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ORIGINAL ARTICLE

Advanced Age and Neurotrauma Diminish Glutathione
and Impair Antioxidant Defense after Spinal Cord Injury

Andrew N. Stewart"** Ethan P. Glaser, > Caitlin A. Mott,"* William M. Bailey, Patrick G. Sullivan,>™
Samir P. Patel'™3 and John C. Gensel'=3*

Abstract

Advanced age at the time of spinal cord injury (SCI) exacerbates damage from reactive oxygen species (ROS).
Mechanisms underlying this age-dependent response are not well understood and may arise from decreased
antioxidant defense. We investigated how spinal cord levels of the antioxidant glutathione (GSH), and its reg-
ulation, change with age and SCI. GSH is used by GSH peroxidase to sequester ROS and is recycled by GSH
reductase. Male and female, 4- and 14-month-old (MO) mice received a 60 kDyn contusion SCl, and the levels
of GSH and its regulatory enzymes were evaluated at one and three days post-injury (dpi). The mice with SCI
were treated with N-acetylcysteine-amide (NACA; 150 mg/kg), a cysteine supplement that increases GSH, to
determine effects on functional and histological outcomes. GSH was decreased with older age in sham
mice, and an SCl-dependent depletion was observed in 4-MO mice by three dpi. Neither age nor injury af-
fected the abundance of proteins regulating GSH synthesis or recycling. GSH peroxidase activity, however, in-
creased after SCl only in 4-MO mice. In contrast, GSH peroxidase activity was increased in 14-MO sham mice,
indicating that spinal cords of older mice have an elevated oxidative state. Indeed, 14-MO sham mice had more
oxidized protein (3-nitrotyrosine [3-NT]) within their spinal cords compared with 4-MO sham mice. Only 4-MO
mice had significant injury-induced increases in 3-NT at three dpi. NACA treatment restored GSH and improved
the redox environment in injured 4- and 14-MO mice at one dpi; however, three days of NACA delivery did not
improve motor, sensory, or anatomical deficits at 28 dpi in 4-MO mice and trended toward toxicity in all out-
comes in 14-MO mice. Our observation suggests that GSH levels at acute stages of SCI play a minimal role in
age-dependent outcomes reported after SCl in mice. Collective results implicate elements of injury occurring
after three dpi, such as inflammation, as key regulators of age-dependent effects.
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Introduction cutely from microglia, macrophages, and neutrophils
Oxidative stress exacerbates tissue necrosis after spinal through nicotinamide adenine dinucleotide phosphate-
cord injury (SCI) and worsens functional outcomes.'? oxidase enzyme activity (NOX).> The pivotal role
Reactive oxygen species (ROS) are derived acutely of ROS in exacerbating SCI lesions and worsening
post-SCI from dysfunctional mitochondria®* and suba- functional outcomes has been a focus of therapeutic
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investigations.'*®? The potential for antioxidant inter-
ventions to improve functional recovery after SCI high-
lights a need to better understand redox biology after
neurotrauma.

Our laboratory previously identified that advanced age
at the time of SCI increases oxidative stress and worsens
functional outcomes in mice.””'*'" Worse functional
outcomes after SCI have also been reported in older clin-
ical populations.'” This is concerning because the aver-
age age at time of SCI has increased from 27 to 42
years since the 1970s.'* While our previous studies
have investigated age-associated sources of ROS produc-
tion after SCI (mitochondria and macrophages),”!" de-
creases in antioxidant defense with aging may also
compound ROS damage.

Specifically, advanced age is associated with depleting
available glutathione (GSH),'*'® an important regulator
of antioxidant defense and free-radical sequestration.
Age-dependent decreases in GSH have been reported in
the brain'*'® but the role of age on GSH regulation in
the spinal cord is understudied. Because SCI decreases
available GSH in younger mice,”'” we hypothesized that
advanced age at time of SCI would compound GSH deple-
tion after injury, thereby reducing antioxidant defenses and
increasing oxidative damage in an age-dependent manner.

Glutathione is a tripeptide synthesized in two ligation
reactions.'® First, glutamate and cysteine are ligated at the
catalytic domain of glutamate cysteine ligase (GCLC),
which is considered the rate-limiting step to GSH synthe-
sis. The resulting product, glutamylcysteine, is then ligated
to glycine by glutathione synthetase (Fig. 1). Whether the
rate-limiting step in GSH synthesis is enzymatic (GCL or
GSH synthetase) or substrate dependent (glutamate, cyste-
ine, or glycine) in nature is not well defined and is thought
to be situationally dependent.lg’zo

Once produced, two GSH molecules sequester free
radicals by reacting with various glutathione peroxidase
(GPx) isoforms that display preferential affinity for dif-
ferent radical (i.e., ROS) substrates®! (Fig. 1). The resul-
tant GSH molecules oxidize to form a disulfide (GSSG),
which can be readily recycled back into usable GSH
monomers by reduction with nicotinamide adenine dinu-
cleotide phosphate (NADPH) and glutathione reductase
(GR) (Fig. 1). This recycling system makes GSH a potent
and reusable form of antioxidant defense at the expense
of NADPH generated in the pentose-phosphate pathway.

One strategy to augment GSH with injury, pathology,
or age is to increase substrate availability through cyste-
ine supplementation using a variety of cysteine ana-
logs.>!7*72° Supplementation using N-acetylcysteine
(NAC) evokes promising neuroprotective results after
both SCI and traumatic brain injury (TBI).**"-*® The ef-
fects remain modest and inconsistent, however, which
has been attributed to the low bioavailability of NAC
and an inability to cross the blood—brain barrier.**-*°
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FIG. 1. Glutathione synthesis and recycling.
Glutathione is a recyclable tripeptide
synthesized in two reactions. First, Glutamate-
Cysteine Ligase ligates glutamate and cysteine,
followed by glutathione synthetase, which adds
glycine to finish the tripeptide structure. Two
reduced glutathiones (GSH) are used as
substrates for glutathione peroxidase (GPx)
during the sequestration of reactive oxygen
species (ROS). This oxidized glutathione (GSSG)
is a dimer formed as a disulfide bridge that can
be reduced by glutathione reductase (GR) back
into two independent glutathione compounds
using nicotinamide adenine dinucleotide
phosphate (NADPH) as a substrate. GCLC,
glutamate cysteine ligase catalytic domain.

An analog to NAC, N-acetylcysteine amide (NACA),
formed by replacing the hydroxyl with an amide group,
confers greater blood—brain barrier and cellular mem-
brane permeability.?** Treatment with NACA increases
cellular GSH relative to NAC and is therefore a better cys-
teine supplement for disorders of the nervous system.*
Indeed, NACA treatment is consistently neuroprotective
after SCI and TBI in young rats.”*>*'3? Taken together,
GSH dysfunction is evident after SCI, and strategies
aimed at enhancing GSH have therapeutic potential.

This study aimed to identify how age compounds GSH
dysfunction after SCI and determine whether the thera-
peutic effects of cysteine supplementation are age depen-
dent. We hypothesized that aged (14-month-old [MO])
mice would present with more GSH dysfunction both be-
fore and after SCI, as well as experience a greater thera-
peutic benefit from NACA treatment. Our results only
partially support this hypothesis.

We found that advanced age depletes GSH in mice in
the absence of SCI; however, an injury-induced depletion
of GSH was only consistently found in young (4-MO)
mice. Most interestingly, while NACA did partially re-
plenish GSH stores in both young and older mice after
SCI, treatment with NACA did not improve outcomes in
younger mice and trended toward toxic effects on all
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outcomes in older mice. Taken together, these data support
an emerging understanding that older age at time of SCI
can change both the pathophysiology and response to
treatment. Our results raise concerns regarding the transla-
tion of pre-clinical findings in younger models of injury to
the entire range of ages within the SCI demographic.

Methods

Animals, surgical procedures,

and NACA delivery

All procedures were approved with the University of
Kentucky’s Institutional Animal Care and Use Commit-
tee. In total, data from n=202 mice were used for these
studies. All mice were group housed at 3—5 mice per
cage under normal light cycle. The 14-MO (n=95; orig-
inally from Jackson Laboratories and maintained at
Charles River Laboratories by the National Institute for
Aging) and 4-MO (n=107; Jackson Laboratories) male
and female C57/Bl16 mice were anesthetized using intra-
peritoneal (1P) injections of ketamine (100.0 mg/kg) and
xylazine (10.0 mg/kg) and then received a surgical lami-
nectomy followed by either 60 kDyn T9 contusion SCI
(Infinite Horizons Impactor’®) or laminectomy only
(sham) as described previously.’

Mice received analgesic (Buprenex SR, 1.0 mg/kg),
antibiotic (Enrofloxacin, 5.0 mg/kg), as well as saline
(1.0mL/day for up to 5 days) after surgery. Bladders
from all SCI mice were manually expressed 2x/day for
the duration of the study. In addition to the data obtained
from 202 mice, four additional mice died during surgery
and one other was euthanized for being moribund at 48 h
post-SCI.

