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Abstract

The transcription factor NF-E2-related factor 2 (Nrf2) mediates transcription of antioxidant/
cytoprotective genes by binding to the antioxidant response element (ARE) within DNA.
Upregulation of these genes constitutes a pleiotropic cytoprotective-defense pathway which has
been shown to produce neuroprotection in numerous models by decreasing lipid peroxidation (LP)
as measured by the neurotoxic LP by-product 4-hyrdoxynonenal (4-HNE). As neuronal
mitochondria have previously been shown to be susceptible to insult-induced LP-mediated
oxidative damage, we sought to mechanistically investigate whether Nrf2-ARE activation /n vivo
could protect mitochondria from subsequent 4-HNE exposure ex vivo. Young adult male CF-1
mice were administered one of two known Nrf2-ARE activators as single I.P. doses —
sulforaphane (SFP; 5.0 mg/kg) or carnosic acid (CA; 1.0mg/kg) — or their respective vehicles 48
hours prior to Ficoll isolation of rat cerebral cortical mitochondria. Purified mitochondria were
then exposed ex vivo to 4-HNE for 15 minutes at 37°C which we showed to cause a
concentration-related inhibition of mitochondrial respiration together with covalent binding of 4-
HNE to mitochondrial proteins. We chose a 30 M concentration of 4-HNE, which produced an
approximate 50% inhibition of complex | or complex Il-driven respiration, to assess whether prior
in vivo the Nrf2-ARE activating compounds would increase the resistance of the isolated cortical
mitochondria to 4-HNE's mito-toxic effects. Administration of either compound significantly
increased (p< 0.05) expression of heme oxygenase-1 mRNA in cortical tissue 48 hours post-
administration, verifying that both compounds were capable of inducing the Nrf2-ARE pathway.
Moreover, the prior in vivo administration of sulforaphane (SFP) and carnosic acid (CA)
significantly (p< 0.05) attenuated 4-HNE-induced inhibition of mitochondrial respiration for
complex | while only carnosic acid acted to protect complex Il. Furthermore, both CA and SFP
significantly (p< 0.05) reduced the amount of 4-HNE bound to mitochondria proteins as
determined by Western blot. These results demonstrate the capability of Nrf2-ARE induction /n
vivoto protect from 4-HNE toxicity to cortical mitochondria ex vivo. Ongoing studies will
determine the therapeutic efficacy of Nrf2-ARE activators to attenuate traumatic brain injury
induced pathophysiology.
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Introduction

Oxidative stress, and especially lipid peroxidation, is a deleterious component of many
neurodegenerative disorders, often causing harmful downstream consequences that can
result in cell death and dysfunction [1-3]. More specifically, previous work has
demonstrated that free radical mediated lipid peroxidation (LP) plays a critical role in the
acute pathophysiology of traumatic brain injury (TBI) [3, 4]. Lipid peroxidation involves the
oxidation of polyunsaturated fatty acids (e.g., arachidonic, linoleic, and docosahexaenoic
acids) in cells or membrane phospholipids at allylic carbons. Peroxidized polyunsaturated
fatty acids subsequently undergo phospholipase-mediated hydrolysis and disruption of the
membrane phospholipid architecture, and eventual loss of proper functioning phospholipid-
dependent enzymes, ion channels, and structural proteins. However, as consequence to 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. These
reactions are capable of impairing the function of a variety of cellular proteins, which
contributes to neurodegenerative processes [4, 5]. Sources of post-TBI reactive oxygen
species (ROS) that contribute to toxic LP production include iron-dependent Fenton
reactions, which result in hydroxyl radical production and peroxynitrite (PON)-derived free
radicals including *OH, *NO», and «COg3 [6-10]. Free radical mediated oxidative damage in
acute CNS injury can result in protein oxidation and mitochondrial dysfunction, largely due
to intrinsic propensity for mitochondria to produce ROS as a byproduct of the electron
transport chain function [11]. In fact, previous work by our laboratory [12] 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 [13-16].

