along with significantly enlarging the cortical lesion volume. 
 

3.12  Homocysteine worsens anxiety like behavior following CCI 

HHCY’s deleterious effects on multiple neuropathological findings in these animals suggests there may 
also be associated behavioral deficits. To investigate this, we used an Elevated Plus maze test to assess the 
effects HHCY on function 
performance. In this task 
animals travel between open 
and closed arms and is a 
classic test of anxiety like 
behaviors attributed to 
cortical and subcortical neural 
processing 61–63. The total 
distance traveled during the 
test was not significantly 
different between groups, 
indicating HHCY impairment 
does to influence locomotor 
activity. There were also no 
significant differences in 
anxiety like behavior in 
NHCY-CCI rats 
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 compared to both HHCY and NHCY-shams (p > 0.05; figure 11A). However, HHCY significantly 
increased anxiety in CCI rats on days 3 and 9-pi causing them to respectively spend just 28.4 ± 20.6s and 
71.9 ± 55.6s in the Plus maze open arms compared to 107.3 ± 58.2s and 150.2 ± 83.9s for NHCY-CCI rats 
(p < 0.05; Figure 8A). Moreover, the detrimental effect of HHCY on anxiety like behavior remained 
significant in HHCY CCI-rats at day-16pi (95.3 ± 84.9s) compared to NHCY-shams that spent 186.9 ± 
42.5s in the open arms of the maze; p < 0.05; Figure 8A). This suggests that the worsening of mTBI 
neuropathology when HHCY is present has a deleterious effect on anxiety like behaviors.  
 

3.13  HHCY increased oxidative stress-induced nitrotyrosine in the dentate gyrus 

We hypothesized that HHCY would elevate oxidative stress in the hippocampus. To determine the 
effect of HHCY on oxidative 
stress, we immuno-stained for 
the oxidative stress marker 
nitrotyrosine concomitantly 
with the neuronal marker 
NeuN to identify 
hippocampal architecture. 
Nitrotyrosine was expressed 
mainly in stellate shape cells 
across all layers of the dentate 
gyrus consistent with the 
morphology and distribution 
of astrocytes (Figure 9). 
Nitrotyrosine positive cells 
increased significantly in the 
dentate gyrus of HHCY-sham 
rats, 12,000 ± 5,237 cells/mm3 

compared to 1,100 ± 52 
cells/mm3 in NHCY-shams 
(Figure 9A, B; Q = 6.16, p 
<0.01), indicating HHCY in 
normal sham animals is a pro-
oxidative stressor as 
predicted. HHCY also 
significantly potentiated the 
presence of nitrotyrosine 
positive cells in the DG of rats 
that sustained mTBI, 18,000 ± 
5,863 cells/mm3, compared to 7,200 ± 2,190 cells/mm3 in NHCY-CCI rats (Figure 9A, B; Q = 5.75, p 
<0.01) to levels greater than in HHCY sham rats. This indicates that TBI and HHCY are close to additive 
on induction oxidative stress gene expression. 
 

3.14  Homocysteine accumulation suppressed tight junction protein expression and altered the 
ultrastructure of the vascular endothelial nucleus after mild TBI 

Mild TBI and oxidative stress are both known to influence the blood brain barrier, which is formed by 
endothelial cells basement membrane, and astrocytic end-feet. To investigate the effect of HHCY on blood 
brain barrier, we assessed expression of the tight junction protein occludin following mTBI. Occludin 
expression decreased by 40.27 ± 4.2% in NHCY-CCI rat hippocampi on day 7 post-injury (pi) compared 



17 
Distribution Statement A: Approved for public release.     AFRL-2022-2250, cleared 28 June 2022  

to NHCY-sham rats (Figure 10A, B; Q = 4.83; p < 0.05).  The presence of moderate HHCY aggravated the 
effect of mTBI on occludin expression, causing a 52.2 ± 2.9% and 48.1 ± 3.6% reduction respectively on 
days 1 and 7 pi compared to NHCY-shams (Figure 10A, B; Q = 6.2; p < 0.01). Moreover, there was a 32.5 
± 4.3% decrease in occludin express ion in the hippocampi of HHCY-CCI rats than NHCY-CCI rats on day 
1 pi (Figure 10A, B; Q = 5.12; p < 0.05). 
 

We next assessed if there were structural changes to the endothelium of the hippocampal 
microvasculature by determining if HHCY affected the ultrastructure of vascular endothelial cells following 
mTBI. Using a Transmission Electron Microscopy analysis of the hippocampal fissure region on day 1post-
surgery (Figure 2C), we found that mTBI alone caused a significant increase of the length of the endothelial 
cell nucleus in 
NHCY-CCI rats, 3.42 
± 1.64 µm, compared 
to NHCY-sham rats, 
1.88 ± 0.55 µm 
(Figure 10D, E; Q = 
3.7; p < 0.01). The 
combination of mTBI 
and HHCY further 
increased the length 
of the endothelial cell 
nucleus in HHCY-
CCI rats, 6.47 ± 1.82 
µm, compared to 
NHCY-sham and 
NHCY-CCI rats (Q = 
10.9 and 7.2 
respectively; p < 
0.001). Moreover, the 
endothelial cell 
nucleus width was 
also significantly 
increased in HHCY-
CCI rats, 1.18 ± 0.55 
µm compared to 
NHCY-CCI rats, 0.66 
± 0.23 µm, and 
NHCY-shams 0.51 ± 
0.15 µm (Figure 10D, 
F; Q = 4.78 and 5.7 
respectively; p < 0.01). Together, these data indicate significant molecular and structural changes associated 
with endothelial cell maintenance of the blood brain barrier integrity with mTBI that are exacerbated with 
HHCY. 
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3.15  HHCY altered the hippocampal expression of apoptosis regulation proteins following mild 
TBI 

 

3.15.1.  HHCY increased the expression of cleaved caspase 3 

Apoptotic cell death is a hallmark of multiple models of TBI and neural cellular stress. We examined 
the effects of HHCY 
on hippocampal 
apoptotic cell death 
following mTBI by 
staining for the 
presence of cleaved 
caspase 3 protein 
(CC-3). We found a 
significant increase in 
CC-3 
immunoreactive cells 
in HHCY-sham rats, 
2,660 ± 492 
cells/mm3 compared 
to NHCY-sham rats, 
171 ± 75 cells/mm3 

(Figure 11A, B; Q = 
5.4, p < 0.01). Greater 
differences were 
found between 
NHCY-CCI rat 
dentate gyrus, 3,977 ± 
1,237 cells/mm3 and 
NHCY-shams (p < 
0.001). Moreover, the presence of CC-3 immunoreactive cells was significantly greater in the dentate gyrus 
of HHCY mTBI rats, 6,352 ± 1,563 cells/mm3, compared to HHCY-shams and NHCY-CCI rats (Figure 
11A, B).  
 

