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Abstract

Purpose—The aims of this study are to establish a time point to determine the most beneficial
time to administer GCEE post incident to reduce oxidative damage and second, by using redox
proteomics, to determine if GCEE can readily suppress 3-NT modification in TBI animals.

Experimental design—ByY using a moderate traumatic brain injury model with Wistar rats, it is
hypothesized that the role of 3-nitrotyrosine (3-NT) formation as an intermediate will predict the
involvement of protein nitration/nitrosation and oxidative damage in the brain.

Results—In this experiment, the levels of protein carbonyls, 4-hydroxynonenal, and 3-
nitrotyrosine were significantly elevated in TBI injured, saline treated rats compared with those
who sustained an injury and were treated with 150 mg/kg of the glutathione mimetic, GCEE.

Conclusion and clinical relevance—Determining the existence of elevated 3-NT levels
provides insight into the relationship between the protein nitration/nitrosation and the oxidative
damage, which can determine the pathogenesis and progression of specific neurological diseases.
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1 Introduction

Traumatic brain injury (TBI) can be defined as a spontaneous injury in which the brain is

affected through sudden trauma to the head or direct exposure or injury to brain tissue. There

are an estimated 10 million cases annually worldwide with approximately 20% occurring in
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the United States [1]. There are three classifications of TBI: mild, moderate, and severe. The
majority of traumatic brain injuries are considered mild, however there is a strong
correlation between the incidence of death and TBI severity as approximately 1% of mild,
15% of moderate, and 40% of severe TBI patients succumb as a result of their injuries [2].
Outcomes can span from complete patient recovery to permanent memory loss and
neurological decline.

Traumatic brain injury consists of two stages: primary and secondary injuries. At the
moment of injury, the external physical impact on the brain generates primary injury, such as
swelling and shearing of neurons as well as changes in cellular pathways. Subsequently,
primary injury initiates secondary injury, such as blood brain barrier (BBB) disruption,
excitotoxicity, and overproduction of free radicals, resulting in oxidative stress [3, 4]. These
radical species, which include reactive oxygen species (ROS) and reactive nitrogen species
(RNS), can alter protein function. An imbalance of oxidants and antioxidants results in
oxidative stress, in the same way, an imbalance of RNS to antioxidants results in nitrosative
stress. Upon oxidation or protein nitration, the native conformation and function of proteins
and lipids are lost. Elevated levels of *OH and <O, both reactive oxygen species, have been
observed in early TBI models [5, 6] and their elevation in brain after TBI leads to BBB and
lipid disruption in rats [7]. As a result, lipid peroxidation occurs and acrolein,
malondialdehyde, and 4-hydroxynonenal (HNE) are produced. These aldehydes are
frequently used as indicators of lipid peroxidation in experimental TBI models to measure
levels of oxidative damage.

Peroxynitrite is a potent nitrating agent highly involved in nitrosative stress. Peroxynitrite
derived radicals can lead to cellular damage in DNA, RNA, proteins, and lipids [8, 9].
Increased oxidative damage in the form of elevated levels of protein nitration/nitrosation was
observed in a diffuse, closed head injury mouse model [10]. Protein nitration/nitrosation also
inactivates several key mitochondrial enzymes including creatine kinase [11], succinate
dehydrogenase [12], and Mn-SOD [13], which has a profound effect on energy metabolism
dysregulation, a consequence of traumatic brain injury.

Glutathione, a tripeptide composed of glutamate, cysteine, and glycine, is an important
component of antioxidant defense, as it behaves as both a substrate for glutathione
peroxidase in the removal of H202 and as a free radical scavenger. Strategies to increase
glutathione levels have been investigated, as the administration of crude glutathione has been
deemed ineffective [14]. Much of the research investigating the upregulation of glutathione
has been aimed at providing cysteine to the cell, as it is the limiting reagent in glutathione
biosynthesis [15]. GCEE, an analog compound of )-glutamylcysteine with an ethyl ester
moiety, has been shown to be neuroprotective against protein nitration/nitrosation and
oxidative stress through glutathione elevation showing its promise as a potential post-injury
therapeutic [15-17].

