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Abstract

The importance of free radical-induced oxidative damage after traumatic brain injury (TBI) has
been well documented. Despite multiple clinical trials with radical-scavenging antioxidants that
are neuroprotective in TBI models, none is approved for acute TBI patients. As an alternative
antioxidant target, Nrf2 is a transcription factor that activates expression of antioxidant and
cytoprotective genes by binding to antioxidant response elements (ARE) within DNA. Previous
research has shown that neuronal mitochondria are susceptible to oxidative damage post-TBI, and
thus the current study investigates whether Nrf2-ARE activation protects mitochondrial function
when activated post-TBI. It was hypothesized that administration of carnosic acid (CA) would
reduce oxidative damage biomarkers in brain tissue and also preserve cortical mitochondrial
respiratory function post-TBI. A mouse controlled cortical impact (CCI) model was employed
with a 1.0mm cortical deformation injury. Administration of CA at 15 minutes post-TBI reduced
cortical lipid peroxidation, protein nitration, and cytoskeletal breakdown markers in a dose-
dependent manner at 48 hours post-injury. Moreover, CA preserved mitochondrial respiratory
function compared to vehicle animals. This was accompanied by decreased oxidative damage to
mitochondrial proteins, suggesting the mechanistic connection of the two effects. Lastly, delaying
the initial administration of CA up to 8 hours post-TBI was still capable of reducing cytoskeletal
breakdown, thereby demonstrating a clinically relevant therapeutic window for this approach. This
study demonstrates that pharmacological Nrf2-ARE induction is capable of neuroprotective
efficacy when administered after TBI.
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Introduction

It is well established that oxidative stress, and particularly lipid peroxidation (LP), is a
deleterious component of many neurodegenerative disorders, which often causes harmful
downstream consequences that result in cell death and dysfunction (1-3). More specifically,
previous work has demonstrated that free radical mediated LP plays a critical role in the
acute pathophysiology of traumatic brain injury (TBI).(: 4-6) Lipid peroxidation involves
free radical-induced oxidation of polyunsaturated fatty acids (e.g., arachidonic, linoleic, and
docosahexaenoic acids) in cells and membrane phospholipids at allylic carbons. These
peroxidized polyunsaturated fatty acids subsequently undergo phospholipase-mediated
hydrolysis and disruption of the membrane phospholipid architecture ensues, leading to
eventual loss of proper functioning phospholipid-dependent enzymes, ion channels, and
structural proteins. As a consequence of LP-induced membrane damage, peroxidized fatty
acids eventually lead to aldehydic breakdown products, including 4-hydroxy-2-nonenal (4-
HNE).() The aldehyde 4-HNE is highly reactive with many cellular proteins, primarily via
Schiff base and Michael adduct reactions with basic (e.g., lysine and histidine) and
sulfhydryl (e.g. cysteine) containing amino acids. Such reactions are capable of impairing
the function of a variety of cellular proteins, which likely contributes to neurodegenerative
processes.(7: 8 Potential sources of post-TBI reactive oxygen species (ROS) that contribute
to toxic LP production include iron-dependent Fenton reactions, causing hydroxyl radical
(*OH) production and peroxynitrite (PN)-derived free radicals including «OH, nitrogen
dioxide (*NO,), and carbonate (+COj radicals.() Free radical-mediated oxidative damage in
acute CNS injury can result in protein modification and mitochondrial dysfunction, largely
due to the intrinsic propensity of mitochondria to produce ROS as a byproduct of the
electron transport chain function.( 9) In fact, previous work by our laboratory @) and others
has demonstrated that one major source of post-injury free radical production is the
increased ROS leakage from injured brain mitochondria after injury.(10. 11)

Furthermore, previous work from our laboratory has shown that PN is able to directly inhibit
mitochondrial function in the injured brain mitochondria and is associated with elevated 4-
HNE.(12.13) Moreover, direct application of PN to normal mitochondria simulates the
effects of in vivo TBI. 12 While LP can directly cause membrane destruction and likely
impair mitochondrial function, we recently demonstrated that the LP-derived reactive
aldehydes 4-HNE and acrolein themselves can also directly inhibit mitochondrial respiration
in vitro in mitochondria isolated from brain and spinal cord. (7) This can most likely be
attributed to 4-HNE covalently binding to essential proteins and thereby affecting
mitochondrial function.