3.15.2.  Homocysteine accumulation upregulated BAX expression and α-ii spectrin proteolytic 
breakdown in the hippocampus of mild TBI rats 

 Following HHCY's impact on cleaved caspase 3 expressions in mTBI rats’ dentate gyrus, we asked 
whether HHCY affected expression of the proteolytic breakdown pro-apoptotic proteins BAX and α-ii 
spectrin. We found a significant 1.44 and 1.57-fold increase in α-ii spectrin proteolytic breakdown products 
in HHCY-CCI rats' hippocampus on day 7 post-injury compared to NHCY-shams and HHCY-shams on 
day one post-surgery, respectively (Q = 4.16 and 4.99, p < 0.05, respectively). Similarly, BAX expression 
had a 1.66 and 1.69-fold increase in HHCY-CCI rats on days 1 and 7 post-injury, compared to HHCY-
sham rats on day seven post-surgery (Q = 4.16 and 4.24 respectively, p < 0.05). 
 

3.15.2.  Homocysteine accumulation suppressed ERK and AKT phosphorylation following mild 
TBI 

 We next assessed the effect of HHCY on the phosphorylation of cell survival proteins ERK1/2 and 
AKT. We found that 1.8-fold reduced ERK phosphorylation in HHCY-shams and by 1.6-fold in NHCY-
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CCI rats on day 7 post-surgery than NHCY-shams (Figure 12A, C; Q = 5.18 and 4.74 respectively, p < 
0.05). Moreover, the 
combination of HHCY 
and mTBI further 
suppressed ERK 
phosphorylation by 2.15-
folds on day 1 post-injury 
and by 2.5-folds on day 7 
post-injury compared to 
NHCY-shams (Figure 
12A, C; Q = 6.2 and 7.05 
respectively, p < 0.01 and 
p < 0.001). On the other 
hand, mTBI alone had a 
biphasic impact on AKT 
phosphorylation at 
different experimental 
time points. On day 1 
post-injury, pAKT levels 
increased significantly by 
1.98-folds and 2.35-folds 
compared to HHCY-sham and HHCY-CCI rats (Figure 12B, D; Q = 5.43 and 6.61 respectively, p < 0.05 
and 0.01). We also found a 2.1-folds significant decrease in pAKT levels in HHCY-CCI rats' hippocampi, 
compared to NHCY-shams (Figure 12B, D; Q = 5.7, p < 0.05). 
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3.15.3.  Elevated homocysteine increased mild TBI-induced neuronal cell death 

Given the enhanced expression of pro-apoptotic and suppressed expression of anti-apoptotic proteins 
observed above, we hypothesized that there would be significant cell death in the dentate gyrus. To 

determine apoptotic cell death changes in neuronal cell density in the dentate gyrus, we immuno-stained 
against the neuronal marker NeuN in the ipsilateral and contralateral dentate gyrus. mTBI alone 
significantly reduced neuronal cell density only in the ipsilateral DG of NHCY-CCI rats, 295877± 70341 
cells/mm3, compared to NHCY-shams and HHCY-shams (Figure 13A, B; Q = 10.62 and 4.3, p < 0.01 and 
0.05 respectively). In contrast, we found a significant decrease of neuronal cell density in both the ipsilateral 
and contralateral dentate gyrus of HHCY-sham rats on day 1 post-surgery, 416,395 ± 55,464 cells/mm3 and 
433,932 ± 21,801 cells/mm3 respectively, compared to 592,889 ± 47,296 cells/mm3 and 613,226 ± 30,645 
cells/mm3 for NHCY-shams (Figure 13A, B; Q = 6.31 and 10.77, p < 0.01 and 0.001). The combination of 
HHCY and mTBI substantially decreased neuronal cell density in the dentate gyrus ipsilateral and 
contralateral, 194,495 ± 22,242 cells/mm3, and 290,445 ± 46,670 cells/mm3 respectively, compared to other 
rats in other experimental groups (Figure 13A, B).This suggest that although the contralateral hippocampus 
in mTBI does not exhibit major loss of cells, the addition of HHCY is a potent neurotoxic insult, causing 
neural density loss in the contralateral hippocampus dentate gyrus was equivalent to the loss of cells on the 
ipsilateral injured side of the brain. 
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3.16.  Homocysteine accumulation impaired hippocampus-dependent working memory 
performance in rats with mild TBI 

The hippocampal formation is a key determinant in the process of working memory. We conjectured 
that the alterations in oxidative stress, blood brain barrier integrity, and neural cell loss present with our 
moderate HHCY and mild TBI could 
result in deficits in working memory. 
Using the Y maze test, a sensitive 
measure of short term working 
memory, we found that HHCY-CCI 
rats achieved significantly reduced 
spontaneous alternations on days 1 pi, 
50.8 ± 13.5%, and on 7 pi, 46.76 ± 
19.36% compared respectively to 72.9 
± 9.58% and 73.89 ± 11.44% for 
HHCY-shams (Figure 14D; Q = 5.16, 
6.34 respectively, p < 0.05 and 0.01). 
Mild TBI alone had no significant 
impact on working memory 
performance. However, HHCY alone 
caused a delayed but significant deficit 
on the working memory performance 
of shams rats on day 14 post-injury, 
53.54 ± 10.52% compared to 71.1 ± 
18.8% for NHCY-sham rats (Figure 
14D, Q = 4.03, p < 0.05). Moreover, 
HHCY also prolonged the time some 
mTBI rats took to complete their first 
spontaneous alternation in the Y maze 
device. Consequently, some of these animals completed a spontaneous alternation after 77 secs in the Y 
maze. Simultaneously, NHCY-sham and NHCY-CCI had completed 3 or more spontaneous alternations 
(Figure 14A-C) 
 

3.17  Chronic psychological stress significantly increased plasma homocysteine levels 

 Using a clinical-grade enzymatic assay (Diazyme labs., CA), we measured plasma HCY levels in Rst 
and NRst CCI and sham rats on days 1 and 7 pi. Results found on day 1 pi, 1.8 and 2-folds increases in 
HCY levels in Rst-sham (10.44 ± 2.47 µM) and Rst-CCI (12.82 ± 4.65µM) compared respectively to NRst-
sham (5.44 ± 2.23µM) and NRst-CCI (5.95 ± 1.37µM); n = 8, p < 0.01. Similar changes were observed on 
day 7 pi. 50-60% of the restraint rats presented HHCY clinically defined as  plasma HCY concentration ≥ 
15 µM defined in humans36,37. 
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3.18  Mild traumatic brain injury-induced oxidative stress was exacerbated by chronic 
psychological stress 

We measured two oxidative stress markers, plasma malondialdehyde levels and levels of 4-
hydroxynonenal in three brain regions, including the hippocampus and prefrontal cortex, which are brain 
regions that are very vulnerable to 
oxidative stress, and in the parietal 
cortex, which close to the impact site.  
Plasma malondialdehyde levels 
measured using a TBARs Assay kit 
(Cayman Chemical, MI) showed 
significant increases of 
malondialdehyde in Rst-CCI rats on 
day 7 post-injury, 1.38 ± 0.25µm, 
compared to 1.07 ± 0.08µm and 1.01 
± 0.12µm in NRst-CCI and NRst-
sham rats (n=6 rats/group; p < 0.05). 
 