Currently, there is no known cure for traumatic brain injury; however, immediate medical
attention after injury is most beneficial for patient recovery. Therefore, therapeutic strategies
that improve outcomes following injury are paramount. Several therapeutic strategies
including pro-inflammatory inhibitors [18], mitochondrial uncouplers [19], lipid peroxide
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scavengers [20], hypothermia [21,22], and most recently deep brain stimulation [23] have
shown promise as TBI therapies. Researchers have focused on the development of treatment
strategies for secondary injuries, such as oxidative and nitrosative stress. The use of redox
proteomics has been used to investigate the oxidative modification of proteins that may lead
to reduced cognition observed in TBI patients. There is limited research devoted to
nitrosative stress, proteomics, and moderate TBI, therefore this work provides insight into
the role of antioxidant-based TBI therapies and oxidative damage.

2 Materials and methods

All chemicals were of the highest quality and purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise mentioned. GCEE was purchased from Bachem (Torrance, CA,
USA).

All surgical, injury, and animal care protocols described below have been approved by the
University of Kentucky Institutional Animal Care and Use Committee and are consistent
with the animal care procedures set forth in the guidelines of the U.S. Public Health Service
Policy on Humane Care and Use of Laboratory Animals. Thirty Wistar adult male rats
(Harlan Laboratories, Indianapolis, IN, USA) 300—350 g were used in this study. The rats
were anesthetized with isoflurane (3.0%), shaved, and then placed in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA). Surgery was completed by our collaborator and
conducted in the same fashion as previously described by Sullivan [24]. A 1.5 mm injury
was used to produce a moderate TBI in each rat except sham animals. Each group (sham,
TBI, and GCEE) consisted of six animals. After surgery and injury, a4 mm disk made from
dental cement was placed over the craniotomy site and adhered to the skull using
cyanoacrylate. In order to prevent immediate hypothermia, following skin suturing, rats were
placed on a warm mat until they regained consciousness (increased attention and mobility).
Six rats were given GCEE (150 mg/kg in 300ul of vehicle) i.p. approximately 30 min post
injury, while six were given GCEE 60 min after injury. Likewise, six injured rats were given
an identical volume of vehicle (saline) 30 min after injury and six were given saline 60 min
post injury. The remaining six rats were treated as sham controls, in which they received a
craniotomy but not cortical contusion. All rats were kept alive 24 h post injury and then
sacrificed. Upon sacrifice, rats were decapitated and the whole brain was rapidly removed,
labeled, and placed in a —80°C freezer until use. Cortex tissue from the ipsilateral side was
minced and homogenized in 10 mM HEPES buffer (pH 7.4) containing 137 mM NaCl, 4.6
mM KCI, 1.1 mM KH2PO4, 0.1 mM EDTA, and 0.6 mM MgSO4 as well as proteinase
inhibitors: leupeptin (0.5 mg/mL), pepstatin (0.7 ug/mL), type Il S soybean trypsin inhibitor
(0.5 pg/mL), and PMSF (40 pg/mL). Brain homogenates were centrifuged at 14 000 x g for
10 min and used for the reminder of the experiments. Protein concentration in the
supernatant was determined by the BCA protein assay (Pierce, Rockford, IL, USA).

Measurement of markers of oxidative parameters and 2D gel electrophoresis protocols were
performed in the same fashion as Reed [16]. In-gel digestion on selected gel spots was
performed according to techniques established by Thong-boonkerd [25]. The significant
protein spots were excised from SYPRO Ruby stained 2D gels with a clean blade and
transferred into clean microcentrifuge tubes. The protein spots were then washed with 0.1M
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ammonium bicarbonate (NH4HCO3) (Sigma, St. Louis, MO, USA) at room temperature for
15 min. Acetonitrile(Sigma, St. Louis, MO, USA) was added to the gel pieces and incubated
at room temperature for 15 min. The solvent was removed and the gel pieces were dried in a
flow hood. The protein spots were incubated with 20 pL of 20 mM DTT (Bio-Rad, Hercules,
CA, USA) in 0.1M NH4HCO3 at 56°C for 45 min. The DTT solution was then removed and
replaced with 20 pL of 55 mM iodoacetamide (Bio-Rad, Hercules, CA, USA) in 0.1M
NH4HCO3. The solution was incubated at room temperature in the dark for 30 min. Excess
iodoacetamide was removed and replaced with 0.2 mL of 50 mM NH4HCO3 and incubated
at room temperature for 15 min. Two hundred microliters (200 L) of acetonitrile was
added. After 15 min incubation, the solvent was removed, and the gel spots dried for 30 min
in a flow hood. The gel pieces were rehydrated with 20 ng/uL modified trypsin (Promega,
Madison, WI, USA) in 50 mM NH4HCO3 with the minimal volume to cover the gel pieces.
The gel pieces were chopped into smaller peptides and incubated with shaking overnight at
37°C.