Furthermore, previous work from our laboratory has shown that PON is able to directly
inhibit mitochondrial function in the injured brain mitochondria and is associated with
elevated 4-HNE [17]. Moreover, direct application of PON to normal mitochondria
simulates the effects of /n vivo TBI [18]. 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 can directly inhibit mitochondrial respiration /n vitro
in isolated brain and spinal cord mitochondria [19]. This is likely due to 4-HNE binding to
critical proteins affecting mitochondrial function.

One of the most heavily investigated aspects of neurodegenerative processes, oxidative
stress involves an imbalance in the ratio of harmful reactive oxygen/nitrogen species (ROS/
RNS) and protective endogenous antioxidant defense enzymes [3, 12, 20]. 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 control of
the pleiotropic transcription factor NF-E2-related factor 2 (Nrf2) [21]. 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) [22, 23]. Under normal conditions, Nrf2 is sequestered in the
cytoplasm by the repressor protein Keapl [22]. This binding interaction between Nrf2 and
Keapl facilitates the proteasomal degradation of Nrf2 by recruitment of a Cul3 ubiquitin
ligase via the BTB domain of Keapl [24]. Only under conditions of stress (e.g. oxidative
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stress, ER stress, injury, toxicity, etc.) is Nrf2 released from Keapl by a proposed hinge-
latch mechanism [25, 26]. This release allows for subsequent Nrf2 translocation into the
nucleus where it heterodimerizes with small Maf proteins and binds to the ARE of
cytoprotective genes [27], inducing transcription and consequent production of defense
proteins.

Numerous studies in a multitude of different neurodegeneration paradigms have indicated
that manipulation of the Nrf2-ARE pathway can dramatically attenuate multiple
pathophysiological processes, including oxidative stress [28], mitochondrial dysfunction
[29, 30], and inflammation [31, 32]. Moreover, recent work has demonstrated that this Nrf2-
ARE defense response is inducible by a variety of small molecules, as demonstrated in
several different /n vitro [29, 33] and /n vivo [34-39] paradigms. For example, it has recently
been shown that the Nrf2-ARE pathway is involved after TBI [40, 41]. Specifically, the
promising Nrf2-ARE activator sulforaphane (an isothiocyanate) has been shown to attenuate
post-TBI pathophysiology, including blood-brain-barrier dysfunction [42], edema formation
[43], and cognitive deficits [44]. Another impressive small molecule capable of inducing the
Nrf2-ARE response is carnosic acid, previously shown to be a more potent activator of the
ARE and to be protective /n vivo in a cerebral ischemia paradigm [45]. Interestingly, the
structures of the most potent Nrf2-ARE activators vary greatly, with some also possessing
direct antioxidant (e.g. carnosic acid's phenolic ring structure) capacities [33, 45].
Accordingly, both sulforaphane and carnosic acid were compared in this study.

While previous research has extensively implicated the importance of mitochondria in the
pathogenesis of numerous neurodegenerative processes, very little is known with regard to
Nrf2-ARE's potential effects on mitochondrial bioenergetics post-insult. Recent work by
Greco and colleagues [46] 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. Therefore, the
purpose of the current study was to compare the capabilities of sulforaphane (SFP) and
carnosic acid (CA) to attenuate 4-HNE induced mitochondrial dysfunction in an ex vivo
paradigm using brain mitochondria isolated from naive animals 48 hours after drug
administration (see experimental design time line in Fig. 1). It was hypothesized that both
compounds would be capable of attenuating the 4-HNE induced inhibition; however,
carnosic acid would be more efficacious in regard to its mitochondrial protection.

