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RESEARCH ARTICLE
www.advtherap.com

Antioxidant Theranostic Copolymer-Mediated Reduction in
Oxidative Stress Following Traumatic Brain Injury Improves
Outcome in a Mouse Model

Aria W. Tarudji, Connor C. Gee, Hunter A. Miller, Rylie Steffen, Evan T. Curtis,
Aaron M. Priester, Anthony J. Convertine, and Forrest M. Kievit*

Following a traumatic brain injury (TBI), excess reactive oxygen species (ROS)
and lipid peroxidation products (LPOx) are generated and lead to secondary
injury beyond the primary insult. A major limitation of current treatments is
poor target engagement, which has prevented success in clinical trials. Thus,
nanoparticle-based treatments have received recent attention because of their
ability to increase accumulation and retention in damaged brain. Theranostic
neuroprotective copolymers (NPC3) containing thiol functional groups can
neutralize ROS and LPOx. Immediate administration of NPC3 following injury
in a controlled cortical impact (CCI) mouse model provides a therapeutic
window in reducing ROS levels at 2.08–20.83 mg kg−1 in males and
5.52–27.62 mg kg−1 in females. This NPC3-mediated reduction in oxidative
stress improves spatial learning and memory in males, while females show
minimal improvement. Notably, NPC3-mediated reduction in oxidative stress
prevents the bilateral spread of necrosis in male mice, which is not observed
in female mice and likely accounts for the sex-based spatial learning and
memory differences. Overall, these findings suggest sex-based differences to
oxidative stress scavenger nanoparticle treatments, and a possible upper
threshold of antioxidant activity that provides therapeutic benefit in injured
brain since female mice benefit from NPC3 treatment to a lesser extent than
male mice.
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1. Introduction

Traumatic brain injury (TBI) occurs in two
separate injury phases. The primary injury
is the initial impact from an external me-
chanical force that causes axonal shearing,
cell membrane disruption, and cell death.
Following the primary injury, a cascade of
biochemical derangements, such as the re-
lease of excitatory amino acids, the influx
of calcium ions, and oxidative stress cause
further cell death and progression of the in-
jury. This secondary injury can last decades
post-injury[1] and spread to the contralateral
hemisphere.[2]

Under physiological conditions, reactive
oxygen species (ROS) are produced in
cellular respiration and are balanced by
endogenous antioxidant enzymes.[3] How-
ever, following TBI, ROS production is el-
evated and induces damage to DNA, pro-
teins, and lipids that manifest through
DNA oxidation and lipid peroxidation prod-
ucts (LPOx) resulting in neuroinflamma-
tion and neurodegeneration.[4] Thus, ROS
and LPOx have become major therapeu-
tic targets in hopes of improving outcomes

following TBI. Several antioxidant and LPOx inhibitor treat-
ments, including polyethylene glycol (PEG)-conjugated superox-
ide dismutase, PEG-conjugated catalase, tirilazad, and their com-
binations, have shown promising results in reducing secondary
injury in preclinical studies and Phase I and II trials.[5] Despite
the success in preclinical studies and over 30 clinical trials, no
TBI drug treatment has received FDA approval for reducing the
secondary spread of injury.[4b,6] The lack of success of TBI clini-
cal trials is multifold, including patient variability and biomarker
selection, but treatment timing and poor target engagement of
therapeutic agents due to low accumulation and retention in the
brain is a major shortcoming that we aim to address.
Nanoparticles (NPs) have emerged as a promising approach

for TBI treatment, especially as the blood-brain barrier (BBB)
is disrupted following TBI.[7] The size of NPs is ideal for ac-
cumulating in brain injury; NPs are small enough that they
can pass through a disrupted BBB similarly to small molecule
drugs, but are large enough to be retained in the injury lesion,
unlike small molecule drugs.[7a,8] We recently reported on the
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Figure 1. Identifying the treatment window of NPC3. Ktrans of NPC3-Gd in male and female CCI mouse models of TBI in the lesion and contralateral
hemisphere when administered at 0, 1, 3, 6, and 24 h post-injury. a) Representative Ktrans maps overlaid on structural images of NPC3-Gd administered
at 0, 1, 3, 6, and 24 h time points following CCI in male and female mice. b) Quantification of Ktrans mapping in the lesion. NPC3-Gd accumulated in
the lesion the most when administered immediately following the injury (0 h post-injury). Data are shown as mean ± SD with n = 3 for each treatment
group, except n = 5 for female mice with 0- and 1-h post-injury groups. * indicates a statistical difference compared to 0 h post-injury group, with one
and three symbols indicating p < 0.05 and p < 0.001, respectively, as determined by one-way ANOVA and Dunnett’s post hoc test.

developmentof theranostic neuroprotective copolymers (NPC3)
containing functional thiol groups that can bind and inacti-
vate both ROS and LPOx.[9] NPC3 was developed through re-
versible addition−fragmentation chain-transfer (RAFT) polymer-
ization and was equipped with PEG to reduce immune recogni-
tion and increase blood half-life circulation. Another part of the
monomerwas functionalizedwith reduced lipoic acid for the self-
assembling of the NPs, as well as the thiol functional group that
scavenges ROS and LPOx. With a size of 9 nm, the size of NPC3
is ideal for the accumulation and retention of NPs in TBI. Due
to the similar size with macromolecules and NPs, NPC3 is ex-
pected to accumulate in the brain injury when administered at
3 d post-injury, and is expected to have a retention half-life in
the brain injury for 14 h compared to the retention half-life of
small molecule of 4 h.[8a,8c,8k,9] However, the effect of NPC3 on
outcomes is still unknown. Furthermore, our recent results with
antioxidant enzyme loaded nanoparticles suggest there are im-
portant sex-based differences in the therapeutic efficacy of an-
tioxidant treatments.[10] Indeed, female humans and rodents are
more likely to have a better outcome following severe TBI.[11] Sex-
ual dimorphism in TBI has been attributed to progesterone, but
progesterone treatment did not show significant improvement in
TBI patients.[12] Furthermore, female mice show a higher accu-
mulation of macromolecules and NPs when administered 24 h
following TBI.[8k] Thus, a better understanding of sex-based dif-
ferences following antioxidant NP treatment will help in the de-
sign of next-generation therapeutics to improve outcomes follow-
ing TBI.