A major area of investigation in relation to neurodegenerative processes, oxidative stress
involves an imbalance in the ratio of harmful reactive oxygen and nitrogen species (ROS/
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RNS) and protective endogenous antioxidant defense enzymes.(14) An endogenous
cytoprotective defense system exists to combat the basal and injury-induced imbalance in
ROS/RNS and antioxidant/defense enzymes. This system is primarily under the inducible
control of the pleiotropic transcription factor NF-E2-related factor 2 (Nrf2).(14. 15) Nrf2 has
been identified as the key mediator of this inducible cytoprotective response via its
interaction with the genomic cis-acting enhancer region of defense genes known as the
antioxidant response element (ARE).(16: 17) Under normal cellular conditions, Nrf2 is
sequestered in the cytoplasm by the repressor protein Keap1.(16) This binding interaction
between Nrf2 and Keap1 is thought to facilitate the proteasomal degradation of Nrf2 by
recruitment of a Cul3 ubiquitin ligase via the BTB domain of Keap1.(!®) However, under
conditions of stress (e.g. oxidative stress, ER stress, injury, toxicity, etc.), Nrf2 is released
from Keap1 by a proposed hinge-latch mechanism.(19 This release therefore allows for
subsequent Nrf2 translocation into the nucleus(29) where it can heterodimerize with small
Maf proteins and binds to the ARE of effective cytoprotective genes!4), inducing
transcription and consequent production of defense proteins.

In recent years, there have been numerous studies in various different neurodegeneration
paradigms that have indicated that manipulation of the Nrf2-ARE pathway can dramatically
attenuate multiple pathophysiological processes, including oxidative stress(),
mitochondrial dysfunction(®), and inflammation.(23) Additionally, recent work has
demonstrated that this Nrf2-ARE defense response is inducible by a variety of small
molecules, as demonstrated in several different in vitro(?2 24) and in vivo(2>-27) paradigms.
For example, it has recently been shown that the Nrf2-ARE pathway is involved and
activated after TBI.(28) Specifically, the promising Nrf2-ARE activator sulforaphane (an
isothiocyanate) has been shown to attenuate post-TBI pathophysiology, including blood-
brain-barrier dysfunction,@® edema formation, (3% and cognitive deficits.(31) Another
impressive small molecule capable of inducing the Nrf2-ARE response is carnosic acid
(CA), which was previously shown to be a more potent and efficacious activator of the ARE
in vitro (32) and to be neuroprotective in vivo in a cerebral ischemia paradigm.(32) These
protective effects of CA were also demonstrated to be dependent on Nrf2-ARE modulation
in vitro.(32) Hence, it could be inferred that CA activates the Nrf2-ARE pathway and hence
through downstream mediators is capable of eliciting a robust neuroprotective effect.

While previous research has extensively implicated the importance of mitochondria in the
pathogenesis of numerous neurodegenerative processes,(11) very little is known with regard
to Nrf2-ARE’s potential effects on mitochondrial bioenergetics post injury. Recent work by
Greco and colleagues(®3) found that a single administration of sulforaphane to naive animals
40 hours prior to mitochondrial isolation could provide resistance to mitochondrial
permeability transition pore formation via Nrf2-ARE mediated defenses. Furthermore, we
also recently demonstrated that pre-treating naive mice with either CA or sulforaphane 48
hours prior to the isolation of cortical mitochondria conferred a robust level of resistance to
the mitochondria from subsequent exposure to toxic insults such as 4-HNE, and this effect
occurred together with an increase in the mRNA levels of the Nrf2-ARE mediated gene
heme oxygenase-1 (HO-1).34) However, it has not yet been determined if activation of the
Nrf2-ARE pathway could provide protection to mitochondria in vivo in the acute post-TBI
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phase. Thus, the current study investigated whether CA could reduce oxidative damage post-
TBI in a dose dependent manner and if CA administration could preserve mitochondrial
function post-TBI. It was hypothesized that CA-treated animals would have reduced
oxidative damage post-TBI and improved mitochondrial respiratory function as compared to
vehicle animals post-injury. It was also hypothesized that even with delayed initial
administration of CA to mice, that CA would still be capable of attenuating cytoskeletal
breakdown within a clinically relevant therapeutic window.

Materials & Methods

Animals

This study utilized young adult (8 weeks old) male CF-1 mice (Charles River Labs, USA)
weighing 28-32 grams at time of surgery. All animals had ad libitum access to food and
water and were housed in the Division of Laboratory Animal Resources sector of the
University of Kentucky Chandler Medical Center, which is fully accredited by AALAC. All
procedures described herein follow protocols approved by the University of Kentucky’s
Institutional Animal Care and Use Committee, in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.