Materials & methods

Animals

Chemicals

The experiments described in this study were completed using isolated mitochondria from
naive young, adult (8 weeks old) male CF-1 mice (Charles River Labs, Portage, MI).
Animals received ad /ibitum access to food and water. The protocols described herein were
approved by the University of Kentucky Institutional Animal Care and Use Committee, in
accordance with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

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
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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 [18]. 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 25-50
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).
Following isolation of purified mitochondria, 30pM of 4-HNE was applied to each
mitochondrial aliquot and incubated for 15 minutes at 37°C. These samples were then
analyzed for mitochondrial bioenergetics on the Seahorse XF-24 extracellular flux analyzer
instrument (Seahorse Bioscience, North Billerica, MA, USA).

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 [47]. The XF-24
creates a transient, 7l 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)
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 501 volume of isolation buffer
containing 2.5 g, 5.0 g, or 10.0 g 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, 450l 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 500l 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 mitochondria 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 [47]. Briefly, pyruvate plus malate plus ADP, oligomycin, FCCP, and
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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 pg/ml (oligomycin), 4.0 oM (FCCP) and
10.0 mM (succinate) plus 100.0 nM (rotenone), respectively.

Quantitative RT-PCR analysis

Quantitative real-time PCR (qRT-PCR) was employed to determine mRNA levels of the
Nrf2-ARE mediated gene target heme oxygenase-1 (HO-1). Briefly, 48 hours after
administration of sulforaphane or carnosic acid, mice received an overdose of sodium
pentobarbital (200.0 mg/kg 1.P.). The cortical tissue was then rapidly dissected out on an
ice-chilled stage and immediately transferred to a RNAlater® solution (Ambion Inc.) for 24
hours at 4°C to prevent RNase activity and sample degradation. Samples were then placed in
a -80°C freezer for storage until further analysis. To isolate total RNA, tissue samples were
homogenized in TRIzol® reagent (Ambion Inc.) according to manufacturer specifications.
Isolated total RNA was precipitated out using isopropanol, washed with ethanol, and then
decontaminated of residual genomic DNA by DNase | treatment per manufacturer
specifications. Total RNA concentrations were determined using a Nanodrop®, with
260/280 ratios of 1.8-2.2 considered acceptable. Purified total RNA (1.0 .g) was then
reverse transcribed to acquire complementary total DNA (cDNA). Final cDNA samples
were then used for quantitative real-time PCR assay. In this study, gRT-PCR was performed
using the StepOne-Plus real-Time PCR System (Applied Biosystems; CA, USA) in
conjunction with Tagman® primer-probe reagent-based chemistry. Commercial, inventoried
Tagman® gene expression assays consisting of a gene specific set of primers and a
fluorogenic internal probe were used (Applied Biosystems; CA, USA). The mouse GAPDH
endogenous control was used for normalization purposes of target gene analysis as
previously validated in our laboratory. PCR reactions were run in triplicate in a 96 well
format using a standard (~2.5 hours) amplification protocol. Each reaction well of the plate
contained a total of 25 I per reaction. The PCR reaction for the specific target gene (HO-1)
contained 10.0 .l of 1:10 diluted total cDNA and a total of 15.0 .l of a Tagman® PCR
master mix and gene specific primers and probe. The PCR reaction for GAPDH gene
expression assay contained 2.0 il of 1:10 diluted total cDNA and 23.0 pl of a TagMan®
PCR master mix and control gene primers and probe. Following PCR reaction, the resulting
amplification curves were then further analyzed by the established A ACt method wherein
GAPDH was used as the reference gene and samples from naive mice were used as the
control group. Relative expression was then analyzed as percent change from the naive
control group.