2. Results

2.1. Identifying the Treatment Window of NPC3

To evaluate the accumulation and treatment window of NPC3
in the lesion, we injected CCI mice with Gd-labeled NPC3
NPs (NPC3-Gd) at 0, 1, 3, 6, and 24 h post-injury (Figure 1).
Since NPC3 and NPC3-Gd have very similar physical properties
(Table 1), we assume the same treatment window profile between
oxidative stress scavenger NPC3 and MR contrast agent NPC3-
Gd without oxidative stress capacity. We then took a series of T1
images before and up to 45 min post-NPC3-Gd injection with
MRI to measure Ktrans, a permeability coefficient that describes
the kinetics of the NPs entering the brain from circulation.[8b]

This provides an advantage over measuring the peak concentra-
tion in the brain since the time to reach peak concentration in the
brain may change based on time after injury. Thus, the Ktrans pa-
rameter indicates the permeability of the BBB to NPC3 where a
higher Ktrans would indicate an eventual higher maximum brain
concentration of NPC3 regardless of when that maximum brain
concentration was reached post-injection. We observed the high-
est accumulation of NPC3-Gd in the lesion when injected imme-
diately following the injury in both male (mean ± SD = 18.35
± 4.5×10−3 min−1) and female (22.20 ± 4.74 × 10−3 min−1) mice,
followed by 1 and 3 h post-injury (male: 14.75± 4.51× 10−3 min−1

and 13.13± 1.05× 10−3 min−1; female: 17.98± 3.49× 10−3 min−1

and 13.95 ± 2.12×10−3 min−1). However, there was a significant
reduction in the accumulation of NPC3-Gd in the lesion at 6 and

Table 1. Properties of NPC3 and NPC3-Gd used for Ktrans imaging and antioxidant therapy (parts of the data were taken from ref[9]).

Particle Size [nm] PDI Zeta potential
[mV]

H2O2 scavenging
capacity [𝜇mol]

LPOx scavenging
capacity [𝜇mol]

Gd concentration
[mmol mg−1 NPC3]

NPC3-Gd 8 0.21 −12.11 ∼ ∼ 26.73×10−6

NPC3 9 0.16 −10.34 0.25 0.07 ∼
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Figure 2. Comparison of the therapeutic window of NPC3 between male and female CCI mice. In vivo DHE staining of the brains at 4 h post-injury was
utilized to measure the ROS level in the acute phase of injury. a) Representative confocal microscopy images from various doses of NPC3 andMnTMPyP
following CCI. Scale bar is 1 mm. b) Quantification of DHE fluorescence mean intensity in the lesion normalized to the contralateral hemisphere. Data
are shown as mean ± SD with n = 3 for female mice treatment groups, and n = 5 for male mice treatment groups. * indicates a statistical difference
compared to the 0 mg kg−1 NPC3 group, with two and three symbols indicating p < 0.01 and p < 0.001, respectively, as determined by one-way ANOVA
and Dunnett’s post hoc test.

24 h post-injury (male: 6.01 ± 0.33 × 10−3 min−1 and 5.62 ±
1.78× 10−3 min−1; female: 5.99 ± 0.33 × 10−3 min−1 and 5.46
± 0.55 × 10−3 min−1), compared to the immediate administra-
tion of NPC3-Gd. At 24 h post-injury, we still observed a signifi-
cantly higher accumulation of NPC3-Gd in the lesion compared
to the contralateral hemisphere in female mice (3.77 fold higher,
p = 0.0032), as well as a trending higher in male mice (6.23 fold
higher, p = 0.057), as determined by student t-test. Based on the
arterial input function, the blood elimination half-life of NPC3-
Gd was 25.8 min in males and 17.7 min in females (Figure S1,
Supporting Information).

2.2. Identifying the Therapeutic Window of NPC3

Finding the highest accumulation of NPC3 in the lesion when
injected immediately following the injury (0 h time point), we
evaluated the treatment window of NPC3 in scavenging ROS
when administered at this time point. We utilized in vivo dihy-
droethidium (DHE) staining to measure ROS level in the lesion
and determine ROS reduction following NPC3 treatment. We in-
jected a series of NPC3 concentrations (100 μL of 0–10 mg mL−1

NPC3 in PBS) through tail vein for both male and female mice,
which translated to 0, 0.4, 2.1, 4.2, 20.8, and 41.7 mg kg−1 in
male mice with an average weight of 24 g and 0, 0.6, 2.8, 5.5,
27.6, and 55.2 mg kg−1 in female mice with an average weight
of 18.1 g. We measured the DHE fluorescence mean intensity
using confocal microscopy in the lesion and normalized it to
the DHE fluorescence mean intensity in the contralateral hemi-
sphere (Figure 2). Although this method is semi-quantitative, it
provides a strong indication of the therapeutic window of NPC3.
We observed the highest increase in DHE mean intensity in the
untreated CCI mice (0 mg kg−1 NPC3) in both male (mean ±
SD = 61.7 ± 7.96% increase) and female (121.9 ± 11.93% in-
crease) mice. DHEmean intensity was significantly reduced with
2.1, 4.2, and 20.8 mg kg−1 NPC3 in male mice (46.44%, 68.02%,
and 68.64% decrease, respectively), and 5.5 and 27.6 mg kg−1

NPC3 in femalemice (58.04% and 57.19% decrease, respectively)
compared to the 0 mg kg−1 NPC3 group. We observed no sig-

nificant reduction in the DHE mean intensity at 41.7 mg kg−1

NPC3 in males (30.11% decrease, p = 0.1027) and 55.2 mg kg−1

NPC3 in females (30.39% decrease, p = 0.1374) compared to
the 0 mg kg−1 NPC3 group. The negative return in the ROS
scavenging at 41.7 and 55.2 mg kg−1 NPC3 might be caused
by the cytotoxicity of NPC3,[9] in which NPC3 concentrations of
greater than 1mgmL−1 were found to reduce cell viability on SH-
SY5Y neuron cells. However, our previous studies with nanopar-
ticles similar to NPC3 did not show an adverse effect on body
weight and motor function in mice.[2b,13] Thus, we did not ex-
pect any adverse effect of NPC3 in vivo, especially when admin-
istered at ≈10 mg kg−1 NPC3 (maximum concentration in the
blood of ≈0.08 mg mL−1 following i.v. injection). From the in
vivo DHE assay, we found a wide treatment window of NPC3
of 2.1–20.8 mg kg−1 in male mice and 5.5–27.6 mg kg−1 in fe-
male mice. Another possible reason for the bell-shaped response
curve might be due to the physiological role of oxidative stress,
in which suboptimal dosing of antioxidants would give a subop-
timal reduction in oxidative stress or even exacerbate the injury
progression.[10,14]

Since the therapeutic windows of males and females were
studied separately (Figure 2B), small differences in dose between
sexes should not act as a confounding variable in this study. Thus,
8.3 mg kg−1 NPC3 was chosen for male mice, and 11 mg kg−1

NPC3 was chosen for female mice, as the middle point for
measuring the reduction of LPOx and SBDPs with NPC3 treat-
ment, as well as the spatial learning and memory in Barnes
maze trials. We found that manganese(III) tetrakis(1-methyl-4-
pyridyl)porphyrin (MnTMPyP), a small molecule ROS scavenger
positive control, has similar efficiency in reducing ROS to the
NPC3 when injected immediately following the injury in male
and female mice (59% and 64% decrease, respectively).