Mouse Model of Controlled Cortical Impact (CCl) TBI

Mice were initially anesthetized in a Plexiglas chamber using 3.0% isoflurane, shaved,
weighed, and then placed into a stereotaxic frame (David Kopf, Tujunga, CA, USA). Core
body temperature was maintained throughout the surgery process using an underlying
heating pad. Throughout the surgical procedure, mice were kept anesthetized by a constant
flow of 3.0% isoflurane and oxygen delivered via nose cone. The head was positioned in the
horizontal plane with nose bar set at zero. A 2.0cm sagittal incision was made in the scalp
and the skin retracted using hemostats to expose the skull. After exposing the skull, a 4.0mm
diameter craniotomy was made using a dental bur (SS WHITE, Lakewood, NJ, USA)
mounted on a cordless Dremel (Racine, WI, USA) lateral (left) to the sagittal suture,
centered between bregma and lambda, while leaving the underlying dura mater intact.
Sham-operated (control) mice received anesthesia and all surgical procedures (including
craniotomy) but without the controlled cortical impact brain injury. Brain-injured mice
received CCI utilizing an electronically controlled pneumatic impacting device (Precision
Systems Instrumentation, TBI-0310 Impactor, Fairfax Station, VA, USA) with a 3.0mm
diameter, beveled (flat) impactor tip. The impact velocity was held at 3.50 meters per second
while the depth of cortical deformation was set at 1.0mm (severe) as described
previously.(3%) Mortality following this severe CCI brain injury is rare (<5.0%). After injury,
the craniotomy was closed by secure placement of a 6.0mm diameter disk of dental acrylic
cemented in place with quick bonding liquid cyanoacrylate. The mice were then placed in a
Hova-Bator Incubator (model 1583; Randall Burkey Co, Boerne, TX, USA) set at 37°C for
at least 30 minutes to prevent post-traumatic hypothermia before returning them to their
home cage. Consciousness (i.e. return of right reflex and mobility) was regained within 15
minutes after the surgery. Brain-injured and sham mice typically show no untoward effects
after recovering from anesthesia, and resume normal eating, drinking and grooming patterns
thereafter. In this study, animals survived from 24 hours (mitochondria assays) to 48 hours
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(dose response assessments) post-injury depending upon randomized group assignment.
Additional details on surgical procedures have been previously published by our
laboratory.(3%)

Drug Treatments

Chemicals

The pharmacological compound used in this study is CA, which has previously been shown
to be a potent activator of the Nrf2-ARE pathway.(32) Carnosic Acid (Sigma, USA) was
administered 1.P. at 0.3, 1.0, or 3.0 mg/kg in a 10% Ethanol/ 90% PBS vehicle solution. The
volumes administered of the compound solution I.P. did not exceed 0.3 ml. Carnosic acid or
its vehicle, were administered at 15 minutes post-injury. The doses of CA were chosen
based upon previous studies with this compound in a rat acute focal stroke model (32) and
our own previously published work in mice.(34)

Sodium pyruvate, malate, rotenone, and carbonyl cyanide p-
rifluoromethoxyphenylhydrazone (FCCP), were obtained from Sigma-Aldrich (St. Louis,
MO). Oligomycin was obtained from Biomol, USA. 4-hydroxy 2-nonenal (4-HNE) was
purchased from EMD Chemicals Inc. (Merck KGaA, Darmstadt, Germany). Chemicals were
stored at -20°C as stock solutions. Working solutions for each bioenergetics experiment
were always prepared fresh by creating appropriate dilutions in respiration buffer. All
materials and reagents for the XF-24 assays were obtained from Seahorse Biosciences
(North Billerica, MA, USA).