Western blot analysis

Western blotting technique was employed as previously described [48] — with some
modifications — to detect 4-HNE adducts of mitochondrial proteins. Briefly, following
isolation of purified mitochondria, 30 wM of 4-HNE was applied to each mitochondrial
aliquot and incubated for 15 minutes at 37°C (as with above described mitochondrial
bioenergetics experiments). After incubation, samples were spun down and frozen at -80°C
until further analysis. An aliquot of each protein sample (15 g for 4-HNE blots) were
separated on an SDS-PAGE precast gel (12% Bis-Tris w/v acrylamide; Criterion XT, Bio-
Rad) using a XT-MES running buffer system and then transferred to nitrocellulose
membranes using a semi-dry electro-transferring unit at 15 V for 30 minutes. 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 (1:200). A mouse monoclonal primary antibody was used for detecting 4-
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HNE bands (Japan Institute for Control of Aging, JalCA, Japan). 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. Dry
membranes were imaged and quantified using Odyssey Infra Red Imaging System (Li-Cor).
All bands ranging from 250 kD to 50 kD were quantified for each lane, representing the
smear of 4-HNE labeled proteins for each sample. This was then analyzed as percent of
control samples.

Drug treatments

The pharmacological compounds used in this study include sulforaphane (SFP) and carnosic
acid (CA), both previously shown to be potent activators of the Nrf2-ARE pathway [38, 45].
R, S-SFP (LKT Labs, Minnesota, USA) was administered I.P. at 5.0 mg/kg in a 90% PBS/
10% corn oil vehicle. CA (Sigma, USA) was administered I.P. at 1.0 mg/kg in a 10%
Ethanol/ 90% PBS vehicle. The volumes administered of each compound I.P. did not exceed
0.3 ml. Drugs (or their respective vehicles) were administered 48 hours prior to tissue
collection or mitochondrial isolation and subsequent /in vitro application of 4-HNE. The dose
of SFP was chosen based upon its demonstrated effects in a rat TBI model [44]. The dose of
CA was chosen based upon previous studies with this compound in a rat acute focal stroke
model [45].

Statistical analysis

Results

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 ANOVAs
followed by Student Newman-Keuls (SNK) post-hoc tests as appropriate. Assessment of
HO-1 mRNA levels by quantitative PCR was analyzed by one-tailed, unpaired Student's t-
test. A pvalue of <0.05 was considered significant for all analyses.

Baseline bioenergetics of isolated brain mitochondria

To assess cellular bioenergetics of intact isolated mitochondria, extracellular flux analysis
was used to determine oxygen consumption rate (OCR). In the first series of experiments,
2.5,5.0, and 10.0 p.g of mitochondria were utilized to obtain measurable complex-1 (ADP
rate) and complex-I1 (succinate rate) oxygen consumption rates (OCR) as shown in Figs. 2A
and 2B. Complex-1 OCR showed a proportional response with increasing mitochondrial
protein. After standardizing the mitochondrial protein curve, subsequent experiments
utilized 5.0 pg of mitochondrial protein to study 4-HNE induced mitochondrial dysfunction.

Bioenergetic effects of 4-HNE and a protective role for Nrf2-ARE activators

We previously reported that mitochondria isolated from the spinal cord and brain tissue of
naive rats were metabolically intact and well-coupled using a Clark-type oxygen electrode,
exhibiting a respiratory control ratio (RCR; ratio of state Il to state IV respiration) above
5.0 [18, 49]. We also previously reported on the effects of the lipid peroxidation aldehyde
byproduct, 4-hydroxy-2-nonenal (4-HNE), to produce mitochondrial bioenergetic
dysfunction in isolated brain mitochondria /7 vitro using a Clark-type oxygen electrode [19].
We now report on the detrimental effects of 4-HNE on isolated brain mitochondria using a
very sensitive and high-resolution extracellular flux method developed by Seahorse
Biosciences (North Billerica, MA, USA).