2.3. Barnes Maze in Male and Female Mice Following TBI

Following our finding of the treatment and therapeutic windows
for NPC3 in male and female mice, we next tested the ability of
NPC3 dosed within these windows (≈10mg kg−1 through the tail

Adv. Therap. 2023, 2300147 2300147 (3 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 3. Barnes maze trials in male and female CCI mice to assess spatial learning and memory. a) Kaplan-Meier plots for escape frequency for male
(n = 30–42) and female mice (n = 27–30). b–d) Probe trial data showing b) primary latency, c) primary errors, and (d) returns to goal during the 90 s
probe trial. Data are shown as mean ± SD with n = 10–14 for male mice and n = 9–10 for female mice. * and # indicate a significant difference compared
to the control group and the untreated CCI group, respectively, with one, two, and three symbols indicating p< 0.05, p< 0.01, and p< 0.001, respectively,
as determined by Mantel-Cox method for the Kaplan-Meier plots, and one-way ANOVA for the primary latency, primary errors, and returns to goal on
the probe day.

vein immediately following injury) to protect spatial learning and
memory deficits caused by secondary injury following TBI. We
found that the time formale CCImice to escape the Barnesmaze
was significantly higher than the control mice starting from day
3 of Barnes maze trials, while the escape latency of NPC3 treated
male CCI mice was significantly lower than the untreated CCI
mice on day 3 and 4; the untreated male CCI mice caught up to
the NPC3 treated CCI mice on day 5 and 6 (Figure 3A). In female
mice, we did not find any significant difference between the es-
cape latency of the control, untreatedCCImice, andNPC3 treated
CCI mice on any day of the Barnes maze trials (Figure 3A). From
search strategy analysis, we found that CCI reduced spatial learn-
ing and memory in male mice more significantly than in female
mice (Figure 4). However, NPC3 treatment only improved the
spatial search strategy on day 4 and probe trial in male mice,

and on day 3 in female mice. Thus, our results suggested that
CCI affected spatial learning in male mice more than in female
mice, as well as that NPC3 treatment protected the contralateral
hippocampus in male CCI mice from secondary injury. On the
probe trial day (Figure 3B,C,D), untreated male CCI mice per-
formed worse than control mice in primary latency, primary er-
rors, return to goal, as well as spatial search strategy (Figure 4).
We did not find a significant difference between the control and
NPC3 treatedmale CCImice, except that NPC3 treatedmale CCI
mice had significantly less return to goal than control mice. We
found that the NPC3 treated male CCI mice had a significant re-
duction in primary latency, as well as a trending improvement
in the primary error, return to goal, and spatial search strategy,
compared to the untreated CCI mice. For female mice, the pri-
mary latency, primary errors, and total errors of the control, NPC3

Adv. Therap. 2023, 2300147 2300147 (4 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202300147 by M

issouri U
niversity O

f Science, W
iley O

nline L
ibrary on [29/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Figure 4. The search strategy of Barnes maze trials in male and female mice. a) Representative search tracing on probe trial day with bright red showing
the trace to the escape box and opaque red showing the trace until reaching 90 s. b) Classification of spatial and non-spatial search strategy in male and
female mice on day 1–6 (n = 30–42 for males and n = 27–30 for females) and probe trial (n = 10–14 for males and n = 9–10 for females) day of Barnes
maze trials.

treated, and untreated female CCI mice were similar through-
out the trials. Thus, further suggests that the NPC3 treatment
protected the contralateral hippocampus in male CCI mice from
secondary injury, while female CCI mice benefited less from the
antioxidant treatment of NPC3 to protect the contralateral hip-
pocampus from secondary injury.

2.4. Time Course of Carbonyl Stress in Male and Female Mice
Following TBI

To identify possible molecular mechanisms for differences in
spatial learning and memory deficits following CCI in male and

female mice (Figure 3) despite similar NPC3 accumulation ki-
netics (Figure 1) and reduction in oxidative stress (Figure 2), we
investigated the reduction of the spread of carbonyl stress follow-
ing injury. We utilized Western blotting (Figure 5 and 6) to mea-
sure 4-hydroxynonenal (4-HNE)- and acrolein-modified proteins,
two of the most prevalent LPOx following TBI,[15] at 1, 3, and 7 d
post-injury when carbonyl stress is most elevated.[16]

At 1 d post-injury, we found a significant increase in 4-HNE
(Figure 5A2 and Figure 6A2) and acrolein (Figure 5A4 and 6A2)
in the ipsilateral cortex and hippocampus of the untreated male
CCI mice, as well as a trending increase in the untreated fe-
male CCI mice (Figure 5B2, 5B4, 6B2, and 6B4). At 1 d post-
injury, we also found a trending increase in acrolein in the

Adv. Therap. 2023, 2300147 2300147 (5 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 5. Analysis of carbonyl stress in the cortex. Western blot analysis of LPOx 4-HNE and acrolein in the ipsilateral a,b) and contralateral c,d) cortex
for male a,c) and female b,d) mice at 1, 3, and 7 d post-injury. a1,b1,c1,d1) Representative blots of 4-HNE in the ipsilateral and contralateral cortex. The
boxed area represents the region of interest (ROI) used for quantification. a3,b3,c3,d3) Representative blots of acrolein in the ipsilateral and contralateral
cortex. The boxed area represents the ROI for quantification. a2,b2,c2,d2) Quantification of 4-HNE in the ipsilateral and contralateral cortex normalized
to 𝛽-actin. a4,b4,c4,d4) Quantification of acrolein in the ipsilateral and contralateral cortex normalized to 𝛽-actin. Data are shown as mean ± SD with
n = 3 for each treatment group. * and # indicate a significant increase compared to the control group and a significant decrease compared to the
untreated CCI group, respectively, with one, two, and three symbols indicating p < 0.05, p < 0.01, and p < 0.001, respectively, as determined by one-way
ANOVA and Tukey’s post hoc test.