Isolation of Ficoll-Purified Mitochondria

Cortical brain mitochondria were extracted as previously described.() Briefly, mice were
decapitated and the brain rapidly removed. Cortical regions were dissected out in an ice-cold
Petri dish containing isolation buffer (ImM EGTA, 215mM mannitol, 75mM sucrose, 0.1%
BSA, and 20mM HEPES adjusted to a pH of 7.2 with KOH). Brain tissue was homogenized
using Potter-Elvehjem homogenizers containing ice-cold isolation buffer. The tissue
homogenates were centrifuged twice at 13009 for 3 minutes in an Eppendorf
microcentrifuge at 4°C to remove cellular debris and nuclei, and the supernatant was further
centrifuged at 13,000g for 10 minutes. The resulting crude mitochondrial pellet was
subjected to nitrogen decompression to release synaptic mitochondria, using a nitrogen cell
disruption bomb, at 4°C under a pressure of 1200 psi for 10 minutes. After nitrogen
disruption, the mitochondrial pellet was resuspended in isolation buffer and layered on top
of a discontinuous Ficoll gradient (7.5% and 10%), and centrifuged at 100,000g for 30
minutes. The mitochondrial pellets at the bottom were transferred to microcentrifuge tubes,
topped off with isolation buffer without EGTA, and centrifuged at 10,0009 for 10 minutes at
4°C to yield a tighter pellet. The final mitochondrial pellet was resuspended in 20-50
microliters of isolation buffer without EGTA to yield a concentration of approximately 10
mg/ml. The final protein concentration was determined using a BCA protein assay kit
measuring absorbance at 562nm using a BioTek Synergy HT plate reader (Winooski, VT).
These samples were then analyzed for mitochondrial bioenergetics on the Seahorse XF-24
extracellular flux analyzer instrument (Seahorse Bioscience, North Billerica, MA, USA).
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Preparation and Calibration of Seahorse XF-24 Sensor Cartridge Sample Plate

A Seahorse Bioscience XF24 extracellular flux analyzer was used to measure mitochondrial
bioenergetics in intact isolated mitochondria as previously described.(34) The XF-24 creates
a transient, 7ul chamber in specialized microplates that allows for the determination of
oxygen and proton concentrations in real time. The day before the experiment, 1.0 ml of XF
Calibrant solution (Seahorse Bioscience) was added to each well of a 24 well dual-analyte
sensor cartridge (Seahorse Bioscience). The sensor cartridge was placed back on the 24 well
calibration plate and put in a 37°C incubator without CO, (Seahorse Bioscience, North
Billerica, MA, USA) overnight. The day of the experiment, the injection ports on the sensor
cartridge were pre-loaded with the appropriate mitochondrial substrates or inhibitors at 10x
concentrations. Once the sensor cartridge was loaded with all of the experimental reagents it
was placed into the Seahorse XF-24 extracellular flux analyzer for automated calibration.
During the sensor calibration, isolated mitochondria were then seeded in 50l volume of
isolation buffer containing 5.0 g ug of protein (determined by BCA method) per well in
XF-24 V7 cell culture microplates. Following the centrifugation of the plates at 2000 rpm
for 4 minutes at 4°C, 450pl of respiration buffer (215mM mannitol, 75mM sucrose, 0.1%
BSA, 20mM HEPES, 2mM MgCI, 2.5mM KH,PO4 at pH 7.2) at 37°C was gently added to
each well for a final volume of 500ul per well at the beginning of the experiment. Plates
were immediately placed into the calibrated Seahorse XF-24 extracellular flux analyzer for
mitochondrial bioenergetics analysis.

Seahorse XF-24 Assay Protocol for Isolated Mitochondrial Bioenergetics

The following protocol was utilized for the analysis of bioenergetic function in purified
mitochondria using the Seahorse Biosciences XF-24 extracellular flux analyzer as
previously described.(3¥) Briefly, pyruvate plus malate plus ADP, oligomycin, FCCP, and
rotenone plus succinate were injected sequentially through ports A, B, C, and D,
respectively, in the Seahorse Flux Pak cartridges to yield final concentrations of 5.0 mM
(pyruvate), 2.5 mM (malate), 1.0 mM (ADP), 1.0 ug/ml (oligomycin), 4.0 uM (FCCP) and
10.0 mM (succinate) plus 100.0 nM (rotenone), respectively.