Following Ficoll isolation of purified cortical mitochondria, a dose of 4-HNE (10 uM, 30
KM, or 100 M) was applied to each mitochondrial aliquot (controls received no 4-HNE)
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and incubated for 15 minutes at 37°C. These samples were then assayed for mitochondrial
bioenergetics on the Seahorse XF-24 instrument. Complex | (ADP rate using pyruvate plus
malate substrate) and complex Il (succinate substrate)-driven oxygen consumption rates
(OCR, pmoles O,/min) were assessed after exposure to 4-HNE. The measurement of
complex-1 (ADP rate) using XF-24 analyzer is equivalent to state-111 rate measured by
pyruvate plus malate as substrates for complex-1 activity using a Clark-type oxygen
electrode. As shown in Figs. 3A and 3B, HNE decreased complex-I (ADP rate) and
complex-I1 (succinate rate) oxygen consumption rates (OCR) significantly (0<0.05) in a
concentration-dependent manner. A significant impairment was observed treated with
increasing concentrations of 30 wM and 100 uM of 4-HNE. As shown in Fig. 3A, 30 pM 4-
HNE significantly decreased complex-I function to approximately 37% in the presence of
pyruvate plus malate and ADP (p<0.05 compared to untreated mitochondria). Exposure of
isolated mitochondria to higher concentrations of 100 uM HNE resulted in an even greater
decrease in OCR (see Figs. 3A and 3B). Interestingly, there were no differences observed in
complex-I (ADP rate) or complex-11 (succinate rate) basal mitochondrial OCR as shown in
Figs. 3C & 3D from mitochondria isolated from animals injected with either SFP or CA but
without application of 4-HNE to the mitochondria. This suggests SFP and CA are not
altering basal mitochondrial function (e.g. respiration); however, they may still be capable of
attenuating the 4-HNE induced impairment in respiration. We selected the 30 M dose of 4-
HNE for further testing of the comparative protective effects of SFP and CA on isolated
brain mitochondria.

Nrf2-ARE activators SFP and CA increase HO-1 mRNA levels in cortical tissue

Cortical tissue samples were collected from naive, SFP treated, CA treated (or respective
vehicle controls) animals 48 hours after administration of the compounds. Quantitative real-
time PCR (gRT-PCR) was then employed to determine mRNA levels of the Nrf2-ARE
mediated gene target heme oxygenase-1 (HO-1). The data indicate that SFP significantly
(p<.05) increased HO-1 mRNA levels by nearly 37% compared to vehicle control (Fig. 4A).
Similarly, our results demonstrate that administration of CA significantly (p<.05) elevated
HO-1 mRNA levels by 21% compared to vehicle control (Fig. 4B). These findings are
consistent with previously published work stating that these doses of sulforaphane and
carnosic acid are effective inducers of the Nrf2-ARE pathway.

Nrf2-ARE activators significantly reduce 4-HNE induced impairment of mitochondrial
bioenergetics

Animals injected with SFP or CA did not display altered basal mitochondrial respiration
rates (see Figs. 3C and 3D). Once this was established, mitochondrial respiration
measurements of cortical mitochondria isolated from young adult male CF-1 mice treated
with either SFP or CA /n vivo 48 hours prior to isolation were conducted. Analysis revealed
that /n vivo administration of both SFP and CA significantly (p<.05) attenuated 4-HNE
induced impairment in mitochondrial oxygen consumption for Complex | driven respiration
(Fig. 5A). However, only administration of CA was able to significantly (p<.05) attenuate 4-
HNE induced reduction in oxygen consumption for Complex Il driven respiration (Fig. 5B)
as compared to the 4-HNE 30 M group. The differential effect of CA versus SFP is likely
partially due to CA being a more potent activator of the Nrf2-ARE pathway as previously
described [45]. Collectively, these data represent novel evidence that Nrf2-ARE activators
are capable of directly attenuating mitochondrial dysfunction induced by reactive aldehydes
(e.g. 4-HNE) produced by oxidative damage.