Western blot analysis found 
significant increases in 4-
hydroxynonenal (4-HNE) in the PFC 
and HP of Rst-CCI and Rst-sham rats 
compared to NRst-sham and NRst-
CCI rats. Remarkably, Rst rats 
showed specific bands at 100-105 kilodalton (kdal; (Figure 15, arrow 1) in the PFC and HP that did not 
exist in 
NRst rats.  
In addition, 
bands at 70-
55 kdal were 
broader in 
Rst than in 
NRst in 
these brain 
regions 
(Figure 15; 
arrow 2). By 
contrast, the 
100-105 
kilodalton 
(kdal) bands 
were present 
in the 
parietal 
cortex of Rst rats as well as the NRst-CCI rats (Figure 15). 
 
 We also assessed the impact of CPS on oxidative stress following mTBI using fluorescent co-
histoimmunostaining against nitrotyrosine (3-NT, a marker of oxidative stress), and NeuN (a marker of 
neuronal cells). Results showed that 3-NT expression in neuronal cells was limited to brain tissues at the 
impact site of Rst and non-restraint (NRst) TBI rats. Remarkably, 3-NT was also predominantly expressed 
in astrocyte-like cells with multiple processes (Figure 16A, the small panel in the “Merged” is magnified 
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4X) in the somatomotor cortex adjacent to the impact site of TBI animals and often in the somatosensory 
cortex beyond the impact site. We counted 3-NT positive (3-NT+) cells in the somatomotor and 
somatosensory cortex regions using the unbiased optical fractionator method of Stereology (MBF, VT). 
We found a significant 2- and 4.2-folds increase in 3-NT+ cells in the cortices of Rst and NRst sham rats 
respectively, compared to NRst-TBI rats. These differences further increased to 3.8 and 12-folds compared 
to Rst-TBI rats. Furthermore, we noticed a significant 1.8-fold increase in 3-NT+ cells in Rst-TBI rats than 
NRst-TBI rats (Figure 16B) 
 

3.20 Restraint-induced chronic psychological stress worsened mild TBI associated decrease 
expression of tight junction proteins occludin and zona occludens 

 We used western blot analysis to assess the 
effects of CPS on mTBI associated decreased 
expression of the tight junction proteins 
occludin and zona occludens 1 (ZO-1). Results 
found that restraint-induced CPS alone 
decreased ZO-1 expression in PFC, which was 
aggravated in RST-CCI rats where a substantial 
decrease in ZO-1 expression was observed on 
days 1 and 7 pi (Figure 17A, B). A similar ZO-
1 expression pattern was observed in the HP. 
By contrast, in the PTC, the combination of 
restraint and mTBI caused a significant 
decrease in ZO-1 expression on day 7-pi 
compared to NRst-shams. Moreover, occludin 
expression was significantly suppressed in the 
PFC of Rst-CCI rats at days 1 and 7 pi 
compared to sham rats (Figure 17A, B). No 
significant change was found in the PTC.  
 

3.21  Chronic psychological stress caused systemic and cerebral inflammation mediated by 4-
hydroxynonenal adduct of the non-receptor tyrosine kinase protein 

4-HNE is a lipid peroxidation end product, which under pathological conditions adducts to 
macromolecules and serves as a 
second messenger of free radicals 
by acting as signaling or cytotoxic 
molecules64–66. Interestingly, 4-
HNE was shown to adduct and 
activate macromolecules such as the 
non-receptor tyrosine kinase 
(SRC)67, which subsequently 
stimulates the formation of pro-
inflammatory molecules such as 
NF-kB and COX-2.  We 
immunoprecipitated 4-HNE from 
brain supernatant samples derived 
from the PFC and HP of Rst and NRst shams and CCI rats to explore that possibility. Immunoblotting 
analysis of immunoprecipitation isolates with an antibody against phosphorylated SRC revealed 60 kdal 
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bands in the PFC and HP of Rst-CCI rats on days 1 and 7-pi. Albumin was used as a positive control for 4-
HNE adduction (Figure 18). 
Under pathological 
conditions, increased 4-HNE 
activates proinflammatory 
molecules such as NFk-B and 
COX-266,68. Using western 
blot analysis, we measured 
Nuclear Factor kappa B 
(NFkB) expression in the PFC 
and HP. Results showed a 
significant 1.6-fold increase 
in NFk-B expression in the 
PFC on days 1 and 7-pi in Rst-
sham rats compared to NRst-
sham. In the PFC Rst-CCI 
rats, the difference in NFk-B 
levels was 1.4-folds higher on 
day 1-pi compared to Nrst-
CCI rats (Figure 19A, B). 
More significant differences 
of 2.9 and 2.7-folds increase 
were found in the HP of Rst-sham rats on days 1 and 7 pi, respectively, compared to NRst-shams. In Rst-
CCI, a 2.8-fold increase in NFk-B levels was found on day 7-pi compared to NRst-CCI rats (Figure 19C, 
D).  
 

Histo-immunostaining for CD68 protein (a marker of activated microglia/macrophages) was used to 
measure the density of inflammatory cells in the somatomotor and somatosensory cortex regions of Rst and 
NRst CCI and sham rats. Results found that chronic psychological stress-induced 4-HNE adduction of the 
non-receptor tyrosine kinase and upregulation NFk-B expression resulted in a significant 1.92-fold increase 
of CD68 positive cells in Rst-CCI rats compared to NRst-CCI. Similarly, we observed a 2.1-fold increase 
in CD68 positive cells in the 
same brain regions of Rst-
sham compared to NRst-sham 
rats (Figure 20A-B). The 
CD68 positive cells density 
was significantly less in Rst-
sham than Rst-CCI-rat brains. 
In Rst-sham rats, CD68 
immunoreactive cells were 
primarily present around 
blood vessels, which may be 
due to the impact of restraint-
induced CPS on BBB 
disruption (Figure 20A).  
 
 We also measured using 
an ELISA kit (Sigma, MO), 
the plasma levels of c-reactive 
protein (marker of systemic 
inflammation) in Rst and 
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NRst- sham and CCI rats. Our results showed significantly elevated C-reactive protein levels in Rst-sham 
rats (13.03 ± 1.98 ηg/mL) compared to NRst-sham rats (9.5 ± 1.04 ηg/mL; p < 0.05). C-reactive protein 
levels were aggravated  in Rst-CCI rats (14.17 ± 1.63ηg/mL) compared to NRst-CCI rats (10.05 ± 2.45 
ηg/mL; p < 0.01). These differences were sustained on day 7 pi in Rst-sham rats (12.09 ± 2.86 ηg/mL) 
compared to NRst-sham rats (9.2 ± 1.37ηg/mL; p < 0.05). In Rst-CCI rats, C-reactive protein levels were 
13.82 ± 4.16 ηg/mL compared 9.87 ± 2.95 ηg/mL for NRst CCI rats (n = 4; p < 0.05). These data suggest 
CPS promotes systemic inflammation in our model. 
 