Mice of ages 4- and 14-MO were chosen as ages that
represent two important benchmarks in clinical demo-
graphics. Specifically, 4-MO mice represent develop-
mental stages corresponding to early adulthood in
humans, which at 18-20 years old, is the most frequent
age to receive an SCL'*** The 14-MO mice represent de-
velopmental stages corresponding to middle age, of
which the average age at time of SCI in humans is 43
years of age.'>** These ages were chosen to address con-
cerns about the shift in demographics of SCI occurring at
older ages since the 1970s and raise awareness about how
modeling SCI in young rodents might not capture impor-
tant physiological adaptations occurring during midlife
aging. These age differences do not represent differences
between young and elderly mice.

Protein preparation

At 24- or 72-h post-injury, mice were again anesthetized
with ketamine (4.0-5.0mg) and xylazine (0.4-0.5 mg)
and transcardially perfused with 0.1 M phosphate buffer
(PB). A 6.0-mm section of spinal cord centered on the in-
jury site was isolated and mechanically homogenized in

0.1M PB containing protease inhibitors (Complete
Mini, EDTA-FREE; 11836170001; Sigma Aldrich).
Homogenates were sonicated on ice before addition of
radioimmunoprecipitation assay (RIPA) buffer without
sodium dodecyl sulfate (SDS; 20-188; Sigma Aldrich)
and incubated for 20 min with gentle agitation.
Homogenates were centrifuged to pellet loose debris,
and supernatants were allocated and frozen at -80°C or
processed for Western blotting. The RIPA buffer was
omitted when protein was isolated for GSH assessments
to avoid lipidation of protein extract. Protein concentra-
tions were assessed using bicistronic acid assay (BCA;
23225; ThermoFisher) and quantified against a standard
curve prepared with bovine serum albumin (BSA).

Western and dot blotting

Protein was prepared at 2.0 mg/mL in Laemmli buffer
(1610747; Bio-Rad) with a final 2-mercaptoethanol
(M3148; Sigma Aldrich) concentration of 5%. Protein
was boiled for 5min before loading 30 mg of protein
into gels. Pre-made 4-20% gradient gels (4561096;
Bio-Rad) were used, and protein was separated under re-
ducing electrophoretic conditions. Protein was tank trans-
ferred in Tris/Glycine buffer (161073; Bio-Rad)
containing 20% methanol onto nitrocellulose membranes
(1620233; Bio-Rad). Membranes were transferred to
blocking buffer containing 5% milk in Tris-buffered sa-
line (TBS) for 30-min at room temperature.

Blots were imaged using fluorescent development
(Odyssey CLx; LI-COR Biosciences) and probed sequen-
tially against GR (56kD; 1:2,000; ab124995; Abcam
Co.) and GCLC (70kD; 1:1,000; H00002729-MO1;
Novus Biologicals), followed by GPx-1 (22kD;
1:1,000; VPAO00488; Bio-Rad) and GSH Synthetase
(56kD; 1:2,000; VMAO00364; Bio-Rad), and finally
against GAPDH (36 kD; 1:5,000; ab9484; Abcam Co.).
To account for having too many samples to fit onto a sin-
gle blot, a sample of liver homogenate was loaded onto
each gel and density differences between blots were
used to normalize samples across blots.

3-nitrotyrosine (3-NT) or 4-hydroxy-nonenol (4-HNE)
was assessed as a biomarker for free-radical damage gen-
erated downstream from ROS production.” To assess
3-NT and 4-HNE, 2 uL of protein (1 mg/mL) was spot-
ted onto a nitrocellulose membrane and allowed to dry
overnight. Membranes were immersed in blocking buffer
containing 5% BSA for 1h at room temperature. Mem-
branes were then incubated in antibodies derived against
3-NT (1:2,000; 06-284; Millipore Sigma) or 4-HNE
(1:1,000; HNEI11-S; Alpha Diagnostic International)
overnight at room temperature followed by incubation
in fluorescent conjugated secondaries (1:10,000; goat
anti-IgG IRDye-680 or goat anti-IgG IRDye-800; LI-
COR Biosciences) for 1 h before development.
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For all Western blot and dot blot experiments n=4-5
mice were used for each of the eight groups before com-
bining sexes. When sexes were combined, n=28-10
mice/group were used.

GSH peroxidase and reductase assays

Protein allocations derived from spinal cord homogenate
obtained at one and three dpi were used at 30-mg/well in
duplicate. Commercial kits were obtained to analyze total
GPx activity (ab102530; Abcam Co.), as well as total GR
activity (ab83461; Abcam Co.). Baseline densities were
obtained before starting the colorimetric assays, and ki-
netic readings were used to assess catalytic rates. Stand-
ard curves of obtained values were generated, and sample
values were interpolated against best fit curves using
Prism (version 9). For both activity assays at each time
point, n=4-5 mice were used per group before combining
sexes. When sexes were combined, n=_8-10 mice/group
were used.

GSH determination

A housekeeping experiment was performed to determine
at which time post-injury SCI exerted the greatest effects
on GSH depletion. This first experiment utilized 4- and
14-MO, sham- and SCI-, female mice at both one and
three dpi (n=4-5) (Supplementary Fig. S1). Next, both
sexes were included and 4- and 14-MO, male and female,
sham and injured mice were used to determine effects of
injury at three dpi (n=4-5/group). Three dpi was chosen
because it corresponded to the largest SCI-induced deple-
tion in GSH from our first experiment.

The GSH content was assessed in tissue homogenate
using deprotonated samples, with a starting concentration
ranging from 0.67-1.2 mg protein/mL depending on the
experiment. For each experiment, all samples were di-
luted to the same final protein concentration. Samples
were pre-treated using 1 volume 5% 5-sulfosalicylic
acid (SSA) to remove protein and tested using commer-
cially prepared GSH colorimetric detection Kkits
(EIAGSHC; ThermoFisher). To distinguish total GSH
from free GSH, GSSG was tested in allocations of the
same samples that were pre-treated with 2-vinylpyridine
to alkylate and block free GSH from reacting. Reaction
densities were obtained using kinetic readings and inter-
polated against standard curves using a four-parameter
logarithmic best fit equation.

GSH augmentation

To determine whether age or injury affect GSH synthesis
capacity after SCI, naive 4-MO female mice (n=4) were
treated with the cysteine analog NACA 1.5 h before tis-
sue extraction (150 mg/kg/dose prepared at 150 mg/mL
in saline; NACA was a gift from Sentient Lifesciences,
New York, NYQ’ZS). Protein was isolated as described

above and diluted to 1 mg/mL for GSH analysis using
colorimetric detection assays. For SCI animals, 4- and
14-MO female mice (n=6-7/group) received SCI and
were treated with 150 mg/kg NACA starting immediately
post-injury, 12h after SCI, and 24 h after SCI. Spinal
cords were harvested 1.5 h after the last dose for GSH de-
termination. Total and free GSH as well as GSSG and the
GSH/GSSG ratios were determined.

Cysteine substitution with NACA as a treatment
for SCI

Treatment paradigm. To determine effects of cysteine
replacement using NACA on long term outcomes after
SCI, 4- and 14-MO female mice (n=10) were given 60
kDyn SCI and treated immediately after injury with a
booster injection of NACA (150 mg/kg) or saline. Next,
primed osmotic pumps (1003D; Alzet Inc.) were
implanted that were calibrated to deliver saline or
150 mg/kg/day of NACA for three days as published pre-
viously.® At three days post-injury, mice were lightly
anesthetized using isoflurane, and osmotic pumps were
removed. Mice were examined for functional recovery
for a total of 28 days after SCI. All behavioral and histo-
logical analyses were performed by experimenters who
were blinded to group identities.

Locomotor assessments. Locomotor assessments were
made using the horizontal ladder foot slip analyses>> and
during open field exploration using the Basso Mouse
Scale (BMS?). The BMS utilizes a 9-point rating scale
to characterize gross locomotor functions ranging from
complete paralysis (score 0) to normal functions (score
9) as mice explore an open field for 4 min. The BMS
scores were obtained at one, three, seven, 14, 21, and
28 dpi by two experimental raters who were blinded to
treatment groups. The horizontal ladder was used to de-
termine the extent of sensory-motor coordination and
was performed both pre-SCI, and at 28 dpi in mice capa-
ble of weight-supported stepping.

Video recordings were made of mice traversing the
1.0-m ladder, and events of foot slips below the ladder
were counted. Foot slips were normalized to total steps
taken by the respective hindlimb, and the average of
both hindlimbs was taken for each trial. Three trials
were used and averaged for each day of testing.

Thermal sensitivity. The Hargreave test of thermal hy-
persensitivity was used as described previously.>’=®
Mice were acclimated to testing boxes for 2h/day for
two days before testing and similarly acclimated for at
least 1h before data acquisition. The Hargreave test
was performed both pre-SCI as well as at 28 dpi. An in-
frared beam that was calibrated to reach 55°C over
25sec was placed under the plantar surface of the
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hindpaws of mice as they were standing still. A deliberate
flinch, indicated by an abrupt lifting and replacement of
the paw, or picking up and licking of the paw, was
counted as an intentional movement, and the duration
of stimulation before the intentional movement was
recorded.