A Q Exactive Hybrid Quadrupole — Orbitrap mass spectrometer (Thermo Scientific,
Waltham MA) was used to generate peptide mass fingerprints. Peptides resulting from ingel
digestion with trypsin were analyzed using liquid chromatography following by mass
spectroscopy. Briefly, 2 UL of digestate was run on a Thermo Scientific Easy nano-liquid
chromatograph (Thermo Scientific, Waltham MA) at a flow rate of 300 nL/min. A liquid
chromatograph was run on a gradient for 95 min. Mass spectrometry was performed on a
Thermo Q Exactive Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA).
Reported spectra were run in “full ms/collision induced dissociation mode” mode with a
range of m/z 350 to 1800, a mass resolution of 70 000, and an ion accumulation time of 250
ms. All mass spectra reported were acquired at the University of Pittsburgh by Christina
King and Dr. Rend Robinson. Results from LC/MS/MS spectra used for protein
identification from tryptic fragments were searched against the NCBI database using
Proteome Discoverer 1.4 software. The search parameters were as followed using the
Sequest algorithm and Rattus norvegicus database on July 9, 2015. Maximum trypsin mis-
cleavages (2), precursor mass tolerance: (8 ppm), fragment mass tolerance (0.6 Da), static
modification: carbamidomethyl/+57.021 Da (Cys), dynamic modification: oxidation/
+15.995 Da (Met), peptide confidence level (medium or high), peptide rank (1), and peptide
deviation (10 ppm).

Probability-based MOWSE scores were estimated by the comparison of search results
against estimated random match population and were reported as —10* Log10 (p), where pis
the probability that the protein identification is not correct. For overall levels of protein
nitration, p-values were determined by using a two-way ANOVA. P-values less than 0.05
were considered significant. All protein identifications were in the expected size and pl
ranges based on their gel position.

Our findings showed that levels of protein carbonyls were significantly reduced 30 min post
injury in animals treated with GCEE undergoing a moderate TBI compared to sham
(*p<0.03). There is a greater decrease in this level at 60 min, supporting the notion that
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GCEE may prevent oxidative damage up to 60 min post injury (Figs. 1 and 2). Although
levels of 4-hydroxynonenal were decreased in TBI animals at 30 and 60 min after injury, the
reduction was not statistically significant (Figs. 1 and 2). This result is supported by
previous data showing that GCEE did not significantly reduce levels of HNE 10 min post
injury [16]. Additionally, others have shown that 4-HNE levels do not peak until 48-72 h
post TBI via controlled cortical impact [26]. There was a significant increase (20%) in
protein nitration observed in TBI rats compared to sham animals at both 30 and 60 min post
TBI. GCEE treatment administered 30 min post injury provided protection against protein
nitration to a level comparable to control 24 h after treatment. Protein nitration levels are
significantly lowered 30 min post injury and are returned to control levels 60 min after
moderate TBI (Figs. 1 and 2). This shows that GCEE is protective against moderate TBI in
Wistar rats up to 60 min. This reduction of oxidative damage could potentially result in an
overall decrease of TBI progression and a plausible increase in cognitive function.