contralateral cortex (Figure 5C4) and hippocampus (Figure 6C4)
of male CCI mice. At 3 d post-injury, we found a significant
increase in acrolein (Figure 5A4) and 4-HNE (Figure 6A2) in
the ipsilateral cortex and hippocampus of the untreated male
CCI mice, respectively, as well as 4-HNE in the ipsilateral cor-
tex (Figure 5B2) and hippocampus (Figure 6B2) of the untreated
female CCI mice. At 3 d post-injury, we also observed a trend-
ing increase in 4-HNE (Figure 5A2) and acrolein (Figure 6A4)

in the ipsilateral cortex and hippocampus of male CCI mice, re-
spectively, and acrolein in the ipsilateral cortex (Figure 5B4) and
hippocampus (Figure 6B4) of female CCImice. At 7 d post-injury,
we found a significant increase in acrolein in the ipsilateral cor-
tex (Figure 5A4) and hippocampus (Figure 6A4) of the untreated
male CCI mice, and the ipsilateral cortex of the untreated female
CCI mice (Figure 5B4). At 7 d post-injury, we also found a trend-
ing and significant increase in acrolein in the contralateral cortex

Adv. Therap. 2023, 2300147 2300147 (6 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 6. Analysis of carbonyl stress in the hippocampus. Western blot analysis of 4-HNE and acrolein in the ipsilateral a,b) and contralateral c,d) hip-
pocampus for male a,c) and female b,d) mice at 1, 3, and 7 d post-injury. a1,b1,c1,d1) Representative blots of 4-HNE in the ipsilateral and contralateral
hippocampus. The boxed area represents the ROI for quantification. a3,b3,c3,d3) Representative blots of acrolein in the ipsilateral and contralateral hip-
pocampus. The boxed area represents the ROI for quantification. a2,b2,c2,d2) Quantification of 4-HNE in the ipsilateral and contralateral hippocampus
normalized to 𝛽-actin. a4,b4,c4,d4) Quantification of acrolein in the ipsilateral and contralateral hippocampus normalized to 𝛽-actin. Data are shown as
mean ± SD with n = 3 for each treatment group. * and # indicate a significant increase compared to the control group and a significant decrease com-
pared to the untreated CCI group, respectively, with one, two, and three symbols indicating p < 0.05, p < 0.01, and p < 0.001, respectively, as determined
by one-way ANOVA and Tukey’s post hoc test.

of male (Figure 5C4) and female (Figure 5D4) CCI mice, respec-
tively, as well as a trending increase in acrolein in the contralateral
hippocampus of female CCI mice (Figure 6D4).
We observed a significant and trending reduction in 4-HNE

with NPC3 treatment at 1 d post-injury in male (Figure 5A2
and 6A2) and female mice (Figure 5B2 and 6B2), respectively,
in the ipsilateral cortex and hippocampus. At 3 d post-injury,
we observed a trending and significant reduction in 4-HNE

with NPC3 treatment in male (Figure 6A2) and female mice
(Figure 6B2), respectively, in the ipsilateral hippocampus. We
also observed a trending reduction in acrolein with NPC3
treatment at 7 d post-injury in the contralateral cortex of male
mice (Figure 5C4) and contralateral cortex (Figure 5D4) and hip-
pocampus (Figure 6D4) of female mice, as well as a significant
reduction in acrolein in the ipsilateral cortex of female mice
(Figure 6B4).

Adv. Therap. 2023, 2300147 2300147 (7 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 7. Analysis of SBDPs in the cortex. Western blot analysis of SBDPs in the ipsilateral a,b) and contralateral c,d) cortex for male a,c) and female
(b,d) mice at 1, 3, and 7 d post-injury. a,b,c,d) Representative blots of SBDPs in the ipsilateral and contralateral cortex. Quantification of 150 kDa SBDP
(proportional to total cell death) a1,b1,c1,d1), 145 kDa SBDP (proportional to necrosis) a2,b2,c2,d2), and 120 kDa SBDP (proportional to apoptosis)
a3,b3,c3,d3) normalized to 𝛽-actin, respectively. Data are shown as mean ± SD with n = 3 for each treatment group. * and # indicate a significant
increase compared to the control group and a significant decrease compared to the untreated CCI group, respectively, with one, two, and three symbols
indicating p < 0.05, p < 0.01, and p < 0.001, respectively, as determined by one-way ANOVA and Tukey’s post hoc test.

2.5. Time Course of 𝜶-II-Spectrin Degradation in Male and
Female Mice Following TBI

Finding that NPC3 treatment significantly reduced ROS but did
not have a notable effect on the spread of LPOx to the contralat-
eral hemisphere following brain injury, we investigated if there
were differences in cell death following brain injury. We analyzed
cell death through the necrosis and apoptosis pathways through
Western blotting of 𝛼-II-spectrin breakdown products (SBDPs) to
identify apoptosis (caspase degradation pathway, 120 kDa), necro-
sis (calpain degradation pathway, 145 kDa), and total cell death
(caspase and calpain degradation pathways, 150 kDa) (Figure 7
and 8).[17] We chose 1, 3, and 7 d post-injury to measure SB-

DPs when SBDPs are most elevated in the subacute phase of the
injury.[16]

We found significant and trending increases in 150 and
145 kDa SBDPs at 1, 3, and 7 d post-injury in the ipsilateral cortex
and hippocampus of the untreatedmale and female CCImice, ex-
cept the 145 kDa SBDP in the ipsilateral cortex (Figure 7B2) and
150 (Figure 8B1) and 145 kDa SBDPs (Figure 8B2) in the ipsilat-
eral hippocampus of the untreated female CCI mice at 7 d post-
injury. At 1 d post-injury, we also observed a significant increase
in 150 (Figure 7C1) and 145 kDa SBDPs (Figure 7C2) in the con-
tralateral cortex, as well as a trending increase in 145 kDa SBDP
(Figure 8C2) in the contralateral hippocampus, of the untreated
male CCI mice. We observed a significant increase in 145 kDa

Adv. Therap. 2023, 2300147 2300147 (8 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 8. Analysis of SBDPs in the hippocampus. Western blot analysis of SBDPs in ipsilateral a,b) and contralateral c,d) hippocampus for male a,c)
and female b,d) mice at 1, 3, and 7 d post-injury. a,b,c,d) Representative blots of SBDPs in the ipsilateral and contralateral cortex. Quantification of
150 kDa SBDP (proportional to total cell death) a1,b1,c1,d1), 145 kDa SBDP (proportional to necrosis) a2,b2,c2,d2), and 120 kDa SBDP (proportional
to apoptosis) a3,b3,c3,d3) normalized to 𝛽-actin, respectively. Data are shown as mean ± SD with n = 3 for each treatment group. * and # indicate a
significant increase compared to the control group and a significant decrease compared to the untreated CCI group, respectively, with one, two, and
three symbols indicating p < 0.05, p < 0.01, and p < 0.001, respectively, as determined by one-way ANOVA and Tukey’s post hoc test.