Trials where mice began walking without an explicit
reaction to the heat were not considered valid and were
discarded. The paws were given at least 2 min of rest or
longer before the next trial. In total, at least three trials
were obtained per foot, and the obtained numbers were
averaged for both feet to generate one score per subject
per time point.

Histology and immunohistochemistry

At 28 dpi, mice were anesthetized using an overdose of
ketamine (4.0-5.0 mg) and xylazine (0.4-0.5 mg) and eu-
thanized via transcardial perfusion using phosphate-
buffered saline (PBS) followed by 4% formaldehyde
made from paraformaldehyde prills (Millipore Sigma).
Spinal cords were extracted and post-fixed in 4% formal-
dehyde for 2h at room temperature before being trans-
ferred to 0.1M PB overnight. Spinal cords were
acclimated to 30% sucrose for dehydration, embedded
in Optimal Cutting Temperature-Compound (OCT), and
frozen on dry ice. Tissue was blocked together with at
least one cord from each group randomly selected and
placed per block. Blocks were sectioned coronal at
10 um thickness with every 10th section being collected
per slide.

Tissue sparing and neuron survival were assessed in
sequential sets of tissue. Tissue sparing was assessed by
immunolabeling against neurofilament-200kD (1:1,500:
Ck x NF200; NFH; Aves Labs) and counterstained
using eriochrome cyanine to evaluate white matter as
described previously.'' Neuron survival was assessed
by immunolabeling against neuronal-specific nuclei
(1:4,000; Rb x NueN; NBP1-77686; Novus Biologicals).
Primary antibodies were targeted using biotinylated sec-
ondary antibodies against the host species (1:500, goat
anti-chicken, BA9010, or goat anti-rabbit, BA-1000;
Vector Laboratories) followed by incubation using avidin
biotin complex (ABC; 1:200; PK-6100; Vector Laborato-
ries) and developed using 3,3’-diaminobenzidine (DAB)
with or without nickel.

All sections received antigen retrieval at 80°C in so-
dium citrate buffer with 0.1% Tween-20 (pH 6.0) for
5 min, were then treated with 0.3% H,O, in 40% metha-
nol in PBS to quench endogenous peroxidase activity for
30 min, then incubated in 5% normal goat serum in
PBS/0.1% Triton-X 100 for 1 h at room temperature be-
fore primary antibody incubation overnight at room tem-
perature. Stained slides were dehydrated using graded
ethanol dilutions, cleared using Histoclear (101412-878;

VWR  Scientific), and coverslipped using Permount
(SP15-500; Fisher Scientific). Slides were imaged using
Axioscan (model Z1, Carl Zeiss AG., Oberkochen, GE)
at 20x magnification and visualized and quantified
using Halo software (Indica Labs, Albuquerque, NM).

To assess tissue sparing, the white matter and intact
gray matter were traced in each section within 700 mm
rostral and caudal to the lesion epicenter. The lesion epi-
center was objectively determined as the section contain-
ing the least amount of spared tissue. All analyzed
sections were oriented with respect to this objectively de-
fined epicenter. To account for size differences between
4- and 14-MO spinal cords, the total spared tissue was di-
vided by the total tissue area to get a percent spared tissue.

To analyze spared neurons, a cell-counting algorithm
was created on Halo and applied to all stained sections
as described previously.'' The cell-counting algorithm
allows for distinguishing cells based on size, morphol-
ogy, and staining density and applies the standards con-
sistently across all sections in all samples. Neurons in
the ventral horns were counted by limiting the analysis
view to all neurons below the central canal. Every section
up to 700 mm rostral and caudal to the lesion epicenter
was counted.

Statistics

Three-way analysis of variance (ANOVA) was per-
formed for Western blots, dot blots, activity assays, and
GSH assays to determine main effects of injury, sex,
and age as well as to screen for significant interactions.
If there were no significant sex-by-age or sex-by-injury
interactions or main effects of sex, data from both
sexes were collapsed, and two-way ANOVAs were per-
formed against injury and age. If sex effects were
found, data from both ages were collapsed, and a two-
way ANOVA was performed against injury and sex.
When significant sex-by-age interactions were detected,
pair-wise comparisons against all groups were performed
to evaluate for injury effects within a group. Otherwise,
pair-wise comparisons were made across collapsed
groups.

For GSH determination after NACA treatment, only
female mice of ages 4- and 14-MO were used, which
was assessed using two-way ANOVA. Mice in NACA
treated experiments were performed in cohorts of a single
age, so data were either normalized to the average of
vehicle-treated mice to control for batch-to-batch vari-
ability or assessments were limited within a single age.
Two-way ANOVA was used to compare between-group
effects in horizontal ladder, Hargreave test, tissue sparing
at the lesion epicenter, and neuron survival.

Two-way repeated-measures ANOVA was used to
evaluate total tissue sparing throughout the length of
the analyzed lesion (distance x group), and individual
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two-way ANOVAs were performed to assess effects of
NACA on BMS scores and BMS subscores (time X
group). The Sidak pairwise comparisons were used as a
post hoc test when appropriate. Significant o levels
were set to less than or equal to p values of 0.05.

Results
Decreased GSH with age and SCI corresponds
with an antioxidant transcriptional profile

Age and SCl independently decrease spinal levels of
GSH and increase oxidative stress. First, we sought
to determine the relationship between age and SCI on spi-
nal cord GSH levels. Based on an initial experiment in a
single sex (females), we found an injury effect in both 4-
and 14-MO animals at three dpi (Supplementary Fig. 1)
and chose this time point for detailed analyses. We exam-
ined total GSH (combined free and oxidized form), GSH
in its reduced (free GSH) and oxidized (GSSG) forms, as
well as the GSH/GSSG redox ratio in sham and SCI an-
imals using both male and female, 4- and 14-MO, mice
(Fig. 2).

Three-way ANOVA did not reveal a significant effect
of sex on total GSH levels after SCI (F(; 32,=3.56,
p=0.068) or free GSH (F(; 32)=0.62, p=0.24) so sexes
were combined. Two-way ANOVA produced both a
main effect of age on total- (F;36=24.19, p<0.001)

and free-GSH (F(; 36,=9.15, p<0.01), as well as injury-
by-age interactions (total, F 36 =7.21, p<0.01; free,
F(136=5.72, p<0.05). Specifically, GSH was signifi-
cantly lower in the sham-injured spinal cords of 14- com-
pared with 4-MO sham-mice (total, p<0.001; free,
p<0.001). An injury-effect was only observed in 4-MO
mice for total (p<0.01) and free GSH (p<0.05;
Fig. 2A). These findings indicate that advanced age at
time of SCI pre-dispose the spinal cord to oxidative stress
by having less available GSH to sequester ROS at the
time of injury.

Previous work from our laboratory has identified ele-
vated levels of ROS damage in the injured spinal cords
of 14-MO versus 4-MO mice by seven dpi>'' but not at
three dpi.> Our previous work, however, did not compare
ROS accrual compared with sham-injured mice. Here we
found that 3-NT levels in isolated proteins paralleled find-
ings of GSH. Specifically, no sex effect was observed
using a three-way ANOVA (F(,3,,=0.01, p=0.91), but
both a significant injury effect (F(3s5,=6.31, p<0.05)
and age-by-injury interaction (F(; 35,=4.67, p<0.05) was
found when combining sexes.

3-NT was significantly increased in sham-injured 14-
compared with 4-MO mice (p <0.05), which is consistent
with a decrease in GSH found with advanced age. Simi-
larly, only 4-MO mice had a significant injury-induced
increase in 3-NT at three dpi (p<0.01; Fig. 2B,C). Not
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FIG. 2. Age and spinal cord injury (SCI) diminish spinal glutathione and increase oxidative stress. (A) Both
total and free reduced glutathione (GSH) are diminished in 4-month-old (MO) mice three days after SCI,
while total, free, and oxidized GSH are diminished in 14-MO sham-injured mice. (B) 3-Nitrotyrosine (3-NT) as
a measure of oxidative stress was evaluated using dot blot (C) and was increased in 4-MO mice after SCI, as
well as increased in 14-MO, relative to 4-MO, sham-injured mice. Dot densities are representative of group
means. All assessments were performed using two-way analysis of variance with Sidak pair-wise
comparisons as post hoc. n=10/group. Graphs represent mean + standard error of the mean. *p <0.05, **
p<0.01. dpi, days post-injury; GSSG, oxidized glutathione.
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observing an increase in oxidative stress between 4- and
14-MO SCI-mice at three dpi is consistent with our pre-
vious reports.>!!

GCLC and GSH synthetase expression are unaffected by
age and SCI. We next sought to determine whether age
and SCI affect the pathways that synthesize and regulate
GSH. Western blots were used to compare the relative abun-
dance of two enzymes that synthesize GSH—specifically,
GSH synthetase and GCLC, of which GCLC is the first
and rate limiting step to GSH synthesis (Fig. 1). Protein ex-
pression was examined in sham, one, and three dpi condi-
tions in 4- and 14-MO, male and female, mice. Both GSH
synthetase and GCLC were stably expressed across both
ages, both sexes, and all injury time points (Fig. 3A,B).