Seven proteins were found to be excessively nitrated in TBI treated rats but no longer altered
post-GCEE treatment. These proteins include: B-tubulin, a-tubulin, endophilin A, heat
shock protein 90, lamin B1, creatine kinase B, and p-globulin (Table 1). These proteins are
highly involved in cytoskeletal integrity, stress response, transcriptional regulation, energy
metabolism, and lipid transport, all of which have been found to be reduced in traumatic
brain injury [27-30]. 2D gel electrophoresis was performed for sham, TBI plus vehicle, and
TBI rats treated with GCEE at different time points following TBI (Fig. 3). 2D Western blots
probed with anti-3-nitrotyrosine to detect 3-NT immunoreactivity are shown in Fig. 4 for
the different treatment groups. There was a significant increase in protein nitration in brain
from TBI rats compared with samples administered GCEE. There appears to be a significant
lowering of protein nitration/nitrosation in GCEE treated TBI rats compared with the saline-
treated rats in the immunoblots (Fig. 4). This indicates that GCEE appears to have high
potential as a post-therapeutic strategy for TBI. Many of these proteins have been identified
as being oxidatively modified in Alzheimer’s and Parkinson’s disease further bolstering the
link between energy metabolism, structural integrity, brain injury, and neurodegeneration
[31-33]. A representative mass spectrum for alpha tubulin can be observed in Fig. 5.

4 Discussion

Sudden brain trauma is described as a traumatic brain injury. There is no known cure for
TBI; however immediate medical care after injury is most advantageous for patient recovery.
ROS production occurs in TBI as observed by increased protein nitration/nitrosation and
protein carbonyls [8, 34] and is alleviated by GCEE treatment. In this work, seven proteins
were identified by redox proteomics analysis as excessively nitrated in TBI whose functions
include energy metabolism, cytoskeletal integrity, and chaperone ability.

Microtubules, composed of alternating a- and B-tubulin, are structures whose main function
is maintaining cytoskeletal integrity and axonal transport. In both mild and moderate TBI,
the cytoskeleton is altered [35]. If both proteins are nitrated, microtubule assembly will be
negatively affected. Autophagy, an ROS process in which protein turnover and degradation
is balanced, has been linked to tubulin dysfunction and associated with TBI [36]. GCEE has
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been shown to reduce autophagy in TBI mice 24 h after treatment, bolstering the ability of
GCEE to remediate the consequences of traumatic brain injury [37].

Endophilin is a membrane binding protein with curvature generating and sensing properties
that participates in clathrin-dependent endocytosis of synaptic vesicle membranes. It also
binds the GTPase dynamin and the phosphoinositide phosphatase, synaptophysin. The
absence of endophilin impairs but does not abolish synaptic transmission and results in
perinatal lethality, whereas partial endophilin absence causes severe neurological defects,
including epilepsy and neurodegeneration. Nitration of this protein supports the literature as
the phosphoinositide pathway is impaired in moderate TBI [38]. This disruption of cell
signaling can result in poor neurotransmission and signal transduction.

The main function of heat shock proteins is to act as chaperone proteins by repairing
misfolded proteins and also assisting in stress response. Heat shock proteins are involved in
combating stress by protecting proteins from denaturation [39]. Heat shock protein 90
(Hsp90) dysfunction may exacerbate protein misfolding, protein aggregation, and reduced
effective proteasomal activity. This work correlates with the literature showing that heat
shock proteins are altered in TBI bolstering the importance of functioning heat shock
proteins in the cell [40].

Lamin B1 is an intermediate filament that provides structural integrity and transcriptional

regulation in the nucleus. Nuclear lamins are involved in disassembling and reforming the
nuclear envelope during cellular mitosis. Dysfunction of lamin B1 results in DNA damage
and neurodegeneration in neurodegenerative disease and myelin degeneration [41, 42].

Creatine kinase, used as an energy transport shuttle system, provides rapid ATP buffering
capacity serving as an energy reservoir throughout the cell. This protein has been found to
be oxidatively modified in mild TBI [43] and severely impedes ATP production. Although
creatine kinase is considered inappropriate as a precise measure of injury severity, possible
upregulation could provide important information on TBI, allowing for incidence of injury
and GCEE efficacy to be assessed [44]. Thought of as a biomarker for TBI in human CSF
from elderly persons [45] and military populations [43] as well as serum patient samples
[44], creatine kinase could potentially serve as a low-level biomarker for TBI.