3.22  Impact of chronic psychological stress-induced oxidative stress and inflammation on brain 
cell death in rats with mild TBI 

Oxidative stress and inflammation are usually associated with brain cell death. Brain sections were 
immunostained 
against cleaved 
caspase 3 (C. casp-3), 
a marker of apoptotic 
cell death and NeuN, 
to explore the 
potential effect of 
these CPS-induced 
pathological changes 
on neuronal cell death 
in rats with mTBI. C. 
casp-3+ cells were 
counted in the 
somatomotor and 
somatosensory 
cortical regions, 
consistently with the 
inflammatory cells and 3-NT+ cell counts described earlier. We observed a significant 3.2- and 5-folds 
increase in C. casp-3 + cell count in Rst and NRst sham rats respectively, compared to NRst- TBI rats. These 
differences were respectively increased to 13.6 and 25-folds compared to Rst-TBI rats. Moreover, we also 
found a significant 2.1-fold increase in C. 
casp-3+ cells in Rst-TBI rats compared to 
NRst-TBI rats (Figure 21A, B). the small panel 
in the “Merged” is magnified 4X). Using high 
objective magnification (x63), we examined 
250 cells from three serial sections from two 
Rst-TBI rats and determined that 85% of the C. 
Casp-3+ cells co-expressed NeuN. We also co-
immunostained these sections with antibodies 
against C. casp-3 and glial fibrillary protein 
(GFAP), a marker of astrocytes and found that 
C. casp-3+ cells did not overlap with GFAP+ 
cells (data not shown). This observation 
suggests that other brain cell types such as 
oligodendrocytes, which apoptotic death is 
known to contribute to TBI-associated 
demyelination, may account for non-neuronal 
C. casp-3+ cells.  
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We also used western blot analysis to measured phosphorylated and total levels of the extracellular 
signal-regulated kinase (ERK)1/2 in the PFC and HP. Results showed a 2-folds decrease in pERK 
expression in the PFC of Rst-sham rats than NRst-shams on day 7-pi. In addition, a 1.7-fold reduction in 
pERK expression was observed in Rst-CCI rats on days 1 and 7-pi compared to NRst-CCI rats (Figure 22A, 
B). In the HP, we found a 2.5-fold decrease in pERK expression in Rst-sham rats compared to NRst-shams. 
A similar difference was found between Rst-CCI and NRst-CCI (Figure 22A, C). These results suggest that 
CPS suppresses the anti-apoptotic signaling ability of brain cells in vulnerable stress regions, which worsens 
the pathology in rats.  
 

3.23  Chronic psychological stress exacerbated mild traumatic brain injury associated 
impairments in anxiety-like behaviors, fine motor activity and delayed effects on hippocampal 
dependent working memory 

Behavioral assessments conducted on our restraint-induced psychological stress model showed 
significantly increased anxiety-like behavior and increased deficits in fine motor coordination among Rst-
CCI rats that persisted up to two weeks post-injury compared to NRst-shams or NRst-CCI rats.  In summary, 
a significant increase in anxiety-like behavior was observed among Rst-CCI and NRst-CCI rats on day 2-
pi compared 
to NRst-
shams. This 
deficit was 
more 
profound in 
Rst-CCI rats 
(Figure 23A). 
After that, 
NRst-CCI 
rats 
recovered 
while the 
deficit 
persisted in Rst-CCI rats, resulting in a significant difference on days 8 and 15-pi compared to NRst-CCI 
rats (Figure 23A). Similar differences were observed with fine motor coordination (Figure 23B). Notably, 
the effects of restraint-induced CPS on working memory were delayed and the first significant effects was 
observed on day 15 pi when NRst-sham had 70.35 ± 7.48% alternation and Rst-CCI rats 57.59 ± 5.69% (p 
< 0.05). Furthermore, Rst-CCI rats exhibited more deficits in working memory while NRst-CCI rats showed 
sustained recovery at day 15 pi. Rst-CCI rats had 52.3 ± 6.09% alternation compared to 76.6 ± 7.63% and 
71.23 ± 6.35% for NRst sham and NRst-CCI rats respectively (p < 0.001). Rst sham rats also had 
significantly poor Y maze performance at this time point, 63.99 ± 8.95%, compared to NRst shams (p < 
0.05). 
 

3.24  Effects of Omaveloxolone treatments on glutathione and homocysteine metabolism 

 The therapeutic potential of Omaveloxolone (RTA-408) was preliminary assessed in our model of 
HCY-induced physiological stress. The compound was administered to normohomocysteinemia and 
hyperhomocysteinemic rats that sustained mTBI by controlled cortical impact.  RTA-408 (20mg/kg), was 
done once daily for seven days-pi, significantly increased plasma glutathione levels in normo-HCY-CCI 
rats, 29.82 ± 6.59 µM, compared to vehicle-treated normo-HCY-CCI rats, 0.87 ± 0.34 µM, and HHCY-
CCI rats 0.63 ± 0.37 µM (n = 4/group; p < 0.001). In addition, GSH levels were significantly higher in 
RTA-408 treated normo-HCY-CCI rats than in RTA-408 treated HHCY-CCI rats, 5.43 ± 0.56 µM (n = 
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4/group; p < 0.01). This result suggests a continuous use of GSH to mitigate HHCY-induced oxidative 
stress in these rats, compared to RTA-408 treated normo-HCY-CCI rats that suffer less oxidative stress 
burden. Importantly, RTA-408 treatment reduced plasma HCY levels by 18% among normo-HCY-CCI rats 
and 25% among HHCY-CCI rats, therefore supporting our belief that RTA-408 treatment facilitates HCY 
metabolism through the transsulfuration pathway to promote increased GSH formation. The 20mg/kg RTA-
408 dose selection was based on the report by Shekh-Ahmad and colleagues that showed a broad spectrum 
therapeutic action of this dose in their mouse seizure model69 
 
 
4.0 DISCUSSION: 

4.1  Hypobaria exposure, oxidative stress and homocysteine transsulfuration association to 
glutathione oxidation in rats with mild TBI 

 Reports from several investigators suggest that flying at high altitude is associated with increased 
physiological stress 77,78, thus representing a risk for TBI patients who require aeromedical evacuation for 
advanced care. Results from the present study indicate that exposure of rats with mTBI, which represents 
up to 80% of all TBI cases 79,80, to hypobaria induces an acute increase of neural oxidative stress, which 
subsequently triggers an enhanced response of the antioxidant defense system that uses HCY and 
glutathione in a compensatory attempt to attenuate free radical formation. 
 
 Levels of oxidative stress markers malondialdehyde and superoxide increased in rats subjected to mTBI 
2h post-hypobaria. This observation suggested that oxidative damage during aeromedical evacuation 
produced changes that could represent targets for therapeutic interventions. This is a crucial concept, as 
unmitigated free radical formation mediates the induction of many TBI pathological markers, including 
inflammation and neuronal degeneration exacerbated by hypobaria exposure 2–4,81–83. Therefore, our 
findings suggest that hypobaria-induced oxidative stress is a significant mediator or indicator of TBI 
pathological progression during and after hypobaria exposure. 
 