Specifically, for GSH synthetase, no differences were
found for sex (one dpi, F(;, 32,=0.535, p=0.47; three dpi,
F(l, 32)20.268, p:060), age (one dpl, F(]y 32)20.739,
p=039; three dpi, F; 32=0.747, p=0.39), or injury
(One dpl, F(l, 32)22.77, p:010, three dpl, F(l, 32)20.306,
p=0.58). Similarly, no differences were found in GCLC
abundance across sex (one dpi, F(;, 31,=0.872, p=0.35;
three dpl, F(l, 32)= 1927, p=017), age (One dpl, F(l, 3n=
0.007, p=0.93; three dpi, F(;, 30)=0.369, p=0.54), or injury
(one dpi, F;, 31)=0.30, p=0.57; three dpi, F;, 32)=2.917,
p=0.097) (Fig. 3F). Collectively, these data suggest that
neither age nor SCI change the expression of the two en-
zymes responsible for GSH synthesis.

Age and SCl independently increase the activity of GSH
peroxidase and reductase. We next evaluated the ef-
fects of age and SCI on the protein expression, and activ-
ity, of GPx-1 and GR—the enzymes that use and recycle
cellular GSH. Western blots were used to identify sex,
age, or injury effects in sham-, one, and three dpi samples
and did not detect any differences in protein expression
between groups for GPx-1 or GR (Fig 4.C,D). Activity
assays, however, for total GPx at one dpi did reveal a sig-
nificant main effect of injury (F; 32,=21.21, p<0.0001),
age (F(l, 32)= 1732, p<0001), and sex (F(l. 32)25.43,
p <0.05) with no significant interactions (Fig. 4A).
Pairwise comparisons after two-way ANOVA against
injury and age revealed a significant injury effect in 4-
(p<0.001), but not 14-MO mice (p=0.113), with signif-
icant increases in 14- compared with 4-MO sham-injured
mice (p <0.01). When combining ages, pairwise compar-
isons revealed a significant injury effect in both male
(p<0.05) and female mice (p <0.05), but no differences
between male and female sham (p=0.33) or SCI condi-
tions (p=0.37). At three dpi, three-way ANOVA
revealed a significant effect of injury (F, 30,=8.55,
p<0.01) that was detected in 4- (p<0.05), but not
14-MO mice ( p=0.18) after combining sexes (Fig. 4A).
In contrast to a robust injury effect detected for GPx
activity, no injury effect was detected at one dpi for GR
(F1, 32)=0.02, p=0.88). There is, however, a significant
effect of age (F(;, 32,=8.33, p<0.01) and sex (F, 32)=
4.5, p<0.05), with significantly greater GR activity in
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determine how age and injury effect protein expression. (A,C) The GSH synthetase was not affected by age,
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group. Graphs represent mean = standard error of the mean. *p <0.05, **p <0.01. GCLC, glutamate cysteine
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FIG. 4. Glutathione peroxidase (GPx) activity is increased after spinal cord injury (SCl). Two enzymes that
use and recycle reduced glutathione (GSH) to sequester reactive oxygen species (ROS) were evaluated
using activity assays (A-D) and Western blots (E-J) to determine how age and injury effect protein function
and expression. (A,B) The GPx activity is significantly increased with age between sham-mice at one day
post-injury (dpi) but only significantly increased after SCI in 4-month-old (MO) mice at one and here dpi.
(C,D) Glutathione reductase (GR) was not increased after SCI relative to sham controls but was higher in 14-
compared with 4-MO mice after SCI. (E-H) While increases in enzyme activity were found for GPx and GR,
no differences were found at the level of protein expression at either day. Assessments were performed
using two-way analysis of variance with Sidak pair-wise comparisons as post hoc. n=9-10/group. Graphs

represent mean % standard error of the mean. *p <0.05.

14- compared with 4-MO mice at one dpi ( p <0.05), but
not sham injuries (p=0.48) (Fig. 4B). No effects were
found for GR activity at three dpi. Despite not identifying
differences in the protein abundance of GPx-1 or GR in
Western blot, total activity of GPx was increased in an
age- and SCI-dependent manner, while GR was increased
in an age-dependent manner at one dpi. These data reveal
an interaction that suggests either other GPx isoforms are
upregulated with injury or post-translational modifica-
tions are increasing the catalytic rate of the available en-
zymes after SCIL.

Cysteine supplementation partially restores

spinal GSH in both 4- and 14-MO mice after SCI

An apparent contradiction in our data is that total and free
GSH levels are diminished with age and SCI despite no
decrease in GCLC, the rate limiting enzyme in GSH syn-
thesis. This suggests that the rate limiting step to GSH
synthesis is likely because of substrate availability rather
than limited availability of the enzyme. We tested to see

whether increasing available cysteine would augment
GSH in vivo by delivering the cysteine analog, NACA.

First, we treated a small cohort of 4-MO naive female
mice to reproduce previous literature that demonstrates
NACA can increase GSH within the central nervous sys-
tem.’® Indeed, NACA treatment at 150 mg/kg increased
spinal GSH levels (p <0.05) to approximately 170% of
untreated controls, validating NACA’s ability to cross
the intact blood—brain barrier and augment total spinal
GSH (Fig. 5A). Next, mice with SCI were treated with ei-
ther saline as a vehicle control or 150 mg/kg NACA for
24 h post-injury before assessing GSH. Independent of
age and compared with vehicle-treated mice, treatment
with NACA significantly increased total (F(;, 24)=4.59,
p<0.05) and free spinal GSH levels (F(, 22,=7.71,
p<0.01).

Further, NACA improved the GSH/GSSG redox ratio
at 24 h post-injury when ages were combined (F(;, )=
9.59, p<0.01), as well as specifically in 14-MO mice
(p<0.05). Observing a similar increase in GSH levels
after NACA treatment between ages is consistent with
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FIG. 5. Cysteine supplementation using N-acetylcysteine amide (NACA) increases spinal levels of reduced
glutathione (GSH) and improves the redox environment after SCI. (A) NACA (150 mg/kg) was given to naive
female mice to determine the efficacy of increasing spinal levels of GSH at 1.5 h post-treatment, which
significantly elevated levels to approximately 170% of vehicle-treated controls. (B) When NACA

(150 mg/kg/day) was delivered to mice for 24 h after spinal cord injury (SCI), both total and free GSH as well
as the redox ratio (GSH/GSSG) are increased relative to vehicle-treated controls. (C,D) Dot blots performed
against 3-nitrotyrosine (3-NT) and 4-hydroxy-nonenol (4-HNE) were used as measures of oxidative stress
accumulation and revealed no significant effects of NACA on 3-NT or 4-HNE. (A) Assessment using two-
tailed t test. (B,C) Assessments were performed using two-way analysis of variance with Sidak pair-wise
comparisons as post-hoc. (A) n=4/group (B,C) n=6-7/group. Graphs represent mean + standard error of the
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finding similar levels of GCLC within the spinal cords of
4- and 14-MO mice and validates that available cysteine
is a substrate limitation to GSH production.

To determine whether NACA mitigated oxidative
stress, we performed dot blots to assess the relative abun-
dance of 3-NT and 4-HNE accumulation in NACA-
treated mice at 24 h post-SCIL Dots from NACA-treated
mice displayed trends toward a main effect of NACA
on reducing 4-HNE (F(;, 24,=4.10, p=0.054), but not
in 3-NT (F(y, 24)=0.01, p=0.91; Fig. 5C,D). In conjunc-
tion with the above amassed data, these findings indicate
that available cysteine is the rate limiting reaction to GSH
synthesis with age and SCI and that administering cyste-
ine supplements partially restores spinal levels of GSH
and improves the redox environment.

Delivery of NACA to treat SCI does not influence
recovery in 4- or 14-MO mice

Motor abilities, sensory functions, and tissue pathology
were not significantly affected by NACA treat-
ment. To determine whether NACA treatment and as-
sociated reductions in oxidative stress can exert long-
term effects on SCI outcomes, we treated SCI mice
with NACA for 72 h post-SCI as described previously.9

Briefly, a booster dose of NACA (150 mg/kg) was deliv-
ered to mice immediately after SCI, and primed osmotic
pumps were implanted to deliver NACA at a calibrated
rate of 150 mg/kg per day. Motor recovery was assessed
using the BMS scale of locomotor recovery as well as
horizontal ladder, and thermal hypersensitivity was deter-
mined using the Hargreave test.

After 28 days of recovery, NACA treatment did not af-
fect BMS (F(;, 17y=0.43, p=0.51; Fig. 6A), BMS sub-
scores (F(;, 17)=0.24, p=0.63; Fig. 6B), or horizontal
ladder foot slips in 4-MO mice (p=0.99; Fig. 6C). Sim-
ilarly, there was no effect of NACA treatment on SCI re-
covery in 14-MO mice although there were trends toward
a toxic effect: BMS (F(;, 17)=3.46, p=0.08; Fig. 6A),
BMS subscore (F(;, 17y=3.69, p=0.07; Fig. 6B), and hor-
izontal ladder foot slips in 14-MO mice (p=0.10;
Fig 6C). Three-way repeated-measures ANOVA evaluat-
ing thermal hypersensitivity did not reveal any effects of
NACA (F(,, 34)=0.34, p=0.56) but did reveal both a sig-
nificant effect of injury (F(;, 34)=66.04, p<0.0001) and
age (F(;, 34y=4.53, p<0.05), with older mice having
more sensitivity to heat before SCI (p <0.01) after com-
bining treatments within an age (Fig. 6D).