Western Blot Analysis of Oxidative Damage and Cytoskeletal Breakdown Markers

A Western blotting technique was employed as previously described (34 35) — with some
modifications — to detect 4-HNE adducts in tissue homogenates and mitochondrial pellets.
Briefly, at a given time point post-injury, mice received an overdose of sodium pentobarbital
(200.0mg/kg IP). The ipsilateral cortex (penumbra tissue and the injured core) and
hippocampus were then rapidly dissected out on an ice-chilled stage and immediately
transferred to Triton lysis buffer (1.0% Triton, 20.0mM Tris HCL, 150.0mM NaCl, 5.0mM
EGTA, 10.0mM EDTA, and 10.0% glycerol) containing protease inhibitors (Complete Mini
Protease Inhibitor Cocktail; Roche Diagnostics, Indianapolis, IN, USA). Samples were then
sonicated and centrifuged for 30 minutes (13,000rpm at 4°C). The supernatants were
collected and the remaining pellet was discarded. In the case of mitochondria pellets, after
isolation of the mitochondria the samples were spun down and frozen at -80°C until further
analysis. Protein concentrations were determined using a BCA Protein Assay (Pierce;
Rockford, IL, USA). An aliquot of each protein sample (15.0ug for 4-HNE and 3-NT; 5.0ug
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for spectrin) was separated on an SDS-PAGE precast gel (12% Bis-Tris for oxidative
damage markers, 3-8% Tris-Acetate for spectrin; w/v acrylamide; Criterion XT, Bio-Rad)
using a XT-MES (4-HNE and 3-NT) or XT-Tricine (spectrin) running buffer system and
then transferred to nitrocellulose membranes using a semi-dry electro-transferring unit at 15
volts for 30 minutes at room temperature. Preliminary experiments established protein
concentration curves in order to ensure that quantified bands were in the linear range.
Membranes were incubated for 1 hour at room temperature in 5% milk/TBS blocking
solution. The membranes were then incubated overnight at 4°C in blocking solution with 0.5
mM Tween-20 (TBST) containing the appropriate dilution of primary antibody. A mouse
monoclonal primary antibody was used for detecting 4-HNE bands (1:100, Japan Institute
for Control of Aging, JalCA MHN-100P, Shizouka, Japan). A mouse monoclonal primary
antibody was used for detecting 3-NT bands (1:500, Genway #20-321-175259, San Diego,
California, USA). A mouse monoclonal primary antibody was also used for detecting alpha
spectrin breakdown products (SBDPs), with the 150 kD band representing calpain and
caspase-3 generated SBDPs and the 145 kD band being a calpain specific SBDP (1:5000,
Affiniti FG6090; Affiniti Biomol, Mamhead Castle, UK). A goat anti-mouse secondary
antibody (2 hour incubation at room temperature) conjugated to an infrared dye (1:5000,
IRdye800CW, Rockland) was used for detection of the primary labeled bands. Wet
membranes were imaged and quantified using Odyssey Infra Red Imaging System (Li-Cor
Biosciences, Lincoln, NE, USA). For oxidative damage markers, all bands ranging from 250
kD to 50 kD were quantified for each lane, representing the smear of 4-HNE or 3-NT
labeled proteins for each sample. For spectrin, both the 150 kD and 145 kD bands were
quantified for each lane, representing spectrin breakdown products for each sample. This
was then analyzed as percent of control samples (sham).

Sample Size and Statistical Analysis

Results

The sample sizes for this study were 8-10 per group (dose response analysis) and 9-10 per
group (mitochondrial bioenergetics analysis) and 8-10 per group (therapeutic window
analysis). Data are presented as group means +/- standard deviation (SD) and were analyzed
using GraphPad PRISM version 5.0 (San Diego, CA, USA). Both mitochondrial
bioenergetics and immunoblot quantification data were analyzed by appropriately designed
ANOVA:s followed by Student Newman-Keuls (SNK) post-hoc tests as appropriate. A p
value of <0.05 was considered significant for all analyses.

Carnosic Acid Attenuates Injury-induced Increases in Oxidative Damage and Neuronal
Cytoskeletal Degradation in a Dose-Dependent Manner 48 Hours Post-TBI

Oxidative damage measurements of cortical and hippocampal tissue samples from young
adult male CF-1 mice treated with 0.3, 1.0, or 3.0 mg/kg CA or vehicle i.p.15 minutes post-
injury. At 48 hours post-injury, ipsilateral tissue was collected for Western Blot analysis.
We chose this time point because we have previously shown that 48 hours is near the peak
of the injury-induced increase in brain tissue LP-related 4-HNE LP ®7) and calpain
proteolytic cytoskeletal damage () in the same mouse CCI model. Quantitative analysis
revealed that both 1.0 and 3.0 mg/kg doses of CA significantly attenuated (p < 0.05) 4-HNE
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in the cortex (see Fig. 1). However, only the 1.0 mg/kg dose of CA significantly attenuated
(p < 0.05) 4-HNE levels in the hippocampus, suggesting a U-shaped dose curve (see Fig. 1).
In the case of 3-NT (see Fig. 2), both the 1.0 mg/kg and 3.0 mg/kg doses attenuated the
injury-induced increases (p < 0.05). Interestingly, the 1.0 mg/kg dose of CA is the same
which was previously shown to provide protection to cortical mitochondria from 4-HNE
toxicity ex vivo (34). Quantitative analysis of spectrin breakdown products, an indication of
cellular cytoskeletal degradation, revealed a significant decrease (p < 0.05) in both the 150
kD and 145 kD breakdown products in the cortex with the 1.0 mg/kg dose. There is a
noticeable u-shaped dose response for this endpoint, in which neither the lower or higher
doses provided protection but the mid-point 1.0mg/kg dose was effective. One-way
ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05. Error bars represent
+/- SD. N = 8-10 per group.