 Hypobaria-induced oxidative stress was coupled with very low to undetectable plasma HCY (Figure 
1). HCY is a non-proteinogenic amino acid with substantial cytotoxic potential when accumulated 50,84,85. 
Therefore, its metabolism is tightly regulated to ensure it is continuously eliminated 86,87. This occurs via 
its remethylation to methionine, its precursor, or its transsulfuration to cystathionine, contributing to the 
downstream formation of glutathione, a very potent antioxidant 86,88. Therefore, we postulated that the 
drastic reduction of HCY levels under oxidative stress at two-hour post-hypobaria was indicative of its flush 
through the transsulfuration pathway. This hypothesis was potentiated by a significant increase of 
glutathione oxidation resulting in a two-fold increase of oxidized glutathione versus reduced glutathione at 
two hours post-hypobaria exposure (Figure 2A, B). The return of oxidized glutathione to baseline levels at 
day 30 post-exposure suggests an attenuation of oxidative stress. This observation correlates with 
significantly improved anxiety-like behavior to that of normobaric-sham rats. The therapeutic potential of 
HCY transsulfuration to promote glutathione formation has been underscored in several neurological 
disorders. For instance, the supplementation of N-acetylcysteine to promote glutathione biosynthesis 
through the transsulfuration pathway was neuroprotective in models of Huntington’s disease 89,90, 
Alzheimer’s disease 91,92, and TBI 93,94. Moreover, this therapeutic approach is in a trial for pediatric TBI 
management 95. 
 
 Glutathione has free radical scavenging and anti-inflammatory properties 96,97. Its metabolism is 
regulated by genes, including GS, which controls its biosynthesis through the transsulfuration pathway, and 
GPx, which catalyzes glutathione oxidation to attenuate free radical formation 86,88. GPx has eight isozymes, 
among which isozymes 1 and 4 are abundant in the brain 98–101. We analyzed the transcriptional profile of 
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these genes in the prefrontal cortex and the hippocampus that are very vulnerable to oxidative stress 102–105 
and the parietal cortex around the cortical injury penumbra region. The upregulation of GS and GPx in the 
prefrontal cortex attests to its vulnerability to oxidative stress relative to its distant location to the injury 
region in the parietal cortex. In the parietal cortical, the combination of CCI and hypobaria resulted in an 
increase in GS and GPx that was not present with CCI or hypobaria alone. This suggests that the CCI 
penumbra region may be uniquely stressed by a synergy between the injury and hypobaria. To our 
knowledge, this study is the first to describe changes in glutathione and associated gene expression in a 
model of TBI and Hypobaria exposure. 
 
 Although the mechanism for the distinctive expression patterns in different brain regions is not fully 
elucidated, increased GPx expression in the cerebral cortex of aged rats was associated with higher astrocyte 
density 106. Furthermore, GPx activity was derived primarily from astrocytes relative to neurons in chicks’ 
forebrain 107. Also, increased GPx expression or glutathione oxidation was reported in several oxidative 
stress associated with neurological disorders 108,109. 
 
 In summary, this study provides evidence that hypobaria exacerbates oxidative stress in rats with mTBI. 
This was associated with an enhanced flush of HCY through the transsulfuration pathway to promote 
glutathione biosynthesis, which is necessary to attenuate free radical formation. Increased glutathione 
metabolism was putatively driven by the upregulation of glutathione metabolizing genes, suggesting that 
enhanced glutathione metabolism represents a therapeutic target for TBI management. Further studies 
would be needed to understand how this antioxidant redox system would respond to interventions during 
and after hypobaria exposure following moderate to severe TBI. 
 

4.2  Hyperhomocysteinemia and the pathophysiology of mild TBI-induced cortical injury 

 Genetic, epigenetic, and physiologic factors all influence TBI pathological outcome and contribute to the 
heterogeneity observed in the recovery trajectory of patients. This complexity hinders efforts to develop 
effective therapeutic agents for TBI management, and it is likely there will need to be multiple treatment 
options developed based on a patient individual status 110. This study presents novel findings on the 
detrimental effects of HHCY on TBI-associated oxidative stress, blood-brain barrier alterations, 
inflammation, lesion size, and functional deficit in adult rats. 
 
 Oxidative stress is an essential hallmark of the TBI secondary injury process that causes the production 
of reactive species and mediates several TBI-associated pathophysiological events, including BBB 
damage111,112, neuroinflammation 82,113, and cell death. Our results showed that HCY accumulation 
aggravated TBI-induced oxidative stress in the cortex with increased lipid peroxidation and nitric oxide, as 
demonstrated by increased levels of oxidative stress markers 4-HNE and 3-nitrotyrosine in the brain of 
HHCY-CCI-rats. Other studies have reported that HHCY triggers increased nitrotyrosine expression by 
suppressing the expression of dimethylarginine-dimethylaminohydrolase and causing the accumulation of 
asymmetric dimethylarginine (ADMA), an inhibitor of nitric oxide synthase. This subsequently caused 
increased nitrotyrosine formation from peroxynitrite114,115. 4-HNE, the major aldehyde produced during 
lipid peroxidation of polyunsaturated fatty acid, is upregulated after brain injury 116,117. In our study, 4-HNE 
expression was significantly increased in the cortex of both HHCY-sham and -CCI rats. Consistent with 
our observation Lee and colleagues previously reported that increase 4-HNE following ischemic brain 
injury correlated with increased HCY levels 118. 
 
 Damage to the blood-brain barrier also plays a crucial role on the brain pathophysiology and disease 
progression 119. This is influenced by changes in different components of BBB integrity, including tight 
junction proteins and intercellular adhesion molecules32,38,39,120. Our assessment of the effects of HHCY on 
TBI-associated BBB dysfunction demonstrated its detrimental impact on the expression levels of two 
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significant tights junction proteins, occludin and Zona occludens (ZO-1). While HHCY decreased the 
expression of occludin in cortical tissues of sham rats and CCI rats equally, the combination of injury and 
HHCY exacerbated the suppressed expression of ZO-1 in addition to the occludin changes. These 
biochemical changes were paralleled by increased Evans blue extravasation, a test for BBB integrity, which 
persisted through day 7 post-surgery, substantiating the detrimental effect of HHCY BBB dysfunction 
following mTBI. Our observations are strengthened by a recent report by Kamat and colleagues 120 
demonstrating the decreased expression of tight junction protein claudin 5 in the brain of intracerebrally 
injected-HCY mice and another study showing increased Evans blue extravasation in cystathionine beta-
synthase deficient-hyperhomocysteinemic mice19. The effect of HHCY on BBB permeability may be 
related to HCYability to cause vascular microbleeding, which intensity is known to affect disease prognosis 
121,122. 
 