At 28 dpi, spinal cords were collected for anatomical
analyses. Consistent with functional outcomes, no effects
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FIG. 6. Treatment with N-acetylcysteine amide (NACA) does not improve locomotor or sensory outcomes
after spinal cord injury (SCI). (A-C) NACA (150 mg/kg/day) was given to 4- and 14-MO mice after SCl and
locomotor outcomes were assessed on the Basso Mouse Scale (BMS) (A) and BMS subscore (B), and
horizontal ladder at 28 days post-injury (dpi) (C). No significant effects were observed between groups on
any outcome. (D) Thermal hypersensitivity was evaluated using the Hargreaves testonce before and once at
28 days after SCI. No effects were found after NACA treatment, but significant hypersensitivity was
observed after injury in both groups, with older mice having more hypersensitivity before SCI. (A,B)
Assessments were performed using two-way repeated measures analysis of variance (ANOVA) for each age
separately. (C) Assessment were performed using two-way ANOVA. (D) Assessment were performed using
three-way ANOVA before combining treatments, which followed using a two-way ANOVA; Sidak pair-wise
comparisons were used as post hoc. n=9-10/group. Graphs represent mean + standard error of the mean.

NACA

of NACA were observed in tissue outcomes. NACA had
no effects on tissue sparing throughout the lesion in 4-
(Fa, 15=0.94, p=0.34) or 14-MO mice (Fy, 7=
2.50, p=0.13; Fig. 7A) or at the lesion epicenter
(F1, 32=0.08, p=0.76; Fig. 7B,C). A main effect of
treatment with NACA also trended toward toxic effects
on neuron survival surrounding the lesion independent
of age (F(;, 33y=3.74, p=0.06; Fig. 7B,C). Interestingly,
however, and consistent with our previously published
results,'’ 14-MO mice had more neurons within 1 mm
surrounding the lesion compared with 4-MO mice as a
main effect of age (F(;, 33y=6.25, p<0.01).

Discussion

The main novel findings from this study are that (1) in-
creased age is associated with lower levels of spinal
GSH and an elevation of antioxidant response pathways
consistent with a pro-oxidative environment in the ab-
sence of SCI. (2) SCI induces an early antioxidant re-
sponse indicated by increased GPx activity by one dpi
and diminishes the antioxidant substrate GSH by three
dpi in 4- but not 14-MO mice. (3) Protecting GSH from

depletion with age and SCI using cysteine supplementa-
tion provides evidence that the rate limiting component to
GSH production is substrate in nature, rather than enzy-
matic, in SCI models.

Including age as a biological variable is understudied
in the SCI field and is not commonly considered in clin-
ical trials testing therapeutics.39 We and others have pre-
viously demonstrated that the biological response to SCI
changes with age.5’7’10’“’40413 Further, corresponding
treatment effects targeting these adaptations do not al-
ways behave in predictable ways.'' For example, we
have identified that using the uncoupler 2,4-dinitrophenol
(DNP) to mitigate injury-induced mitochondrial ROS
production exerts reciprocal effects on 4- and 14-MO
mice, specifically eliciting toxicity to 4-MO-, and a ther-
apeutic effect to 14-MO mice after SCI.'!

While the effects of treatment on behavior and tissue
pathology did not reach statistical significance in this
study, trends across all outcomes allude to yet another
possible age-specific drug interaction, being that older
mice may have toxic effects to NACA treatment. This
outcome is unexpected considering the cumulative
work described throughout this study that identified
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FIG. 7. Treatment with N-acetylcysteine amide (NACA) does not affect tissue sparing nor neuron survival
in 4- or 14-month-old (MO) mice after spinal cord injury (SCI). (A-C) NACA (150 mg/kg/day) was given to 4-
and 14-MO mice after SCI, and tissue sparing and neuron survival around the lesion epicenter was assessed
at 28 days post-injury (dpi). No significant effects were observed for any group on any outcome. (A) Tissue
sparing was assessed throughout the lesion, and spared tissue was normalized to total tissue area. (B,C)
Effects of NACA on sparing at the lesion epicenter were analyzed separately. (B,C) Neuron counts from
ventral horns on sections from every 100 um up to 500 um rostral and caudal to the lesion epicenter were
quantified and summed for analysis. (C) Images were stained with eriochrome cyanine and neurofilament
200 kD to assess tissue sparing. Images for tissue sparing were representative of group means at the lesion
epicenter. Images for neuronal nuclear protein (NeuN) counts were representative of 500 um rostral to the
lesion epicenter and are representative of group means. (A) Assessments were performed using two-way
repeated measures analysis of variance (ANOVA) for each age separately. (B) Assessments were performed

using two-way ANOVA. n=8-10/group. Graphs represent mean + standard error of the mean. Scale
bars =500 um for tissue sparing and um for NeuN stained sections.

older mice having less GSH, as well as previous findings
of increased ROS production with age.”*!

We observed that spinal levels of GSH were consis-
tently lower in older sham-injured mice. This suggests
that older mice have a pre-existing depletion of spinal
GSH that may approach a floor effect, prohibiting injury-
induced compensations in antioxidant defenses. Indeed,
we did not observe an injury effect in 14-MO mice across
several outcomes including total and free-GSH, 3-NT ac-
cumulation, or GPx activity. Older mice did, however,
have higher levels of GPx and GR activity independent
of SCI. An inability to further increase antioxidant de-
fenses after injury could sensitize older spinal cords to
changes in oxidative stress.

While injury did not appear to further exacerbate oxi-
dative stress by three dpi in older mice (Fig. 2), we have
previously reported that both 3-NT and 4-HNE accumu-

late significantly more in 14- compared with 4-MO mice
by seven dpi.>'" Not finding an age-dependent increase
in oxidative stress by three dpi in this study is consistent
with our previous reports that also did not detect an in-
crease in ROS accumulation by three dpi.’

Between three and seven dpi marks the emergence of
macrophage infiltration within the spinal cord,** whereby
we have identified significant age-dependent increases in
ROS production by macrophages.” Observing a signifi-
cant age-dependent increase in oxidative stress at seven
dpi in our previous reports, but not three dpi in our previ-
ous report as well as in this study, argues that macro-
phages are likely a key player in the age-dependent
increase in ROS damage that emerges after the three
dpi time point assessed in this work.

In addition, identifying a significant decrease in GSH
at three dpi, but not one dpi, further suggests that the
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emergence of macrophages at three dpi, and their produc-
tion of ROS, may play a key role in depleting antioxidant
reserves after SCI. Indeed, Nishi and colleagues (2020)*
have recently determined that aging-induced deficits are
mitigated in immunocompromised Rag2Gamma™” mice,
supporting the role of inflammation on age-dependent
pathogenesis after SCI.

A potentially appropriate interpretation from our work,
and one that goes against the original hypothesis is that
the age-dependent changes in GSH are not essential to
mediating age-dependent differences in oxidative stress
from sources occurring in the acute and early subacute
stages of SCI. Taken together, these findings help to re-
fine our understanding of what biological underpinnings
are changing with age that exacerbate the SCI pathophys-
iology and implicates pathophysiological responses oc-
curring between three and seven dpi as critical to an
age-dependent response.

Because cellular levels of GSH are considered the
most abundant, and potentially the most important,
source of antioxidant defense, much debate has been
made as to what limits GSH production in pathological
situations.'”?° During GSH synthesis, the ligation of
glutamate and cysteine by GCLC is agreed to be the
rate-limiting step to production.*® Whether GSH produc-
tion is restricted by substrate or enzyme availability is
debated.'*°

Our data argue that the limitation to GSH production
after SCI is substrate availability. First, GCLC expression
remains stable with age and SCI yet GSH is decreased,
suggesting that either there is not enough substrate to sat-
urate available enzyme, or GSH is being used faster than
it can be produced. Providing NACA as a cysteine sup-
plement significantly increased GSH production after
SCI, demonstrating that increased availability of sub-
strate will necessitate more production of GSH under
these conditions. Based on these findings, it is likely
that cysteine is a substrate limitation to GSH production
with age and SCL.*’

How cysteine availability is affected by SCI remains
unknown, but previous reports have found that increased
age is associated with both a total decrease in plasma cys-
teine as well as more cysteine existing in its oxidized
form, cystine, which may be less accessible for GSH pro-
duction.*” A decrease in available cysteine with advanc-
ing age could partially explain why GSH levels are lower
within the spinal cord of our older sham-injured mice.