SBDP in the contralateral cortex (Figure 7D2) and hippocampus
(Figure 8D2) of female CCI mice at 1 and 3 d post-injury. Most
notably, we observed bilateral necrotic cell death (145 kDa SPDP)
at 7 d post-injury in the hippocampus of male CCI mice that was
protected by NPC3 treatment (Figure 8A2 and 8C2). This bilat-
eral necrotic cell death was not apparent in the hippocampus of
CCI or NPC3 treated female mice (Figure 8B2 and 8D2). For the
caspase-3 apoptosis pathway (120 kDa), we did not observe signif-
icant changes, except in the ipsilateral cortex of female mice at 3
d post-injury (Figure 7C3), the ipsilateral hippocampus of male
mice at 1 and 7 d post-injury (Figure 8A3), and contralateral hip-
pocampus of female mice at 1 d post-injury (Figure 8D3).
We did not observe any significant reduction in 150 kDa SBDP

with NPC3 treatment in the ipsilateral cortex (Figure 7B1) and

hippocampus (Figure 8B1) of female mice, except in the ipsilat-
eral hippocampus at 3 d post-injury, compared to the untreated
female CCI mice. We observed a significant decrease in 150 kDa
SBDP in the ipsilateral cortex (Figure 7A1) and hippocampus
(Figure 8A1) of the NPC3 treated male CCI mice at 3 d post-
injury, and in the ipsilateral hippocampus at 7 d post-injury, com-
pared to the untreated male CCI mice. We also observed a signif-
icant decrease in 145 kDa SBDPwith NPC3 treatment in the ipsi-
lateral cortex at 1 d post-injury in male mice (Figure 7A1). In the
contralateral cortex, we observed a significant reduction in 150
(Figure 7C1) and 145 kDa SBDPs (Figure 7C2) at 1 d post-injury
in the NPC3 treated male mice, and 145 kDa SBDP at 1 d post-
injury in the NPC3 treated female mice (Figure 7D2), compared
to the untreated male and female CCI mice. We also observed

Adv. Therap. 2023, 2300147 2300147 (9 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 9. Comparison between NPC3 treated male CCI mice and untreated female CCI mice. The slope of NPC3 treated male CCI mice (blue) and
untreated female CCI mice (red) for a) 4-HNE and b) acrolein in the ipsilateral cortex, as well as c) necrosis in the contralateral hippocampus, were
not significantly different, as determined by simple linear regression comparison analysis. d) There is not any significant difference between the NPC3
treated male mice and untreated female mice in latency to escape the Barnes maze, except on day 5 (p < 0.05), as determined by Mantel-Cox.

a trending and significant decrease in 145 kDa SBDP at 1 and
7 d post-injury, respectively, in the contralateral hippocampus
of the NPC3 treated male CCI mice compared to the untreated
male CCI mice (Figure 8C2). At 3 d post-injury, a slight reduc-
tion in 145 kDa SBDP was observed in the contralateral cortex
(Figure 7D2) and hippocampus (Figure 8D2) of the NPC3 treated
female CCImice compared to the untreated female CCImice.We
did not observe significant changes in 120 kDa SBDP with NPC3
treatment compared to the untreated male and female CCI mice,
except in the ipsilateral hippocampus of male mice at 1 and 7 d
post-injury (Figure 8A3).

2.6. Oxidative Stress Markers and Spatial Learning Comparison
Between NPC3 Treated Male CCI Mice and Untreated Female
CCI Mice

From the Western blot of LPOx and SBDPs, we found that NPC3
treatment reduced the spread of carbonyl stress in the ipsilateral
cortex, as well as total cell death and necrosis into the contralat-
eral hippocampus in the male CCI mice, while female mice did
not show significant benefit from the NPC3 treatment. Our CCI
is performed on the left frontoparietal cortex since spatial learn-
ing and memory is more heavily on the right hippocampus in
mice,[18] thus there must be secondary spread of injury to the
right hippocampus to have the most significant effects on spa-
tial learning andmemory. Therefore, neuroprotection of the con-

tralateral hippocampus with NPC3 treatment would result in the
improvement of spatial learning and memory in CCI mice.
Finding the similarity of the changes in LPOx and SBDPs

between NPC3 treated male and untreated female CCI mice,
we statistically tested the similarity of the slopes between NPC3
treatedmale CCImice and untreated femalemice for 4-HNE and
acrolein in the ipsilateral cortex, and 145 kDa SBDP in the con-
tralateral hippocampus (Figure 9A–C). We found that the trend
in time-course of LPOx and SBDP ismore similar between NPC3
treated male CCI mice and untreated female CCI mice than be-
tween NPC3 treated and untreated male CCI mice (Figure S3A,
Supporting Information), as well as between untreated male and
female CCI mice (Figure S3B, Supporting Information).
We also compared the survival curve between NPC3 treated

male CCI mice and untreated female CCI mice (Figure 9D). We
found that the NPC3 treated male CCI mice performed simi-
larly to the untreated female CCI mice. On the other hand, un-
treated female CCI mice performed significantly better than the
untreated male CCI mice on days 3 to 5, as well as slightly better
on the other days (Figure S3C, Supporting Information).
From comparing the time-course of LPOx and SBDP, as

well as the survival curve, of NPC3 treated male CCI mice and
untreated female mice, our results suggest that female mice
might have enough endogenous antioxidant activities to prevent
the spread of secondary injury.[19] On the other hand, male
mice need additional oxidative stress scavengers through NPC3
treatment.

Adv. Therap. 2023, 2300147 2300147 (10 of 15) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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3. Discussion

Following a TBI, elevated production of ROS oxidizes cell mem-
branes and fatty acids producing LPOx. LPOx then exacerbates
injury progression by oxidizing other lipids and proteins. There-
fore, there is a need for ROS and LPOx scavengers to reduce
the progression of TBI. Theranostic neuroprotective copolymers
(NPC3) with thiol functional groups showed scavenging activity
against both H2O2 and LPOx (Table 1).