 Subdural hemorrhage following mTBI modeled in this study impairs brain homeostasis and triggers 
several pathologic and compensatory responses associated with blood clotting and hemoglobin derived-iron 
storage59–61,123. Our results in NHCY-CCI rats concur with previous findings demonstrating increased vWF 
factor protein expression after TBI38,124,125. TBI-induced upregulation of vWF expression is mainly 
considered a marker of endothelial damage126. However, it also represents a pro-coagulation compensatory 
mechanism protecting clotting factor VIII from proteolysis 57,127. Noticeably, vWF was also expressed in the 
brain of NHCY-CCI rats and was exacerbated in HHCY-CCI rat brains, suggesting HHCY influence on 
vWF expression. Although the mechanism is not fully understood, increased vWF expression in HHCY-
sham rats, which is exacerbated in HHCY-CCI rats, may result from its pro- coagulant properties aiming 
to counteract microbleeding associated with the injurious effects of HHCY 
19. In addition to HHCY-induced exacerbation of vWF levels in CCI-rat brains, HHCY also stimulated the 
increase of blood clotting factor 2a, thrombin, in the plasma of both sham and CCI rats. Several reports 
have linked HHCY to thrombosis, and increased thrombin generation in hyperhomocysteinemic patients 
with HHCY was considered the putative mechanism128,129. Thrombotic properties of HCY are associated 
with increased oxidative stress and the secretion of pro-inflammatory molecules130–132. These findings 
indicate that HHCY-induced increased thrombin expression represents an independent risk factor for 
arterial or deep vein thrombosis and can be viewed as a post-trauma complication. 
 
 Inflammatory response after TBI is another important pathological event that leads to the surge of pro-
inflammatory molecule production followed by increased expression of cell adhesion molecules on the 
surface of cerebrovascular endothelium, causing a flux of inflammatory cells from circulating blood into 
the brain parenchyma 133–135. Our study found a profuse presence of the cell adhesion molecule ICAM-1 
around the impact region of NHCY-CCI rats’ brain, which was exacerbated by HHCY, leading to their 
presence in other brain regions such as the somatosensory-2 cortex not found or scarcely present in NHCY-
CCI brains. In addition, ICAM-1 was also expressed along cerebral blood vessels of HHCY- sham rats. A 
previous report by Kamat and colleagues 120 showed increased ICAM-1 expression in the brain of mice 
intracerebrally injected with HCY. In another study, the harmful effect of HHCY in cystathionine beta-
synthase deficient mice led to increasing leukocyte adhesion molecules on activated blood vessel 
endothelium 19. Similar to the expression pattern of ICAM-1, CD-68 positive cells, a marker of activated 
microglia and macrophages demonstrating a diffuse presence of inflammatory cells in the cortex of HHCY 
rats, which may be mediated by HHCY-induced increase in ICAM-1 levels. The intense cortical association 
of the detrimental impact of HHCY on TBI pathophysiology, including BBB and inflammation, contributed 
to HHCY worsening TBI-induced lesion volume in CCI-rat brains. HHCY was previously shown to 
exacerbate injury lesions in a rodent model of global ischemia 20. The multitude of TBI associated 
pathological markers altered by HHCY in this study have a profound influence on cortical brain regions such 
as the prefrontal and the parietal cortex that mediate anxiety-like behaviors 69–71, and consistent with the 
worsening of the mTBI we observed with brain-injured hyperhomocysteinemia rats that exhibited greater 
anxiety-like behaviors than CCI alone or sham controls. 
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 In summary, our results demonstrated that moderate HHCY increased oxidative stress as indicated by 
elevated lipid peroxidation and oxidative nitric oxide in brain regions far beyond the impact area in this 
mild TBI model. This physiological stress condition enhanced the expression of blood clotting promoting 
proteins and worsened TBI-associated blood-brain barrier damage. This happened via the alteration of tight 
junction protein expression and endothelial dysfunction, which we conjecture leads to the diffuse presence 
of inflammatory cells in diverse cortical regions, including the corpus callosum and the somatosensory 2-
cortex. Furthermore, HCY accumulation worsened TBI-induced lesion volume and overall increased 
anxiety-like behavior. These data suggest that monitoring and mitigating HHCY in TBI patients may prove 
therapeutically valuable, and we are developing animal models to test specific therapeutic targets for the 
management of HHCY in mTBI. 
 

4.3  Hyperomocysteinemia and hippocampal vulnerability following mild TBI in rats 

Traumatic brain injury interpatient pathological variability represents a challenge for developing an 
effective therapeutic agent. Mild-TBI represents more than 80% of all TBI cases, with the condition usually 
resolving within weeks. However, 15-30% of victims suffer long-lasting mTBI related pathological and 
behavioral sequela136,137. There is presently no way to determine which individuals may be susceptible to 
the long-lasting sequela of mTBI pathologies. One candidate we have been investigating is HHCY 
(HHCY), the neurotoxic accumulation of the non-proteinogenic amino acid HCY. We recently reported on 
the detrimental effects of HHCY on mTBI pathological outcomes in rat cortex in a controlled cortical impact 
model33. Since HCY and HHCY conditions occur throughout the brain, we hypothesized that there could 
be additive effects of HHCY in brain regions not directly part of the cortical impact, i.e., the hippocampus. 
 
 HHCY can occur in diverse stressful situations, including those sustained by U.S active-duty members 
on the battlefield or during ‘routine’ deployments to regions of potential conflict9. HHCY neurotoxic 
properties include its ability to act as a potent agonist to NMDA receptors17,18,138, which are highly expressed 
in the dentate gyrus of the hippocampus 139,140. Thus, a large population of soldiers at risk of mTBI from 
conflict are also subject to chronic stressors which lead to HHCY. Therefore, we investigated HHCY impact 
on mTBI-associated neuropathology on the hippocampal dentate gyrus, responsible for several brain-
associated memory functions, including hippocampus-dependent working memory141,142. Our results 
present novel findings showing additive harmful effects of HHCY on mTBI- associated oxidative stress, 
blood-brain barrier dysfunction, neuronal cell loss, and related molecular mechanisms in the rat 
hippocampus. We also found that the overall impact of these neuropathological changes decreased 
hippocampus-dependent working memory working performance. 
 