Carnosic Acid Preserves Mitochondrial Function 24 Hours Post-TBI

Mitochondrial bioenergetics were assessed at 24 hours post-TBI using the Seahorse XF-24
Bioanalyzer for isolated cortical mitochondria from animals treated with either 1.0 mg/kg of
carnosic acid or vehicle at 15 minutes post-injury. We chose this time point for the
bioenergetic studies based upon our prior studies showing that 24 hours is near the time of
maximal injury-induced mitochondrial failure in the mouse CCI model @. The 1.0 mg/kg
dose of carnosic acid significantly increased (p<0.05) mitochondrial respiratory function as
compared to vehicle animals for both complex | (ADP Rate) and complex Il (Succinate
Rate) driven respiration. Moreover, there was no statistical difference between sham animals
and CA- treated animals in terms of complex | and complex Il respiration, indicating a
complete return to sham levels.

Carnosic Acid Reduces Mitochondrial Oxidative Damage 24 Hours Post-TBI

Western blot analysis was performed on the isolated mitochondrial proteins to determine if
carnosic acid administration could reduce oxidative damage to mitochondria proteins
together with the improved maintenance of bioenergetics. The 1.0 mg/kg dose of CA
significantly reduced (p<0.05) levels of both 4-HNE (lipid peroxidation) and 3-NT (protein
nitration) markers in cortical mitochondria as compared to vehicle animals. This may serve
as a mechanistic explanation for the associated effects on mitochondrial respiration in which
CA treatment completely returned oxygen consumption rates to sham levels. Analyzed by
one-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05. Error bars
represent +/- SD. N = 9-10 per group.

Carnosic Acid Decreases Neuronal Cytoskeletal Degradation with at least an 8 Hour Post-
Injury Therapeutic Window

The initial administration of carnosic acid was delayed to either 15 minutes, 1 hour, 4 hours,
or 8 hours post-injury for the initial I.P. injection followed by a booster injection at 24 hours
post-injury. At 48 hours post-injury, mice were euthanized and the ipsilateral cortical tissue
was collected for Western Blot analysis (see methods above) of spectrin breakdown
products as an indication of cellular cytoskeletal degradation. The levels of spectrin
breakdown products were significantly decreased (p < 0.05) at all delayed time points (15
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minutes, 1 hour, 4 hours, and 8 hours) as compared to vehicle for both the 150 kD (caspase
and calpain derived) and 145 kD (calpain specific) breakdown products. See Figure 6.
Analyzed by one-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.
05. Error bars represent +/- SD. n = 8-10 per group.
Discussion

The occurrence of TBI is increasing () and represents a major socioeconomic dilemma for
developed nations that requires urgency to discover and translate rational therapies for the
clinical treatment of this growing epidemic. Over the last few decades, oxidative stress has
consistently been identified as one of the key pathological processes underlying the
deleterious secondary injury cascade following TBI.(®) Extensive pre-clinical research
established the justification underlying clinical trials for three distinct direct antioxidant
therapies (e.g. polyethylene glycol conjugated superoxide dismutase, PEG-SOD; tirilazad;
and dexanabinol), but unfortunately none have proven effective in rigorous large-scale
clinical trials(® with the possible exception of tirilazad which improved post-TBI survival in
patients who had traumatic subarachnoid hemorrhage.(3®) Targeting the Nrf2-ARE pathway
may provide a pleiotropic approach to attenuate oxidative damage after TBI. The current
study provides critical information by demonstrating for the first time the effects of
pharmacological Nrf2-ARE activation on protecting mitochondrial function post-TBI.
Moreover, the current study is also the first to perform a dose response assessment on a
Nrf2-ARE activating drug (e.g. CA) using the rational endpoints of oxidative damage.
Although prior studies have investigated compounds that activate the Nrf2-ARE pathway
following TBI,(31) none have assessed the dose response profile of such compounds or
evaluated the effects on oxidative damage and mitochondrial function or defined what the
therapeutic window (extent of post-injury treatment initiation delay) that can still achieve
neuroprotection.