Nrf2-ARE activators significantly reduce 4-HNE bound mitochondrial protein

Western Blot analysis was performed to determine whether SFP or CA in vivo pre-treatment
could reduce 4-HNE bound mitochondrial protein. After isolation of purified mitochondria,
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30 1M of 4-HNE was applied to each mitochondrial aliquot (controls received no 4-HNE)
and incubated for 15 minutes at 37°C (similar to above described mitochondrial
bioenergetics experiments). A representative immunoblot demonstrates reduced presence of
4-HNE bound proteins in mitochondrial samples (Fig. 6A). Quantitative analysis of
immunoblots revealed that both SFP and CA significantly (p<.05) reduced 4-HNE bound
mitochondrial protein as compared to the UT plus HNE group (Fig. 6B). This suggests the
mechanism by which the Nrf2-ARE activators SFP and CA are attenuating the 4-HNE
induced inhibition of mitochondrial respiration likely involves a decrease in 4-HNE adducts
to mitochondrial proteins. This is an important proof of principle demonstration that
suggests the cytoprotective antioxidant defenses mediated by Nrf2-ARE can directly
antagonize the reactive aldehydes such as 4-HNE that are produced via free-radical induced
oxidative damage.

Discussion

Previous work from our laboratory has shown that the reactive nitrogen species peroxynitrite
(PON) is able to directly inhibit mitochondrial function in the injured brain mitochondria
and is associated with elevated 4-HNE [17]. Moreover, direct application of PON to normal
mitochondria simulates the effects of /n vivo TBI [18, 19]. While the process of lipid
peroxidation can directly cause membrane destruction and likely impair mitochondrial
function, we also recently demonstrated that the LP-derived reactive aldehydes 4-HNE and
acrolein can directly inhibit mitochondrial respiration /n vitroin isolated brain and spinal
cord mitochondria [19]. These findings suggest that both lipid peroxidation and its toxic
byproducts (reactive aldehydes) play a deleterious role in the secondary injury cascade post-
TBI, primarily by impairing mitochondrial function.

Extensive evidence in different neurodegeneration paradigms indicates that manipulation of
the Nrf2-ARE pathway can dramatically attenuate multiple pathophysiological processes,
including oxidative stress [28], mitochondrial dysfunction [29, 30], and inflammation [31,
32]. Moreover, recent work has demonstrated that this Nrf2-ARE defense response is
inducible by a variety of small molecules, as demonstrated in several different /n vitro[29,
33] and in vivo [34-39] paradigms. Specifically, the promising Nrf2-ARE activator SFP (an
isothiocyanate) has been shown to attenuate post-TBI pathophysiology, including blood-
brain-barrier dysfunction [42], edema formation [43], and cognitive deficits [44]. Another
impressive small molecule capable of inducing the Nrf2-ARE response is CA, previously
shown to be a more potent effective activator of the ARE and to be protective /n vivoin a
cerebral ischemia paradigm [45]. Interestingly, the structures of the most potent Nrf2-ARE
activators vary greatly, with some also possessing direct antioxidant (e.g. CA's phenolic ring
structure) capacities [33, 45].

While previous research has extensively implicated the importance of mitochondria in the
pathogenesis of neurodegenerative disorders, very little is known with regard to Nrf2-ARE's
potential effects on mitochondrial bioenergetics post-insult. Recent work by Greco and
colleagues [46] found that a single administration of SFP to naive animals 40 hours prior to
mitochondrial isolation could provide resistance to mitochondrial permeability transition
pore formation via Nrf2-ARE mediated defenses. Thus, the purpose of the current study was
to compare the capabilities of SFP and CA to attenuate 4-HNE induced mitochondrial
dysfunction in an ex vivo paradigm using brain mitochondria isolated from naive animals 48
hours after drug administration. Here, we demonstrate direct mitochondria protective effects
of two known Nrf2-ARE activators, SFP and CA, in a unique and relevant ex vivo
paradigm. The differential effects of CA versus SFP seen in the current study are likely at
least partially due to CA being a more efficacious activator of the Nrf2-ARE pathway as
previously described [45]. In the injured brain, however, it may be critical which cell-types
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exhibit increased Nrf2-ARE activity as it was recently shown that astrocytes activate the
pathway to higher degree and confer indirect neuroprotection to neurons [30].