 Oxidative stress following TBI is an important marker of the injury pathological progression because 
it promotes reactive chemical species production and mediates several TBI-associated pathophysiological 
events, including BBB damage and cell death38,143–145. HHCY has been shown to trigger nitrotyrosine 
expression by suppressing the expression of dimethylarginine- dimethylaminohydrolase and causing the 
ADMA, an inhibitor of nitric oxide synthase. This subsequently causes increased nitrotyrosine formation 
from peroxynitrite. Our results showed that the combination of HHCY and mTBI-induced oxidative stress 
aggravated the expression of 3-nitrotyrosine in the hippocampal DG of HHCY-CCI-rats. Due to its stress- 
inducing effects, elevated HCY has been shown to promote the death of neuronal precursor cells via 
multiple cell death mechanisms, including apoptosis and autophagy146,147. The hippocampal DG sub- 
granular zone is one of the two areas of the central nervous system where adult neurogenesis occurs, 
forming replacement DG granule cells148 that are functionally integrated into the hippocampal circuit149,150. 
This may make the DG particularly sensitive to the neurotoxicity of HHCY. However, we have also shown 
significant HHCY induced toxicity exacerbation of cortical injury33, a region not associated with 
neurogenesis, suggesting this neurotoxicity of HHCY is widespread. 
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 The blood-brain barrier is a neurovascular unit that regulates the movement of substances and blood-
borne immune cells into the brain parenchyma151. Therefore, changes to the molecular and cellular 
components of the BBB can result in an increased presence of neurotoxins, pro-inflammatory cells, and 
other molecules in the brain parenchyma that could alter brain function or disease progression. Our 
assessment of the effects of HHCY on TBI-associated BBB dysfunction found that although mTBI alone 
had a small but significant impact on decreasing the expression of a major tight junction protein occludin. 
However, the combination of mTBI and HHCY had a more substantial impact and reduced occludin 
expression on days 1 and 7 after injury. Moreover, the combination of mTBI and HHCY also caused 
significant enlargement and elongation of endothelial cells nucleus, suggesting structural and molecular 
perturbations of the blood-brain barrier are occurring consistent with HHCY blood-brain barrier leaking 
previously reported with this condition33,84. The detrimental effects of HHCY on BBB disruption in the 
hippocampus may be associated with its ability to induce oxidative stress, which is also known to mediate 
BBB breakdown. Indeed, we showed that HHCY and mTBI significantly disrupt blood-brain barrier 
integrity in the cerebral cortex following CCI elevating Evans's blue extravasation33. Kamat and colleagues 
(2006) also reported increased Evans blue extravasation in cystathionine beta-synthase deficient-
hyperhomocysteinemic mice84. Furthermore, the effect of HHCY on BBB permeability may result from 
HCY's ability to cause vascular microbleeding associated with vascular injuries152. The hippocampus vascular 
architecture composed of several transverse and longitudinal arteries and veins, as represented in the 
hippocampal fissure (Figure 2C), indicates that BBB disruption in the hippocampal fissure may cause a 
profuse release of unwanted and potentially toxic substances in the hippocampus. 
 
 HCY neurotoxic cell death is attributed to its ability to cause DNA fragmentation, resulting in cell 
death-inducing poly-ADP-ribose polymerase (PARP) or caspase activation18. HCY has also been shown to 
cause cell death by acting as a potent analog of NMDA receptors, causing excitotoxic apoptotic cell 
death17,18,138. In this study, we assessed the effects of HHCY on other pro-apoptotic cell death mediators, 
including BAX, a member of the BCL2 protein family, and α-ii spectrin proteolysis. The combination of 
HHCY and mTBI increased BAX expression and α-ii spectrin proteolysis in the rat hippocampal tissues. 
Although HHCY-induced BAX increased expression was observed on days 1 and 7 post-injury, increased α-
ii spectrin breakdown products were observed on day 7 post-surgery. This suggests that α-ii spectrin 
proteolysis is a delayed process preceded by other apoptotic-inducing proteins such as BAX and cleaved 
caspase. Notably, changes in 145-150 kdal fragments of α-ii spectrin breakdown products are mostly 
reported following TBI153–155. In this study, changes in α-ii spectrin proteolytic breakdown occur with the 
breakdown products at 100 and 70-45 kdal, suggesting a brain region-specific breakdown pattern. Previous 
studies reported that HCY intracerebroventricular injection to the rat brain or in vitro treatment of human 
endothelial cells with HCY upregulated BAX expression156. Conversely to cell death signaling pathways 
activated under neurodegenerative conditions, cell survival-promoting proteins such as ERK1/2 and AKT 
are required under normal homeostasis conditions to promote cell survival through their protective effects on 
the brain-derived neurotrophic factor157. However, in several other neuropathological conditions, including 
TBI, their activation is suppressed in parallel with activated pro-apoptotic markers32,42 to promote brain cell 
loss. In our experiment, HHCY alone reduced AKT phosphorylation in sham rats, which was exacerbated 
in HHCY-CCI rats. AKT phosphorylation was also upregulated in the hippocampus of NHCY-CCI rats on 
day 1 post-injury before returning normal on day 7. HHCY had similar effects on ERK phosphorylation. 
These results suggest that, while restoring ERK and AKT phosphorylation on day 7 post-injury in NHCY-
CCI suggests at least a progressive recovery from CCI- induced brain injury, the further reduction in 
HHCY-CCI rats could be indicative of an active progression of the TBI pathology process. 
 
 Brain cell death following CCI-induced mTBI is typically confined to the impact site of the ipsilateral 
hemisphere, logically as pathology primarily ipsilateral is one of the conditions used to define mild TBI. 
Our study here on the hippocampus is consistent with that classification, showing in sham animals relatively 
little neuronal cell loss on the contralateral hippocampus with the mTBI we induced. However, we found a 
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significant increase in neuronal cell loss in both the ipsilateral and contralateral dentate gyrus of HHCY-sham 
rats. Noticeably, the combination of HHCY and mTBI caused a dramatic reduction in neuronal density in 
the contralateral dentate gyrus that was as significant as the neuronal loss in the ipsilateral side where the 
CCI impact event occurred. These results suggest that, while CCI-induced mTBI mainly impacts the 
ipsilateral brain hemisphere, HHCY has a systemic effect in both hemispheres. One possibility is that 
HHCY primes cells in the contralateral dentate gyrus, making them more vulnerable and prone to death after 
mTBI and/or conversely, the stresses occurring with mTBI render the cells vulnerable to HHCY induced loss 
of neurons. In either case, the combination of mTBI and HHCY dramatically extends the area of injury risk 
in the brain. Regions such as the contralateral hemisphere that would not typically exhibit neuronal loss 
with mTBI, now indicate significant injury when HHCY is present with the mTBI. 
 
 The hippocampus is the epicenter of memory and cognition in humans and many animal species158,159. 
Therefore, the cumulative detrimental impact of HHCY on several TBI pathological markers, resulting in 
increased hippocampal neuronal cell loss, may affect hippocampus-associated behavioral functions. 
Consistently, the Y maze test found significant deficits in the hippocampus- dependent working memory 
performance in HHCY-CCI rats on days 1 and 7 post-injury, compared to NHCY-sham controls. Although 
HHCY-CCI rats showed improvement in working memory performance after that, they still maintained at 
least a 15% deficit up to day 28 post-injury compared to animals in other experimental groups. In agreement 
with our observation, prior studies reported that HHCY exacerbated memory deficits in other neurological 
disorders, including stroke and Alzheimer's disease160,161. 
 