Moreover, we recently demonstrated the post-TBI time course of endogenous Nrf2-ARE
activation in the absence of Nrf2-ARE activating drugs showing that significant induction
which does not occur until 24 hrs post-TBI which is also when significant oxidative damage
has occurred.(3”) Indeed, the temporal profile of Nrf2-ARE activation closely matched that
of oxidative damage post-TBI, suggesting that the posttraumatic turning on of the
endogenous antioxidant defenses, in the absence of any pharmacological activator, occurs
too slowly to effectively interrupt oxidative damage mechanisms. Thus, any
pharmacological activator must augment and speed up Nrf2-ARE related expression so that
it antioxidant effects can precede the 24 to 48 hour peak of oxidative damage. Previously,
we also demonstrated that administration of CA to mice induces an increase in the critical
Nrf2 downstream target heme oxygenase 1. In addition, the CA administration also provided
resistance to mitochondria challenged ex vivo by the toxic reactive aldehyde 4-HNE.(4)
Moreover, the current study clearly demonstrates that administration of the potent Nrf2-
ARE activator CA at an early time point post-TBI (15 minutes post-injury) is capable of
attenuating oxidative damage and preserving mitochondrial function thereby extending on
our previous ex vivo mechanistic studies with clear evidence of in vivo protection of
mitochondria post-TBI.
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The aforementioned protective effects on mitochondria by administration of CA occur in
conjunction with neurochemical evidence of actual neuroprotection in the form of a
reduction in calpain-mediated neuronal cytoskeletal degradation as measured by an
attenuation of spectrin proteolytic breakdown. It has previously been established that post-
traumatic spectrin degradation is produced by both calpain and another cysteine protease
caspase 3. The 150 kDa spectrin fragment is produced by both proteases whereas the 145
kDa fragment is calpain-specific.(38). We detected very little of the caspase 3-specific 120
kDa fragment in these or other previous TBI experiments,%: 39) thus causing us to interpret
that the leading source of post-traumatic spectrin degradation is likely due to calpain. Thus,
even though Nrf2-ARE activation is predominantly resulting in an attenuation of oxidative
damage, it may nevertheless also reduce the increase of this Ca2+-activated protease via
preservation of neuronal intracellular Ca2+ homeostatic mechanisms otherwise affected by
oxidative damage post-TBI. Our laboratory has previously demonstrated that calpain-
mediated spectrin proteolysis peaks at 24 hours after CCI-TBI in mice,) and it has been
implicated in post-traumatic neurodegeneration.(: 3% The reduction of calpain-mediated
spectrin degradation via predominantly antioxidant mechanisms reported in the current
study is similar to the effects previously seen with the direct lipid peroxyl radical scavenger
U-83836E.(40)

While these effects of Nrf2-ARE activation on reducing both oxidative damage and
cytoskeletal breakdown are impressive, our observation that the neuroprotective therapeutic
window is as long as 8 hours suggests that CA’s Nrf2 activating effects may be most
relevant for future clinical translation. Similarly, our previous studies in the same mouse
controlled cortical impact TBI model as that presently employed with the direct-acting lipid
peroxidation inhibitor U-83836E (40) and the mitochondrial permeability transition inhibitor
NIM811 (1) also revealed a 12 hour therapeutic window in regards to attenuation of spectrin
degradation. Moreover, the extended duration of this window is consistent with our earlier
demonstration in the same model that post-TBI mitochondrial failure does not peak until 12
hours, and that subsequently between 12 and 24 hrs, there is a significant increase in spectrin
degradation that reaches its post-TBI maximum at 24 hours. In other words, the 12 hour time
point represents the time point at which the injured population of mitochondria undergo
maximum permeability transition at which time they release their Ca2* load which results in
a secondary wave of calpain-mediated cytoskeletal degradation ().

In conclusion, it is vital to discover and translate rational therapies for the clinical treatment
of TBI as the incidence will continue to rise. More specifically, certain aspects of the
secondary injury cascade have been extensively validated, but yet no therapy has been
effective in clinical trials.(® A more pleiotropic approach to antagonize oxidative damage
following TBI, such as targeting the Nrf2-ARE pathway, is likely necessary to achieve
success. Therefore, the current study provides strong evidence that augmenting the Nrf2-
ARE system can be effective at mitigating oxidative damage and the closely linked
phenomenon of mitochondria dysfunction post-TBI while still having a clinically relevant
therapeutic window for intervention.
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Carnosic Acid Reduces 4-HNE in a Dose Dependent Manner post-TBI. Oxidative damage
measurements of cortical and hippocampal tissue samples from young adult male CF-1 mice
treated with either 0.3, 1.0, or 3.0 mg/kg carnosic acid (CA) or vehicle 15 minutes post-
injury. At 48 hours post-injury, ipsilateral tissue was collected for Western Blot analysis.
Quantitative analysis revealed that both 1.0 and 3.0 mg/kg doses of CA significantly
attenuated 4-HNE in the cortex. However, only the 1.0 mg/kg dose of CA significantly
attenuated 4-HNE levels in the hippocampus. Interestingly, the 1.0 mg/kg dose of CA is the
same which was previously shown to provide protection to cortical mitochondria from 4-
HNE toxicity ex vivo. One-way ANOVA followed by Student Newman-Keuls post-hoc test.