Collectively, the data presented in the current study represent novel evidence that Nrf2-ARE
activators are capable of directly attenuating mitochondrial respiratory dysfunction induced
by reactive aldehydes (e.g. 4-HNE) produced by oxidative damage. Moreover, these data
suggest that the likely mechanism by which the Nrf2-ARE activators SFP and CA are
attenuating the 4-HNE-induced inhibition of mitochondrial respiration involves a reduction
of 4-HNE available to form covalent adducts with mitochondrial proteins. This could occur
by multiple mechanisms, each of which is inducible by the Nrf2-ARE pathway's
upregulation of numerous critical detoxifiers of reactive aldehydes. These include, as a first
possibility, the glutathione antioxidant system in which glutathione-S-transferase (GST)
catalyzes the formation of a glutathione-4-HNE adduct which is thereby rendered unable to
bind to mitochondrial proteins [50]. The second mechanism involves a Nrf2-induced
increase in either oxidation of 4-HNE to an alcohol via aldehyde dehydroxygenase or
reduction to a carboxylic acid via alcohol dehydrogenase. Thirdly, Nrf2 has been shown to
upregulate the levels of another antioxidant enzyme, NAD(P)H-dependent alkenal/one
oxidoreductase (AO), which reduces the double bond between a and p carbons of 4-HNE
rendering it unreactive with proteins [51, 52]. These three possibilities for how
pharmacological activation of Nrf2-ARE might protect mitochondrial complex | and 11
respiratory function from impairment by 4-HNE application are highlighted in Figure 7.
Thus, this is critically important mechanistic “proof of principle” evidence that suggests the
vast cytoprotective defenses mediated by Nrf2-ARE can directly antagonize the toxic
reactive aldehydes produced via free-radical induced lipid peroxidation in mitochondria.
This thereby suggests that pharmacological Nrf2-ARE manipulation — specifically via the
potent activator CA — may be a strong therapeutic approach for neurodegenerative disorders
and warrants continued investigation.

In conclusion, the impact of acute and chronic neurodegenerative disorders on society is
devastating and hence it is imperative to discover and translate rational therapies for the
clinical treatment of these growing epidemics. In particular, oxidative damage has been
identified as one of the key pathological processes underlying the secondary damage
following TBI. However, although numerous antioxidant-based therapies have been
investigated, none have proven effective in clinical trials for TBI [4]. The Nrf2-ARE
pathway may provide a more comprehensive, pleiotropic approach to attenuate oxidative
damage after TBI and other acute CNS injuries. To that end, the current study provides
evidence that Nrf2-ARE has potential for attenuating mitochondrial dysfunction in a
pathologically relevant ex vivo paradigm. However, further work is needed to better define
the role of the Nrf2-ARE pathway following TBI and to determine whether amplifying this
pathway has useful neuroprotective potential.
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Carnosic Acid (1 mg/kg) of Mitochondria mitochondria (Seahorse XF-24)

A
—
\ 4
A
—

48 hours + 15 minutes }------------ >

Figure 1.

Experimental timeline of the current study. Naive mice were administered either
sulforaphane or carnosic acid (or respective vehicles) 48 hours prior to isolation of cortical
mitochondria. A 30 uM dose of 4-HNE was applied /n vitroto challenge the mitochondria.
Mitochondrial bioenergetics were then assessed on the Seahorse XF-24 extracellular flux
analyzer (Seahorse Biosciences, North Billerica, MA, USA).
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Mitochondrial bioenergetics: Assay Optimization. Mitochondrial respiration measurements
of cortical mitochondria from young adult male CF-1 mice. Analysis revealed a significant
increase in oxygen consumption (OCR) for 5.0 g of mitochondria for both Complex | and
Il as compared to 2.5 g of mitochondria protein. One-way ANOVA followed by Student
Newman-Keuls post-hoc test. * = p<.05. Error bars represent +/- SD.
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Figure 3.