Because our data allude to availability of cysteine
being the rate-limiting substrate to GSH maintenance
after SCI, we sought to determine whether treatment
using NACA as a cysteine analog could increase GSH
and protect against oxidative stress after injury. Previous
studies in rats using NAC or NACA to manage SCI have
found beneficial therapeutic effects.®>2728:4849 Iy this
study, NACA was first given to naive mice to reproduce

a previously published dosing strategy that increases cel-
lular GSH to demonstrate its potential for augmenting
GSH within the spinal cord. After demonstrating the effi-
cacy of our approach in naive mice, both 4- and 14-MO
mice received SCI and were treated with NACA, which
did augment spinal GSH and improved the GSH/GSSG
redox ratio. These findings are consistent with previous
literature utilizing NACA to treat SCI in ratsg; however,
in contrast to rat models, long-term outcomes of NACA
treatment did not result in improved outcomes in 4-MO
mice and trended toward toxicity in 14-MO mice.

Interestingly, Gou and coworkers (2015)°° utilized
NAC, NACA'’s predecessor, to treat SCI in mice and
also reported toxic effects on the BMS (Fig. SA in refer-
enced paper) with exacerbated white matter loss (Fig. 3B
in referenced paper) within the lesion. Therefore, it is im-
portant to interpret our results in light of potential species
differences that may mediate toxic effects to this com-
pound as opposed to beneficial effects that have been
reported in both rats and humans.”>>-!3?

Alternative mechanisms may also underlie our obser-
vation of no protective effects in younger mice, or trends
toward toxicity in older mice. Specifically, cysteine has
been shown to act as a natural anticoagulant that could
exacerbate bleeding into the spinal cord.’ 153 Further,
high levels of cysteine have been found to drive the Fen-
ton reaction that produces superoxide in the presence of
iron, which could exacerbate oxidative stress. Finally,
past literature has suggested that cysteine can act as an al-
losteric modulator to NMDA receptors and mediate in-
creased excitotoxicity,”> >’ of which excitotoxicity is a
well-established contribution to secondary injury after
SCIL.

It is possible for any, or all, of these mechanisms to
have occurred after NACA delivery and competed with
potential beneficial effects derived from increasing cellu-
lar GSH. It is, therefore, essential for future work to iden-
tify the most appropriate dosing strategy to mitigate
potential adverse effects of cysteine supplementation. It
could be possible that our strategy, which was adopted
from rat literature,” was not optimal for mice. Specifi-
cally, our NACA dosing strategy could have been deliv-
ered at either too high a concentration for mice or too
soon after SCI, leading to increased toxic mechanisms
described above.

In this study, we observed older mice having slightly
higher mean scores in the horizontal ladder, tissue spar-
ing, and neuron counts surrounding the lesion, with no
observable differences on the BMS compared with youn-
ger mice. This is in contrast to numerous previous obser-
vations of age-dependent decreases in functional and
anatomic outcomes after SCI. It is difficult to know
why we did not observe worse functional and histological
outcomes with older age in this study. Several of our pre-
vious reports have found robust differences in outcomes
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between these ages.””"'*!'! Several other reports have
corroborated our assertations that older animals perform
worse after SCI.*+58-60

One possible explanation for observations made in this
study come back to the possibility of cohort-to-cohort
variability. This is a limitation with including age as a bi-
ological variable that cannot be overcome. It is impossi-
ble to test the effects of different ages on SCI using the
same litters at the same time. This limitation will always
be important for interpretation when comparing two dif-
ferent ages performed in the same experiment. Observing
an age-dependent effect of injury and pathology across
multiple studies, laboratories, and throughout time is
the most robust predictor of reproducibility.

In light of our study not demonstrating an age effect in
behavior and tissue outcomes, however, another impor-
tant consideration worth further investigation is the pos-
sibility that different cohorts of mice could age
differently. Our observation of increased neurons sur-
rounding the lesion in older mice is consistent with our
previous report even in cohorts of mice that displayed
an age-dependent reduction in function.'' Unfortunately,
we do not know how to explain more neurons surround-
ing the lesion with advanced age.

There are other findings in this work that remain unex-
plained. Specifically, we observed an age-dependent in-
crease in GSH peroxidase activity between sham-
injured groups at one but not three dpi. There are several
possible explanations for this outcome including cohort-
to-cohort variability, differences in day-to-day protein
preparation, or alternatively that sham-injured 4-MO
mice had an acute decrease in GSH peroxidase activity
that resolved by three dpi. In this study, we were inter-
ested in understanding the relationship between aging
and SCI; therefore, we needed to include a control
group of either naive or sham. Because of feasibility con-
siderations while running eight groups with equal repre-
sentation in each experiment, we chose to include only
sham and not naive conditions. Although unlikely, it is
important to interpret data with the potential for sham ef-
fects that could be observed within spinal homogenates,
particularly early after surgery.

While sex was included as a biological variable in our
studies, sex comparisons were not our primary end-point,
and our studies were not powered to identify sex-specifics
effects. We have provided a data table from all experi-
ments utilizing both male and female mice in this article
split by sex (Supplementary Table S1). The inclusion of
both sexes across different ages led us to novel, incidental
discoveries regarding secondary injury events after
SCL.% Sex differences in redox biology have been de-
scribed across several systems,ﬁl’63 typically suggesting
that female mice possess a greater capacity for antioxi-
dant defense. While our data were underpowered to de-
tect a sex-by-injury interaction in GSH availability,

trends did exist (p=0.068), with 4-MO male mice
appearing to have the largest injury-induced decrease in
GSH (Supplementary Table 1).

There are also a few caveats to consider regarding sex
in our studies. Unlike humans, female mice do not expe-
rience menopause,”* and contrary to what is observed
after reproductive senescence in humans, 14-MO female
mice have higher levels of estradiol compared with 4-MO
mice''. While the role of sex hormones on SCI has been
interrogated in young rodents, little has been done to un-
derstand how changes in sex hormones with age affect
SCI pathophysiology. Males and females do not age the
same, so generalizing effects of aging between sexes
should be interpreted with caution when only one sex is
studied alone. It is therefore important to acknowledge
that we did not include both sexes in our behavioral
and histological NACA treatment experiment; therefore,
future work would benefit from including sex as a biolog-
ical variable when using antioxidants such as NACA to
manage SCIL.

It is important to note that seemingly modest effects
observed throughout this study should be interpreted in
light of tissue extraction methodology. Specifically, ap-
proximately 6.0 mm of tissue was isolated for molecular
assessments, which is larger than the immediate lesioned
environment that usually spans about 2.0-2.5mm in
length. Tissue responses to SCI will be different depend-
ing on whether they are within the immediate injured en-
vironment, within the lesion penumbra, or at distances far
away from the injury.

Much of the effects tested are most logically associ-
ated within the lesion penumbra or immediate lesioned
environment, and these regions might not comprise the
largest percentage of protein obtained in tissue homoge-
nates. What might appear to be a small magnitude of ef-
fect in total tissue homogenate could be a much larger
magnitude of effect within the most relevant locations
within the spinal cord. While diluting the lesion effect
is not ideal, injured mouse spinal cord simply does not
provide enough protein to run several molecular assess-
ments when only the immediate lesioned environment
is sampled. Detecting effects of injury, age, and treatment
despite this possible limitation reinforces the strength of
the associations found throughout this article.

Conclusion

Collective work from this project has identified reduced
antioxidant defense capacity with advanced age at time
of SCI. Older age corresponded to a cellular profile con-
sistent with a higher resting oxidative environment in
sham-injured mice, and younger mice exhibited a similar
oxidative response only after receiving a spinal contu-
sion. This pre-existing increase in an oxidative response
in older mice likely prohibited a further upregulation of
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antioxidant defenses. Data derived from this project sug-
gest that the rate-limiting step to GSH synthesis after SCI
is because of limited substrate availability, likely being
available cysteine, which can be augmented by delivering
NACA. Considering contrasting reports of beneficial ef-
fects of NACA in young rats after SCI, and the potential
for both age- and species-specific effects, future work
should investigate how age as a biological variable af-
fects NACA treatment in larger animal models of neuro-
trauma.

Acknowledgments

Thank you to Dr. Edward Hall for providing guidance
and expertise in redox biology in neurotrauma and lead-
ing an impactful career in spinal cord and brain injury.
Special thanks to Dr. Jeffery Bosken for providing men-
torship in science and technical expertise. We wish you
both well in your retirements and future adventures.

Data Sharing

All data from this manuscript will be publicly available
through the Open Data Commons for Spinal Cord Injury.
Images of original western blots are available in Supple-
mentary File S1.

Authors’ Contributions

Conceptualization: A.S., S.P., and J.G. Methodology:
A.S, E.G., CM., W.B. Validation: A.S., J.G. Formal an-
alyses: A.S., J.G. Investigation: A.S., J.G. Data curation:
A.S., J.G. Writing: A.S., J.G. Project administration:
A.S., J.G. Resources: P.S. Funding acquisition: A.S.,
J.G. Supervision: J.G.

Funding Information

Funding support provided by: The Craig H. Neilsen Foun-
dation under award #465079, the National Institute of Neu-
rological Disorders and Stroke (NINDS) of the National
Institutes of Health (NIH) under Awards: ROINS091582
and F32NS111241, as well as the National Institute on Alco-
hol Abuse and Alcoholism training grant T32AA027488,
and the University of Kentucky Neuroscience Research Pri-
ority Area.

Author Disclosure Statement
No competing financial interests exist.