* = p<.05. Error bars represent +/- SD. N = 8-10 per group.
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Carnosic Acid Reduces 3-NT in a Dose Dependent Manner post-TBI. Oxidative damage
measurements of cortical tissue samples from young adult male CF-1 mice treated with
either 0.3, 1.0, or 3.0 mg/kg carnosic acid (CA) or vehicle 15 minutes post-injury. At 48
hours post-injury, ipsilateral tissue was collected for Western Blot analysis. In the case of 3-
NT, both the 1.0 mg/kg and 3.0 mg/kg doses attenuated the injury-induced increases in 3-
NT. One-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05. Error
bars represent +/- SD. N = 8-10 per group.
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Carnosic Acid Reduces Cytoskeletal Breakdown Following Focal TBI. Cytoskeletal
breakdown was assessed in cortical tissue samples from young adult male CF-1 mice treated
with either 0.3, 1.0, or 3.0 mg/kg carnosic acid (CA) or vehicle 15 minutes post-injury. At
48 hours post-injury, ipsilateral tissue was collected for Western Blot analysis. In the case of
spectrin breakdown products (150 kD and 145 kD bands), both the 1.0 mg/kg and 3.0 mg/kg
doses attenuated the injury-induced increases in spectrin breakdown products. This may be
due to Nrf2-ARE activation restoring calcium homeostasis indirectly via a reduction in
oxidative damage to essential proteins involved in trafficking calcium into and out of the
cell. One-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05. Error
bars represent +/- SD. N = 8-10 per group.
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Administration of Carnosic Acid Preserves Mitochondrial Respiratory Function post-TBI.
Mitochondrial respiration measurements of cortical mitochondrial samples from young adult
male CF-1 mice treated with 1.0 mg/kg carnosic acid (CA) or vehicle at 15 minutes post-
injury. The 1.0 mg/kg dose of carnosic acid significantly increased (p<0.05) mitochondrial
respiratory function as compared to vehicle animals for both Complex | (ADP Rate) and
Complex Il (Succinate Rate) driven respiration. Moreover, there was no statistical difference

between sham animals and carnosic acid treated animals in terms of Complex | and

Complex Il respiration, indicating a complete return to sham levels. Analyzed by one-way
ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05. Error bars represent
+/- SD. N = 9-10 per group.
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Figure 5.
Administration of Carnosic Acid Reduces Oxidative Damage to Cortical Mitochondria post-

TBI. Oxidative damage measurements of cortical mitochondrial samples from young adult
male CF-1 mice treated with 1.0 mg/kg carnosic acid (CA) or vehicle at 15 minutes post-
injury. Western blot analysis was performed on the isolated mitochondrial proteins to
determine if carnosic acid administration could reduce oxidative damage to mitochondria
proteins. The 1.0 mg/kg dose of carnosic acid significantly reduced (p<0.05) levels of both
4-HNE (lipid peroxidation) and 3-NT (protein nitration) markers in cortical mitochondria as
compared to vehicle animals. This may serve as a mechanistic explanation for the associated
effects on mitochondrial respiration in which carnosic acid treatment completely returned
oxygen consumption rates to sham levels. Analyzed by one-way ANOVA followed by
Student Newman-Keuls post-hoc test. * = p<.05. Error bars represent +/- SD. N = 9-10 per

group.
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Figure 6.
Delayed Initial Administration of Carnosic Acid Provides a Clinically Relevant Therapeutic

Window. The initial administration of carnosic acid was delayed to either 15 minutes, 1
hour, 4 hours, or 8 hours post-injury for the initial 1.P. injection followed by a booster
injection at 24 hours post-injury. At 48 hours post-injury, ipsilateral cortical tissue was
collected for Western Blot analysis of spectrin breakdown products as an indication of
cellular cytoskeletal degradation. All delayed time points (15 minutes, 1 hour, 4 hours, and 8
hours) were significantly decreased (p < 0.05) as compared to vehicle for both the 150 kD
(caspase and calpain derived) and 145 kD (calpain specific) breakdown products. Analyzed
by one-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05. Error
bars represent +/- SD. n = 8-10 per group.
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