Mitochondrial bioenergetics: 4-HNE concentration curve and controls. Top: Mitochondrial
respiration measurements of cortical mitochondria from young adult male CF-1 mice.
Analysis revealed that both 30 M and 100 wM of 4-HNE significantly decreased Complex
| driven respiration whereas all three tested concentrations reduced Complex Il driven

respiration. One-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05.

Error bars represent +/- SD. Bottom: Sulforaphane and Carnosic Acid Do Not Affect Basal
Respiration. Mitochondrial respiration measurements of cortical mitochondria from young
adult male CF-1 mice treated with either sulforaphane (SFP) or carnosic acid (CA) in vivo
48 hours prior to isolation of mitochondria. Analysis revealed that SFP and CA did not
affect basal mitochondrial oxygen consumption in the absence of extrinsic application of 4-
HNE. One-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05.
Error bars represent +/- SD.
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Nrf2-ARE activators SFN and CA increase HO-1 mRNA levels in cortical tissue. Samples
collected from naive, SFN treated, CA treated (or vehicle controls) animals 48 hours after
administration of the compounds. Quantitative PCR (qRT-PCR) was used to determine
MRNA levels of the Nrf2-ARE mediated gene target heme oxygenase-1 (HO-1). The data
indicate that SFN significantly (p<.05) increased HO-1 mRNA levels 37% compared to
vehicle control (Fig. 4A). The data also demonstrate that administration of CA significantly
(p<.05) elevated HO-1 mRNA levels 21% compared to vehicle control (Fig. 4B). One-
tailed, unpaired Student's t-test. * = p<.05. Error bars represent +/- SD.
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Figureb5.

Administration of SFP and CA /n vivo attenuates 4-HNE induced impairment in
mitochondrial respiration. Mitochondrial respiration measurements of cortical mitochondria
from young adult male CF-1 mice treated with either sulforaphane (SFP) or carnosic acid
(CA) in vivo 48 hours prior to isolation of mitochondria. Analysis revealed that in vivo
administration of both SFP and CA significantly attenuated 4-HNE induced reduction in
mitochondrial oxygen consumption for Complex | driven respiration (Fig. 5A). However,
only administration of CA was able to significantly attenuate 4-HNE induced reduction in
oxygen consumption for Complex Il driven respiration (Fig. 5B) as compared to the 4-HNE
30 1M group. One-way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.
05. Error bars represent +/- SD.
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Figure6.
Administration of SFP and CA reduces 4-HNE bound mitochondrial protein. Western Blot

analysis was performed to determine whether SFP or CA could reduce 4-HNE bound
mitochondrial protein. Representative immunoblot demonstrating reduced presence of 4-
HNE bound proteins in mitochondrial samples (Fig. 6A). Quantitative analysis of
immunoblots revealed that both SFP and CA significantly (p<.05) reduced 4-HNE bound
mitochondrial protein as compared to the untreated (UT) plus HNE group (Fig. 6B). One-
way ANOVA followed by Student Newman-Keuls post-hoc test. * = p<.05. Error bars
represent +/- SD.
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Figure7.

Schematic Representation of Nrf2-ARE role in CNS injury. This scheme outlines the
potential protective role that the Nrf2-ARE pathway may play following acute CNS injury.
Cytoprotective gene expression mediated by Nrf2-ARE represents a diverse, pleiotropic
battery that may attenuate multiple facets of the acute secondary injury cascade, including
mitochondrial dysfunction. Administration of pharmacological activators of this pathway —
such as SFP and CA - causes subsequent upregulation of cytoprotective defenses. These
protective proteins are capable of attenuating the oxidative damage that ensures following
CNS injury. Reduction in oxidative damage post-injury may mitigate or even prevent
consequent neurodegeneration and neurological impairment.
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