[9] Thiol functional groups
are also known to react with peroxynitrite and nitric oxide.[20]

Thus, NPC3 expands the scavenging activity compared to our pre-
vious thioether ROS scavengers.[2b,13]

A treatmentwindow, also known as a therapeutic timewindow,
is defined as a period of time that a treatment can successfully
engage with a therapeutic target. The treatment window iden-
tified for antioxidant therapies for TBI that have entered clini-
cal trials is around 4 h post-injury.[21] One of the limiting fac-
tors of the treatment window in clinical trials might be the de-
crease in accumulation of small molecule drugs in the injured
brain when administered later than 4 h post-injury.[8b,22] Here,
we found that the accumulation of NPC3 (Figure 1) was the high-
est when administered immediately following the injury, and sig-
nificantly reduced when administered starting at 3 h post-injury
in females, and 6 h post-injury in males, corroborating previous
studies.[7a,8b,8c,8k] The treatment window of 9 nm NPC3, which
was up to 6 h post-injury in male mice, was longer than the treat-
ment window of 20, 40, 100, and 500 nm PEGylated-NPs, which
were less than 2 h post-injury.[8c] Overall, this finding corrobo-
rated that the size of NPs is essential in determining the accumu-
lation of NPs in the brain lesion. This finding also suggests that
smaller NPs may extend the therapeutic time window for antiox-
idant TBI treatment. However, NPC3 might need to be function-
alized with targeting ligands, such as CAQK peptide, to improve
the accumulation in the lesion when administered at more than
4 h post-injury;[23] the time that almost 50% of the TBI patients
arrived at the hospital.[24]

The therapeutic window is essential in antioxidant treatments
due to the bell-shaped response curve of antioxidant treatment in
TBI,[14c,14e,14f] in which suboptimal dosing of antioxidants would
give a suboptimal reduction in oxidative stress or even exacer-
bate the injury progression.[10,14a-e] Here, we found the thera-
peutic window of NPC3 was between 2.1–20.8 mg kg−1 NPC3
for male CCI mice and 5.5–27.6 mg kg−1 NPC3 for female CCI
mice. Since the therapeutic windows of males and females were
studied separately (Figure 2B), the difference in dose between
sexes should not act as a confounding variable in this study since
both doses were within the middle of their respective therapeutic
windows. Comparing NPC3 to our previous study with NP1,[2b]

0.2 mg mouse−1 NPC3 only scavenges ≈5% of the total ROS lev-
els that was scavenged by 0.1 mg mouse−1 NP1, but we observed
a similar reduction in oxidative stress with NPC3 treatment (68%
reduction in males and 58% reduction in females) compared to
NP1 treatment (68% reduction in females). This is likely a re-
sult of the nearly immediate reaction rate of NPC3 with ROS
whereas NP1 does not fully react until hours following exposure
to ROS. Furthermore, the multiple scavenging activities of thiol
groups on NPC3 to bind with ROS, reactive nitrogen species,
lipid radicals, and LPOx, might be more effective in mitigating
the secondary injury cascade compared to ROS-only scavengers

with thioether bonds in NP1. In addition, oxidized thiol groups
on NPC3 may also be reduced by glutathione and glutathione
reductase, and reused, which translates to a higher scavenging
activity of NPC3 in vivo than the theoretical number fromHRPO
assay.[9] Since we administered NPC3 immediately following in-
jury, the reduction in ROS at 4 h post-injury was likely primarily
due to the ROS scavenging of NPC3 since LPOx do not peak until
around 3 d post-injury.[16,25]

To test if NPC3 dosed within its treatment and therapeutic
window to CCI mice can protect CCI-mediated spatial learning
and memory deficits, we performed Barnes maze analysis at 1
month post-injury in the chronic phase of the injury. We per-
form our CCI over the left frontoparietal cortex to limit primary
damage to the right hippocampus that plays an essential role
in spatial learning and memory.[2b,18] Thus, the most significant
deficits in spatial learning and memory would be caused by sec-
ondary spread of injury to the contralateral hippocampus in our
model, resulting in bilateral hippocampal dysfunction. We found
that the untreated male CCI mice learned to escape the maze
slower than the control and NPC3 treated mice (Figure 3A).
Similar to previous studies,[2b,26] untreated male CCI mice
showed a non-spatial search strategy preference in escaping the
maze (Figure 4). However, control and NPC3 treated male mice
utilized more spatial search strategies as indicated by shorter
primary latencies, fewer primary errors, and more returns to
goal during the probe trial as compared to male CCI mice
(Figure 3B–D).[27] On the other hand, in female mice we did
not find spatial learning and memory deficits from severe CCI.
This suggests there is likely important sex-based differences in
the bilateral spread of secondary injury in the hippocampus in
CCI mice, and thus by extension, differences in the therapeutic
efficacy of NPC3 and other antioxidant treatments. These results
find support from our previous findings with NP1 treatment
on a milder CCI mouse model of TBI, in which male, but not
female, CCI mice showed spatial learning and memory deficits
compared to the NP1 treated mice and control mice (supple-
mentary data of ref[2b]). Furthermore, clinically, tirilazad was
found to only provide a significant therapeutic benefit in male
TBI patients with traumatic subarachnoid hemorrhage, but not
in females, which suggests there may be clinical relevance to our
findings.[28]

To compare the bilateral spread of secondary injury biomark-
ers in the hippocampus between male and female mice, we
tracked LPOx levels and mechanisms of cell death through the
sub-acute phase of the injury. 4-HNE and acrolein are two of the
most abundant and reactive LPOx aldehydes, and readily form
covalent bonds with cysteine of proteins.[15] Since we found a re-
duction in ROSwithNPC3 treatment in the acute phase of injury,
we expected to see a reduction in LPOx in the subacute phase of
injury, as found in previous studies.[2b,14a,14c,14e,29] Here, we found
reductions of 4-HNE with NPC3 treatment at 1 d post-injury
in the ipsilateral cortex and hippocampus of male and female
mice (Figure 5A and 6A). However, there were no notable dif-
ferences in LPOx between treatment groups at other time points
(Figures 5–6). Similarly, although we found a trending reduction
of acrolein in the contralateral cortex and hippocampus in male
and female mice, there were no notable differences in LPOx be-
tween treatment groups. This may suggest that LPOx do not play
a predominant role in the spread of secondary injury, or LPOx
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level changes following TBI may be lower than our study was
statistically powered for.
Following a TBI, excess production of ROS increases Ca2+