4.4  Chronic psychological stress and pathophysiological outcomes of mild TBI in rats 

 Stress can be triggered by numerous extrinsic or intrinsic stimuli that cause substantial biochemical and 
physiological changes. In response to a stressful event, our body activates several mediatory pathways, 
primarily aiming to mitigate the impact of stress-induced biochemical changes on various organs, including 
the brain. For example, the hypothalamic-pituitary-adrenal (HPA) axis is the primary mediator of stress162 
(Figure 1). HPA axis is activated after stress exposure, leading to increased glucocorticoid secretion 
contributing to maintaining homeostasis in a fight or flight adaptive response paradigm163,164. In parallel, 
increased homocysteine (HCY), a non-proteinogenic amino acid, is another critical physiological response 
to stress exposure13,14,165. Like the fight or flight adaptive response to stress, acute stress facilitates HCY 
transsulfuration to promote the downstream formation of the antioxidant glutathione and attenuate free 
radical formation166. However, chronic stress exposure results in systemic physiological and biochemical 
changes leading to a sustained increase in glucocorticoid production167 and HCY accumulation13 that causes 
an allostatic overload associated with neurotoxicity and damage that contribute to the onset of several 
neuropsychiatric disorders168,169. This chronic stress-induced allostatic overload mainly impacts certain 
brain regions, including the hippocampus (HP), PFC, and amygdala170–172. These are associated with 
behavioral alterations such as increased anxiety, cognitive impairments, decreased motor activity, and sleep 
dysfunction172,173. At the molecular level, a sustained increase of glucocorticoids or HCY increases 
oxidative stress115,146,174–176 triggers pathological events such as inflammation and BBB disruption, involved 
in the pathological progression of several neurological disorders, including TBI. Molecular signaling 
mechanisms involved in that process include the matrix metalloproteinase-9 activation-induced BBB 
disruption111,177, and NFk-B activation178 of inflammatory cells and associated molecules such as cytokines, 
chemokines, and adhesion molecules133–135,179–181. This event also potentiates oxidative damage, increases 
neurotoxicity or excitotoxicity, and results in cell death111,182,183 (Figure 1). The cell death pathway involves 
HCY or glucocorticoid's ability to stimulate glutamate secretion that binds to N-methyl-D-aspartate 
(NMDA) and trigger the excitotoxic flux of intracellular calcium that causes the increased generation of 
reactive oxygen species184. Moreover, HCY can also cause excitotoxicity by acting as a potent agonist of 
NMDA receptor17,138,185

. 
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 Sanchez and colleagues recently reported on the effects of earlier life stress (ELS) on TBI occurring later 
in life. They found that the combination of early life stress induced by separating Sprague Dawley pups 
from their nursing mother, with TBI sustained by the pups in adulthood, impaired hippocampal-dependent 
learning, and spatial working memory associated with cortical atrophy. Those findings were associated with 
increased corticosterone levels186. Following the advent of the Iraq and Afghanistan wars, stress paradigms 
related to military exposure to explosive blasts drew some investigators who studied their impact in TBI 
models. In that respect, Kwon and colleagues examined the effect of combined predator   and unpredictable 
stressors on explosive blast overpressure induced brain injury in rats. They found increased serum 
corticosterone levels, inflammation markers, and cell death than in non-stressed blast rats187. They also 
observed lasting behavioral impairments following intermittent exposure of TBI rats to stressors187. In 
another study, post-injury foot shock stress to mice subjected to repeated concussive TBI worsened cognitive 
impairments and depressive-like behaviors188. 
 
 In summary, Restraint-induced chronic psychological stress significantly increased plasma HCY 
concentration and elevated oxidative stress markers 4-HNE and MDA. Besides, it worsened TBI induced 
decreased expression of ZO-1 and occludin, resulting in systemic inflammation resulting in a dense 
presence of activated inflammatory cells microglia/macrophages in brain regions far beyond the impact 
site, including the somatosensory cortex. Chronic psychological stress also worsened mTBI-induced 
impairments of anxiety-like behavior, fine motor activity and caused delayed deficits in hippocampus- 
dependent working memory. 
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5.0  CONCLUSIONS AND WAY FORWARD 

 This study demonstrated that stressful conditions sustained by U.S service members on the battlefield 
or during aeromedical evacuation increase oxidative stress and alter HCY metabolism. During these combat-
related stressful conditions, hypobaria-induced stress facilitates HCY transsulfuration to promote a 
compensatory increased formation of glutathione, a potent antioxidant to mitigate free radical formation. 
Unlike hypobaria, chronic psychological stress causes HCY accumulation, resulting in HHCY in 50-60% 
of chronically stressed animals and we demonstrated that HHCY exacerbates mild TBI- associated cortical 
and hippocampal pathological outcomes. 
 
 Overall, our findings elucidated TBI-related pathological markers exacerbated by physiological stress 
and psychological stress sustained by service members. These pathological markers represent therapeutic 
targets for effective neuroprotective strategies to shield the brain against stress-induced trauma and mitigate 
combat-related brain injury. Our preliminary results using Omaveloxolone, a broad- spectrum acting 
therapeutic agent, suggest that it is an outstanding candidate for mitigating the impact of stress on combat-
related trauma and effectively manage TBI pathology. Omaveloxolone is proven to attenuate oxidative 
stress by using synthesized glutathione to detoxify and scavenge free radical formation. It also has anti-
inflammatory properties24,29, can prevent cell death25,27,28, and attenuate mitochondrial dysfunction. It is 
pending FDA approval to treat the neurodegenerative disorder Friedreich ataxia23. 
 
 This study generated two peer-reviewed publications. A third manuscript cleared by STINFO is 
submitted for publication and a fourth is being put together on the effects of chronic psychological stress 
on mild TBI. 
 
 Future research should focus on testing the therapeutic potential of Omaveloxolone in the detrimental 
impacts of stress hypobaria exposure and chronic psychological stress on mTBI pathophysiology. 
 
 We anticipate that owing to its broad-spectrum therapeutic action, Omaveloxolone will attenuate 
several TBI-associated pathological markers and functional hallmarks exacerbated by stress, including 
oxidative stress, inflammation, cell death, anxiety-like behaviors and working memory deficits. 
Subsequently, Omaveloxolone will provide an effective and sustained protection against TBI pathology. 
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LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS 

  
% Percent 
µM micromolar 
µM micrometer 
4-HNE 4-hydroxy-2-nonenal  
AE aeromedical evacuation 
AKT,  serine/threonine kinase 
BAX,  B-cell CLL/lymphoma 2-associated X protein 
BBB  blood-brain barrier  
ERK1/2 extracellular signal-regulated kinases 1 and 2 
ft feet 
GPx-1  glutathione peroxidase 1 
GPx-4 glutathione peroxidase 4 
GS  glutathione synthase 
GS glutathione synthase  
HCY  homocysteine 
Hg mercury 
HHCY  hyperhomocysteinemia 
HPA  hypothalamic-pituitary-adrenal 
hr hour 
mg/kg milligram per kilogram 
mg/ml milligram per milliliter 
mm  millimeter 
mmHg millimeter mercury 
mTBI Mild traumatic brain injury 
nm nanometer  
O2 oxygen 
pAKT, phosphorylated serine/threonine kinase 
PBS Phosphate buffered saline   
pERK1/2 phosphorylated extracellular signal-regulated kinases 1 and 2 
SPO2 pulse oximetry 
TBI  Traumatic brain injury 
vWF  Von Willebrand Factor 
w/v weight per volume 
ZO-1 Zona occludens  
β-actin  Beta actin  
ηg/mg nanogram per milligram 
   GCL  gamma-glutamyl-cysteine ligaseץ
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