Globulin proteins are major components of blood. Beta globulins are plasma proteins that
function in transport of cholesterol, iron (transferrin), and copper (ceruloplasmin). As
APOEA4 is associated with cholesterol distribution and transport, this allele is a risk factor of
Alzheimer disease. Specifically, researchers have identified g-globulin as a potential
biomarker of TBI outcome in the APOE mouse model of TBI [46]. This protein has been
shown to produce an inflammatory response that weakens the blood-brain barrier and is
elevated in the brain 3 months after injury. Functional remediation by GCEE could cause an
increase in lipid transport, which would repair cholesterol distribution and reduce
inflammation that are consequences of TBI [47].
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5 Conclusion

TBI is observed as a sudden brain trauma followed by the increased protein nitration/
nitrosation and oxidative damage. Ideally, TBI would be treated preemptively. However,
since TBI is sudden and requires immediate medical care after injury, post-therapeutic
strategies are being developing to both treat TBI and minimize the time in-between injury
and treatment. GCEE, an ester moiety of the dipeptide gamma-glutamylcysteine, is a vital
antioxidant that can easily cross the plasma membrane and upregulate GSH in the brain [15].
GCEE prevents oxidative stress induced by amyloid-p peptide and other moieties by
scavenging free radicals [48]. GCEE reduced levels of protein carbonyls and 3-NT
significantly (Figs. 1 and 2). This study suggests that the elevation of GSH by GCEE up to
60 min post TBI is neuroprotective against oxidative damage associated with moderate TBI.
This is one of the first studies to demonstrate a potential postinjury therapeutic strategy for
the treatment of TBI. Specific proteins are protected against nitrosative stress associated
with TBI, which conceivably modulates loss of function of the proteins in TBI. This is a
unique feature of this work as GCEE appears to significantly lower protein nitration/
nitrosation in TBI rats, leading to possible promise as a potential post-injury therapeutic
strategy for traumatic brain injury.
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4-hydroxynonenal

protein carbonyls

reactive nitrogen species

traumatic brain injury

Page 10



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Henderson et al.

Page 11

Clinical Relevance

As traumatic brain injury is the leading cause of death and disability for persons under
the age of 45, providing insight into the field of post-therapeutic strategies is paramount.
The rates of TBI are increasing in military populations as the number of traumatic brain
injuries is on the rise. Similarly, the incidence of sports related head trauma (i.e.
concussions and subsequent memory loss) has led to a decline in youth participation in
sports. Oxidative stress has been linked to TBI as TBI is a risk factor for various
neurodegenerative disorders, such as Alzheimer disease. As there are no treatments for
TBI, this work provides valuable insight into the field as it evaluates a time course
approach to treating moderate traumatic brain injury using a glutathione mimetic, gamma
glutamyl ethyl ester. This compound significantly reduced levels of protein carbonyls, 4-
hydroxynonenal, and 3-nitrotyrosine, all markers of oxidative damage. Redox proteomics
was used to identify excessively nitrated proteins in moderate TBI, which could serve as
potential biomarkers and be used as a diagnostic tool for traumatic brain injury.
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Figure 1.

Levels of protein carbonyls, HNE, and 3-nitrotyrosine in traumatically brain injured rats
given vehicle or GCEE 30 post injury. % +SEM. N =6 *p<0.05, #<0.009 compared to

sham, **p<0.03, #p<0.0007 compared to vehicle.
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Figure 2.

HNE

Oxidative Stress Parameter

3-NT

Levels of protein carbonyls, HNE, and 3-nitrotyrosine in traumatically brain injured rats
given vehicle or GCEE 60 post injury. % +SEM. N = 6 *p<0.05, # p<0.005, compared to
sham, **p<0.02, # p<0.0003 compared to vehicle.
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Figure 3.
Two-dimensional gel comparison of sham, vehicle treated TBI rats, and GCEE treated TBI-

treated rats.
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Figure 4.

Representative Western blots for sham, vehicle treated TBI rats, and GCEE treated TBI-
treated rats.
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