Supplementary Material
Supplementary Figure S1
Supplementary Table S1
Supplementary File S1

References
1. Hall, ED. (2011). Antioxidant therapies for acute spinal cord injury. Neu-
rotherapeutics 8, 152-167.
2. Carrico, KM, Vaishnav, R., and Hall, E.D. (2009). Temporal and spatial
dynamics of peroxynitrite-induced oxidative damage after spinal cord
contusion injury. J. Neurotrauma 26, 1369-1378.

20.

21.

22.

23.

24.

25.

. Patel, S.P., Sullivan, P.G., Pandya, J.D., and Rabchevsky, A.G. (2009). Dif-

ferential effects of the mitochondrial uncoupling agent, 2,4-
dinitrophenol, or the nitroxide antioxidant, Tempol, on synaptic or
nonsynaptic mitochondria after spinal cord injury. J. Neurosci. Res. 87,
130-140.

. Sullivan, P.G., Krishnamurthy, S., Patel, S.P., Pandya, J.D., and Rabchevsky,

A.G. (2007). Temporal characterization of mitochondrial bioenergetics
after spinal cord injury. J. Neurotrauma 24, 991-999.

. Zhang, B., Bailey, W.M., McVicar, A.L,, and Gensel, J.C. (2016). Age in-

creases reactive oxygen species production in macrophages and po-
tentiates oxidative damage after spinal cord injury. Neurobiol. Aging 47,
157-167.

. Khayrullina, G., Bermudez, S., and Byrnes, K.R. (2015). Inhibition of NOX2

reduces locomotor impairment, inflammation, and oxidative stress
after spinal cord injury. J. Neuroinflammation 12, 172.

. Zhang, B., Bailey, W.M., McVicar, AL, Stewart, AN, Veldhorst, AK, and

Gensel, J.C. (2019). Reducing age-dependent monocyte-derived mac-
rophage activation contributes to the therapeutic efficacy of NADPH
oxidase inhibition in spinal cord injury. Brain, Behav. Immun. 76, 139-
150.

. Karalija, A., Novikova, L.N., Kingham, P.J., Wiberg, M., and Novikov, L.N.

(2014). The effects of N-acetyl-cysteine and acetyl-L-carnitine on neural
survival, neuroinflammation and regeneration following spinal cord
injury. Neuroscience 269, 143-151.

. Patel, S.P,, Sullivan, P.G., Pandya, J.D., Goldstein, G.A., VanRooyen, J.L.,

Yonutas, H.M,, Eldahan, K.C., Morehouse, J., Magnuson, D.S., and Rab-
chevsky, A.G. (2014). N-acetylcysteine amide preserves mitochondrial
bioenergetics and improves functional recovery following spinal
trauma. Exp. Neurol. 257, 95-105.

. Zhang, B., Bailey, W.M,, Braun, K.J., and Gensel, J.C. (2015). Age decreases

macrophage IL-10 expression: implications for functional recovery and
tissue repair in spinal cord injury. Exp. Neurol. 273, 83-91.

. Stewart, A.N., McFarlane, K.E., Vekaria, H.J., Bailey, W.M,, Slone, S.A.,

Tranthem, L.A,, Zhang, B., Patel, S.P., Sullivan, P.G., and Gensel, J.C.
(2021). Mitochondria exert age-divergent effects on recovery from
spinal cord injury. Exp. Neurol. 337, 113597.

. McKinley, W., Cifu, D, Seel, R, Huang, M., Kreutzer, J., Drake, D., and

Meade, M. (2003). Age-related outcomes in persons with spinal cord
injury: a summary paper. NeuroRehabilitation 18, 83-90.

. National Spinal Cord Injury Statistical Center (2020). The 2019 Annual

Statistical Report for the Spinal Cord Injury Model Systems. NSCISC: Bir-
mingham, AL.

. Zhu, Y., Carvey, P.M. and Ling, Z. (2006). Age-related changes in gluta-

thione and glutathione-related enzymes in rat brain. Brain Res. 1090,
35-44.

. Currais, A.,, and Maher, P. (2013). Functional consequences of age-

dependent changes in glutathione status in the brain. Antioxid. Redox
Signal. 19, 813-822.

. Wang, H., Liu, H., and Liu, R-M. (2003). Gender difference in glutathione

metabolism during aging in mice. Exp. Gerontol. 38, 507-517.

. Lucas, J.H., Wheeler, D.G., Guan, Z., Suntres, Z., and Stokes, B.T. (2002).

Effect of glutathione augmentation on lipid peroxidation after spinal
cord injury. J. Neurotrauma 19, 763-775.

. Wu, G, Fang, Y.Z, Yang, S., Lupton, J.R., and Turner, N.D. (2004). Gluta-

thione metabolism and its implications for health. J. Nutr. 134, 489-492.

. Griffith, O.W. (1999). Biologic and pharmacologic regulation of mamma-

lian glutathione synthesis. Free Radic. Biol. Med. 27, 922-935.

Lu, S.C. (2009). Regulation of glutathione synthesis. Mol. Aspects Med. 30,
42-59.

Toppo, S., Flohé, L., Ursini, F., Vanin, S., and Maiorino, M. (2009). Catalytic
mechanisms and specificities of glutathione peroxidases: variations of a
basic scheme. Biochim. Biophys. Acta 1790, 1486-1500.

Horst, A., Kolberg, C., Moraes, M.S,, Riffel, A.P.K.,, Finamor, L.A., Bello-Klein,
A., Pavanato, M.A,, and Partata, W.A. (2014). Effect of N-acetylcysteine
on the spinal-cord glutathione system and nitric-oxide metabolites in
rats with neuropathic pain. Neurosci. Lett. 569, 163-168.

Hara, Y., McKeehan, N., Dacks, P.A., and Fillit, H.M. (2017). Evaluation of the
neuroprotective potential of N-acetylcysteine for prevention and
treatment of cognitive aging and dementia. J. Prev. Alzheimers Dis. 4,
201-206.

Zhou, J,, Coles, L.D,, Kartha, R.V., Nash, N., Mishra, U., Lund, T.C,, and Cloyd,
J.C. (2015). Intravenous administration of stable-labeled
N-acetylcysteine demonstrates an indirect mechanism for boosting
glutathione and improving redox status. J. Pharm. Sci. 104, 2619-2626.
Pandya, J.D., Readnower, R.D., Patel, S.P., Yonutas, H.M., Pauly, J.R., Gold-
stein, G.A., Rabchevsky, A.G., and Sullivan, P.G. (2014). N-acetylcysteine



AGING AND SCI DIMINISH ANTIOXIDANT CAPACITY

1089

amide confers neuroprotection, improves bioenergetics and behavioral
outcome following TBI. Exp. Neurol. 257, 106-113.

26. Zhang, X., Banerjee, A,, Banks, W.A,, and Ercal, N. (2009). N-Acetylcysteine
amide protects against methamphetamine-induced oxidative stress
and neurotoxicity in immortalized human brain endothelial cells. Brain
Res. 1275, 87-95.

27. Handi, V., Kerimoglu, A, Koca, K., Baskesen, A, Kilic, K, and Tastekin, D.
(2010). The biochemical effectiveness of N-acetylcysteine in experimental
spinal cord injury in rats. Ulus Travma Acil Cerrahi Derg 16, 15-21.

28. Cavus, U.Y,, Yilmaz, A, Aytekin, M.N,, Taburcu, G., Albayrak, A, Yildirim, S.,
and Agir, I. (2014). Efficacy of N-acetylcysteine on neuroclinical, bio-
chemical, and histopathological parameters in experimental spinal cord
trauma: comparison with methylprednisolone. Eur. J. Trauma Emerg.
Surg. 40, 363-371.

29. Sunitha, K, Hemshekhar, M., Thushara, R.M,, Santhosh, M.S., Yariswamy, M.,
Kemparaju, K., and Girish, KS. (2013). N-Acetylcysteine amide: a derivative
to fulfill the promises of N-Acetylcysteine. Free Radic. Res. 47, 357-367.

30. He, R, Zheng, W., Ginman, T., Ottosson, H., Norgren, S., Zhao, Y., and
Hassan, M. (2020). Pharmacokinetic profile of N-acetylcysteine amide
and its main metabolite in mice using new analytical method. Eur. J.
Pharm. Sci. 143, 105158.

31. Gunther, M., Davidsson, J., Plantman, S., Norgren, S., Mathiesen, T., and
Risling, M. (2015). Neuroprotective effects of N-acetylcysteine amide on
experimental focal penetrating brain injury in rats. J. Clin. Neurosci. 22,
1477-1483.

32. Kawoos, U., McCarron, R.M., and Chavko, M. (2017). Protective effect of
N-acetylcysteine amide on blast-induced increase in intracranial pres-
sure in rats. Front. Neurol. 8, 219.

33. Scheff, S.W., Rabchevsky, A.G., Fugaccia, I, Main, J.A., and Lumpp, J.E,, Jr.
(2003). Experimental modeling of spinal cord injury: characterization of
a force-defined injury device. J. Neurotrauma 20, 179-193.