influx into mitochondria. Ca2+ also activates the calpain and
caspase-3 enzymes that drive necrosis and apoptosis cell death
pathways, respectively, as well as degrade 𝛼-II-spectrin in two dif-
ferent pathways. In the ipsilateral hemisphere, SBDPs peaked
at 1 d post-injury in the NPC3 treated and untreated male and
female CCI mice (Figures 7–8). Most notably, we observed the
bilateral spread of necrotic cell death in the hippocampus late
in the sub-acute phase of the injury (day 7) in male CCI mice
(Figure 8C2). This bilateral spread of necrosis was not observed
in male CCI mice treated with NPC3 suggesting protection from
this secondary injury. Interestingly, we did not observe a bilateral
spread of necrosis in female CCI mice. The minimal changes
in 120 kDa SBDP compared to 150 and 145 kDa SBDPs also
suggested that necrosis dominates the cell death pathways in se-
vere CCI mouse model of TBI.[30] These data combined with our
behavioral findings suggest that this spread of necrotic, but not
apoptosis, cell death bilaterally in the hippocampus contributes
to spatial learning and memory deficits. We did not observe this
bilateral spread of necrosis in female mice, which may stem
from higher glutathione,[19b] glutathione-S-transferase,[19c] and
catalase[19a,19d] activities in the brain of females as compared to
males, which may provide protection from CCI-induced exces-
sive oxidative stress and necrotic cell death. NPC3 treatment in
male mice prevented the bilateral spread of necrosis within the
hippocampus and resulted in reduced spatial learning andmem-
ory deficits similar to that observed in female CCImice (Figure 9).
Of note, NPC3 treated female CCI mice did not perform better
than female CCI mice suggesting NPC3 treatment did not pro-
vide any additional therapeutic benefit above the natively higher
antioxidant expression levels[19] in female brain. This, combined
with our recent work with antioxidant enzyme loaded NPs in
male and female mice,[10] strongly suggest there is a threshold of
total antioxidant activity in the brain following CCI, above which
no additional therapeutic benefit is observed. This underscores
the importance of the need for multiple therapeutic targets to im-
prove therapeutic efficacy following TBI.
A possible limitation of this study is that we did not synchro-

nize andmonitor estrous in femalemice. However, there appears
to be minimal correlation between the estrous cycle and TBI
outcomes,[31] indicating synchronization of estrous may not be
needed. Indeed, our results also showed similar individual vari-
abilities in males and females, especially in the subacute phase
of injury. However, progesterone and estrogen are known to play
roles in neuroprotection and antioxidant activities.[32] All of the
0 mg kg−1 female mice and two of the 5.5 mg kg−1 female mice
came from the same cohort and confinement, and thus there is
a possibility that 5 out of 6 unsynchronized female mice were in
the same stage of the estrous cycle.[33] Therefore, there is a possi-
bility that they were all in the estrus stage at the time of the injury,
when progesterone and estrogen were at their lowest, which may
lead to a higher increase in oxidative stress compared to the un-
treated male mice. It is also a possibility that the sex-based differ-
ences we observed in this study were caused by size differences
between males and females. However, we employed robust anal-
ysis methods, which are not sensitive to size differences, such
as Ktrans, to identify the treatment and therapeutic windows of

male and female CCI mice individually and dosed males and fe-
males accordingly based on these results. Therefore, we strongly
believe that our results are not confounded by size differences be-
tween sexes. Another limitation of this study is the sample size
for the animal experiments, which may not be sufficiently pow-
ered to detect important differences between male and female
mice. Sufficiently powering the time-course studies looking at bi-
lateral necrosis would require a very large number of additional
animals, so it is beyond the scope of this work. However, our data
point to the importance of sex on TBI outcomes with antioxidant
NP treatment and highlight the need for future studies in this
area, especially correlating bilateral spread of injury at the sub-
acute phase of injury with functional outcomes.

4. Conclusion

The secondary spread of elevated free radical levels, LPOx, and
cell death following a TBI has prevented the development of an
effective therapy that has shown efficacy in Phase III clinical tri-
als. Our long-term goal is to utilize NP technologies to help re-
duce secondary injury progression following TBI. To this end, an
ROS and LPOx scavenger NP (NPC3) was developed that con-
tained thiol functional groups that provide rapid sequestration
of both ROS and LPOx. In this study, we established the treat-
ment and therapeutic windows of NPC3 in male and female CCI
mice to establish an optimal dosing scheme to compare treat-
ment efficacies. We foundmaximal accumulation of NPC3 when
injected immediately following injury in bothmales and females,
with a treatment window out to 3 h post-injury andmarked drop-
off 6 h post-injury. We found therapeutic windows for reduction
in oxidative stress of 2.1-20.8 mg kg−1 NPC3 in males and 5.5-
27.6 mg kg−1 in females. NPC3 treatment for CCI mice within
these therapeutic windows resulted in protection of spatial learn-
ing and memory deficits in male mice more than female CCI
mice. We found that NPC3 treatment was required in male mice
to protect from the bilateral spread of necrosis in the hippocam-
pus whereas the untreated female CCI mice did not show this bi-
lateral spread. Therefore, bilateral hippocampal necrosis, which
NPC3 treatment was able to protect from, seems to contribute
to the spatial learning and memory deficits observed following
CCI in mice. Overall, this signifies some sex-based differences
in the spread of secondary injury following TBI, and suggest an
upper threshold of antioxidant activity that provides neuroprotec-
tion beyond which no additional therapeutic benefit is seen since
female mice benefit less from NPC3 treatment than male mice.

5. Experimental Section
Neuroprotective Copolymers (NPC3) Synthesis: 20 wt.% LIPOMA

polymer (NPC3) were synthesized as previously described.[9]

Briefly, poly(ethylene glycol) methyl ether methacrylate monomer
(O950; 4.00 g, 4.21 mmol), lipoic acid methacrylate monomer
(LIPOMA; 1.00 g, 3.10 mmol), 3.59 mL of a 25 mg mL−1 of 4-((((2-
carboxyethyl)thio)carbonothioyl)thio)−4-cyanopentanoic acid (CCC)
stock in dimethylacetamide (DMAc; 90 mg, 0.293 mmol), 410 μL of
a 10 mg mL−1 4,4′ azobis (4-cyanovaleric acid) (ABCVA) in dimethyl
sulfoxide (DMSO) (4.1 mg, 0.015 mmol), DMAc (3.5 g), and 1.15 g of
sodium borohydride (NaBH4; 31 mmol, 10:1 M ratio) were reacted under
argon gas at 70 °C for 24 h. The polymers were dialyzed in Spectrapor
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regenerated cellulose dialysis membrane against ethanol for one day
followed by deionized (DI) water for two days, before they were freeze-
dried. Quality control for NPC3 was a hydrodynamic size of 9 nm and
scavenging ability of around 0.25 μmol ROS and 0.07 μmol LPOx per mg
NPC3.

Gadolinium-conjugated NPC3 (NPC3-Gd) was synthesized by
adding gadolinium-tetraazacyclododecanetetraacetic acid methacrylate
monomer (GdMA; 121 mg, 0.217 mmol) to NPC3 (1 g, 0.058 mmol in
CCC), ABCVA (100 μL of a 16.09 mgmL−1 stock in ethanol), O950 (0.22 g,
0.232 mmol), and DI water (4.15 mL). NPC3-Gd was only utilized for
DCE-MRI and did not have antioxidant capacity since NPC3-Gd was not
reduced with NaBH4.