34. Semple, B.D., Blomgren, K., Gimlin, K., Ferriero, D.M., and Noble-
Haeusslein, L.J. (2013). Brain development in rodents and humans:
identifying benchmarks of maturation and vulnerability to injury across
species. Prog. Neurobiol. 106-107, 1-16.

35. Cummings, B.J., Engesser-Cesar, C,, Cadena, G., and Anderson, AJ. (2007).
Adaptation of a ladder beam walking task to assess locomotor recovery
in mice following spinal cord injury. Behav. Brain Res. 177, 232-241.

36. Basso, D.M,, Fisher, L.C., Anderson, A.J., Jakeman, L.B., McTigue, D.M,, and
Popovich, P.G. (2006). Basso Mouse Scale for locomotion detects dif-
ferences in recovery after spinal cord injury in five common mouse
strains. J. Neurotrauma 23, 635-659.

37. Gensel, J.C, Donahue, R.R., Bailey, W.M., and Taylor, BK. (2019). Sexual
dimorphism of pain control: analgesic effects of pioglitazone and azi-
thromycin in chronic spinal cord injury. J. Neurotrauma 36, 2372-2376.

38. Hargreaves, K., Dubner, R., Brown, F., Flores, C., and Joris, J. (1988). A new
and sensitive method for measuring thermal nociception in cutaneous
hyperalgesia. Pain 32, 77-88.

39. Stewart, AN, Gensel, J.C,, and Zhang, B. (2019). Therapeutic implications
of advanced age at time of spinal cord injury. Neural Regen. Res. 14,
1895-1896.

40. Stewart, AN., Lowe, J.L, Glaser, E.P.,, Mott, C.A,, Shahidehpour, RK,,
McFarlane, K.E., Bailey, W.M., Zhang, B., and Gensel, J.C. (2021). Acute
inflammatory profiles differ with sex and age after spinal cord injury. J.
Neuroinflammation 18, 113.

41. von Leden, R.E., Khayrullina, G., Moritz, K.E,, and Byrnes, K.R. (2017). Age
exacerbates microglial activation, oxidative stress, inflammatory and
NOX2 gene expression, and delays functional recovery in a middle-
aged rodent model of spinal cord injury. J. Neuroinflammation 14, 161.

42. Geoffroy, C.G., Hilton, B.J.,, Tetzlaff, W., and Zheng, B. (2016). Evidence for
an age-dependent decline in axon regeneration in the adult mamma-
lian central nervous system. Cell Rep. 15, 238-246.

43. Geoffroy, C.G., Meves, J.M., and Zheng, B. (2017). The age factor in axonal
repair after spinal cord injury: a focus on neuron-intrinsic mechanisms.
Neurosci. Lett. 652, 41-49.

44, Kwiecien, J.M., Dabrowski, W., Dabrowska-Bouta, B., Sulkowski, G., Oak-
den, W., Kwiecien-Delaney, C.J,, Yaron, J.R, Zhang, L., Schutz, L., Marzec-
Kotarska, B., Stanisz, G.J., Karis, J.P., Struzynska, L., and Lucas, A.R. (2020).
Prolonged inflammation leads to ongoing damage after spinal cord
injury. PLoS One 15, e0226584.

45. Nishi, R.A., Badner, A., Hooshmand, M.J.,, Creasman, D.A,, Liu, H., and
Anderson, AJ. (2020). The effects of mouse strain and age on a model of
unilateral cervical contusion spinal cord injury. PLoS One 15, e0234245.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

Forman, H.J,, Zhang, H., and Rinna, A. (2009). Glutathione: overview of its
protective roles, measurement, and biosynthesis. Mol. Aspects Med. 30,
1-12.

Jones, D.P., Mody, V.C, Jr., Carlson, J.L, Lynn, M.J,, and Sternberg, P., Jr.
(2002). Redox analysis of human plasma allows separation of pro-
oxidant events of aging from decline in antioxidant defenses. Free
Radic. Biol. Med. 33, 1290-1300.

Olakowska, E., Marcol, W., Wlaszczuk, A., Woszczycka-Korczynska, 1., and
Lewin-Kowalik, J. (2017). The neuroprotective effect of N-acetylcysteine
in spinal cord-injured rats. Adv. Clin. Exp. Med. 26, 1329-1334.

Karalija, A., Novikova, L.N., Kingham, P.J., Wiberg, M., and Novikov, L.N.
(2012). Neuroprotective effects of N-acetyl-cysteine and acetyl-L-
carnitine after spinal cord injury in adult rats. PLoS ONE 7, e41086.
Guo, J., Li, Y., Chen, Z,, He, Z,, Zhang, B., Li, Y., Hu, J., Han, M., Xu, Y., and Li,
Y. (2015). N-acetylcysteine treatment following spinal cord trauma re-
duces neural tissue damage and improves locomotor function in mice.
Mol. Med. Rep. 12, 37-44.

Jang, D.H., Weaver, M.D., and Pizon, A.F. (2013). In vitro study of
N-acetylcysteine on coagulation factors in plasma samples from
healthy subjects. J. Med. Toxicol. 9, 49-53.

Niemi, T.T., Munsterhjelm, E., P6yhig, R., Hynninen, M.S., and Salmenpera,
M.T. (2006). The effect of N-acetylcysteine on blood coagulation and
platelet function in patients undergoing open repair of abdominal
aortic aneurysm. Blood Coagul Fibrinolysis 17, 29-34.

Wang, B., Yee Aw, T,, and Stokes, K.Y. (2018). N-acetylcysteine attenuates
systemic platelet activation and cerebral vessel thrombosis in diabetes.
Redox Biol. 14, 218-228.

Park, S., and Imlay, J.A. (2003). High levels of intracellular cysteine pro-
mote oxidative DNA damage by driving the fenton reaction. J. Bacteriol.
185, 1942-1950.

Janéky, R, Varga, V., Hermann, A, Saransaari, P, and Oja, S.S. (2000).
Mechanisms of L-cysteine neurotoxicity. Neurochem. Res. 25, 1397-1405.
Mathisen, G.A.,, Fonnum, F., and Paulsen, R.E. (1996). Contributing mech-
anisms for cysteine excitotoxicity in cultured cerebellar granule cells.
Neurochem. Res. 21, 293-298.

Puka-Sundvall, M., Eriksson, P., Nilsson, M., Sandberg, M., and Lehmann, A.
(1995). Neurotoxicity of cysteine: interaction with glutamate. Brain Res.
705, 65-70.

Martin-Lépez, M., Gonzélez-Mufoz, E., Gdmez-Gonzélez, E., Sdnchez-
Pernaute, R, Marquez-Rivas, J.,, and Fernandez-Mufoz, B. (2021). Mod-
eling chronic cervical spinal cord injury in aged rats for cell therapy
studies. J. Clin. Neurosci. 94, 76-85.

Hooshmand, M.J., Galvan, M.D., Partida, E., and Anderson, A.J. (2014).
Characterization of recovery, repair, and inflammatory processes fol-
lowing contusion spinal cord injury in old female rats: is age a limita-
tion? Immun. Ageing 11, 15.

Roozbehi, A, Joghataei, M.T., Bakhtiyari, M., Mohammadi, J., Rad, P., and
Delaviz, H. (2015). Age-associated changes on axonal regeneration and
functional outcome after spinal cord injury in rats. Acta Med. Iran 53,
281-286.

Di Florio, D.N,, Sin, J., Coronado, M.J., Atwal, P.S., and Fairweather, D.
(2020). Sex differences in inflammation, redox biology, mitochondria
and autoimmunity. Redox Biol. 31, 101482.

Ruszkiewicz, J.A., Miranda-Vizuete, A, Tinkov, A.A,, Skalnaya, M.G., Skalny,
AV, Tsatsakis, A, and Aschner, M. (2019). Sex-specific differences in redox
homeostasis in brain norm and disease. J. Mol. Neurosci. 67, 312-342.
Pinchuk, I., Weber, D., Kochlik, B., Stuetz, W., Toussaint, O., Debacq-
Chainiaux, F., Dollé, M.E.T., Jansen, E.H.J.M., Gonos, E.S., Sikora, E.,
Breusing, N., Gradinaru, D., Sindlinger, T., Moreno-Villanueva, M., Burkle,
A, Grune, T., and Lichtenberg, D. (2019). Gender- and age-
dependencies of oxidative stress, as detected based on the steady state
concentrations of different biomarkers in the MARK-AGE study. Redox
Biol 24, 101204.

Koebele, S.V., and Bimonte-Nelson, H.A. (2016). Modeling menopause: the
utility of rodents in translational behavioral endocrinology research.
Maturitas 87, 5-17.

Swartz, KR., Fee, D.B., Joy, KM., Roberts, K.N., Sun, S., Scheff, N.N., Wilson,
M.E. ,and Scheff, S.W. (2007). Gender differences in spinal cord injury are
not estrogen-dependent. J. Neurotrauma 24, 473-480.

Stewart, A, Glaser, E., Bailey, W.M.,, and Gensel, J. (2022). Inmunoglobulin
G is increased in the injured spinal cord in a sex and age dependent
manner. J. Neurotrauma. [Epub ahead of print; DOI: 10.1089/neu.2022.
0011].