Controlled Cortical Impact Mouse Model of TBI: All animal proce-
dures were performed in accordance with approval by the University of
Nebraska−Lincoln IACUC (protocol number 2300). The controlled corti-
cal impact (CCI) mouse model of TBI was performed as described previ-
ously with some modifications.[9] Briefly, 8- to 10-week-old male and fe-
male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) were ac-
climated for at least three days prior to the procedures. During the CCI,
mice were fully anesthetized through isoflurane inhalation. A midline inci-
sion was made to expose the skull and a craniectomy performed using a
2.5-mm trephine drill to expose an intact dura. An impact normal to dura
was performed using a 2-mm convex tip over the left frontoparietal cortex
(2 mm anterior and 2 mm left of lambda). The impact parameters were
2.5 mm depth, 4 m s−1 velocity, and 80 ms dwell time. Tissue adhesive
was administered on the scalp to seal the incision following the CCI.

Estrous in female mice was not regulated at the time of injury since
estrous cycle stages at the time of the injury has little effect on neuropro-
tection in female rodents.[31a,31b] The variability of the secondary injury
markers were also similar between male and female mice with both con-
trolled and randomized estrous cycle at the time of injury.[31]

In vivo Dynamic Contrast-Enhanced Magnetic Resonance Imaging
(DCE-MRI)

In vivoNP assessment consisted of dynamic contrast-enhanced (DCE)-
MRI was taken with a 9.4T MRI system (Varian). The MRI system was
equippedwith a 4-cmMillipede RF imaging probewith triple-axis gradients
(100 G cm−1 max). DCE-MRI was performed at 0, 1, 3, 6, and 24 h post-CCI
to compare the NPC3-Gd accumulation in the brain lesion using our previ-
ous methods.[8b,8d,9] Briefly here, mice were anesthetized with isoflurane
and breathing wasmaintained between 50–80 breaths perminute. 10° and
30° variable flip angles were utilized to assess pre- and post-contrast R1
mapping. A bolus administration of 100 μL of NPC3-Gd with 0.1 mM Gd
concentration was injected via tail vein catheter, followed by 100 μL PBS to
flush all remaining NP solution from the catheter. A series of T1-weighted
images was acquired over 45 min following the NPC3-Gd injection using
a gradient echo sequence with a flip angle of 30°, repetition time (TR) of
54 ms, echo time (TE) of 2.73 ms, matrix size of 128 × 128, field of view
(FOV) of 20 × 20 × 1 mm3, and number of excitations (NEX) of 4, across
10 slices. A custom least squares curve fitting routine in MATLAB from
the Gd concentration and R1 maps were utilized to generate Ktrans maps,
a volume transfer constant based on the changes of Gd concentration in
the blood and tissue. Since Ktrans evaluates the rate of accumulation, in-
stead of the total accumulation of NPs, the length of developing Ktrans

was not heavily affect the rate of accumulation of NPs. The arterial input
function from the R1 mapping was utilized to estimate the blood elimina-
tion half-life of NPC3 in vivo (Figure S1, Supporting Information). Arterial
input function was measured from the changes in the concentration of
NPC3-Gd in the blood vessel over time.

The size of each treatment group for in vivo DCE-MRI was 3 mice, ex-
cept for 0- and 1-h female mice which were 6 mice each because of poten-
tial outliers at these two time points requiring new data to be generated
with 3 new mice at these two time points to determine outlier status. One
data point was excluded from both groups since they were counted as out-
liers according to Grubbs’ test (Figure S2, Supporting Information). The
outliers may come from estrus stage at the time of the injury, when pro-
gesterone and estrogen were at their lowest, which may lead to a higher
increase in BBB leakiness compared to the female mice at other phases of
estrous cycle.

Dihydroethidium Histological Analysis: The NPC3 group was intra-
venously administered with a bolus injection of NPC3 in Dulbecco’s phos-
phate buffered saline (DPBS; Thermo Fisher Scientific, Waltham, MA) im-
mediately following CCI at the concentration of 0, 0.42, 2.08, 4.17, 20.83,
and 41.67 mg kg−1 for male mice with the average weight of 24 g and 0,
0.55, 2.76, 5.52, 27.62, and 55.25mg kg−1 for femalemice with the average
weight of 18.1 g. The MnTMPyP group treated with an intraperitoneal bo-
lus injection of Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP;
475 872, Sigma-Aldrich, St. Louis, MO) in DPBS (500 μL of 1 mg mL−1)
immediately after the CCI. The size of each treatment group was three for
female mice and five for male mice. A dihydroethidium (DHE; Thermo
Fisher Scientific) assay was performed as previously described with
modifications.[2b,9,10,34] Briefly, a bolus IP administration of DHE (500 μL
of 1.25 mg mL−1) was injected into each mouse at 3 h post-CCI. Mice
were transcardially perfused at 1 h after DHE injection with ice-cold 4%
paraformaldehyde (PFA) in phosphate buffer. Brain tissue was collected,
fixed in 4% PFA for 24 h at 4 °C, and cryoprotected in 30% sucrose at
4 °C. The brains were then embedded in 2.6% carboxymethylcellulose,
frozen, sliced coronally at a 15 μm thickness using a cryotome (Leica
Biosystems CM1950, Wetzlar, Germany), placed on poly-L-lysine coated
microscope slides (6 776 215, Epredia, Kalamazoo, MI), dried overnight
at RT, and stored at −80 °C until use. Sections were washed with DPBS 3
times for 5 min each, followed by water, before mounting with ProLong™

Gold Antifade Mountant (P4981001, Thermo Fisher Scientific). Images
were acquired with a confocal microscope (Zeiss LSM800, Oberkochen,
Germany) at an excitation wavelength of 488 nm, emission wavelength of
560–635 nm, and 5x objective lensmagnification. ImageJ software was uti-
lized to quantify the fluorescence intensity on the perilesional and the con-
tralateral hemisphere. The perilesional region of interest (ROI) was drawn
along the higher than baseline DHE intensity, while the contralateral ROI
was drawn as the reflection of perilesional ROI along the midline. Since
the semi-quantification of DHE was based on the mean intensity than the
integral intensity, it was not expected the lesion area to impact the semi-
quantification of the DHE. The representative figures of DHE, but not data
quantification, were thresholded between 5 to 80 using ZEN (Zeiss). The
size of each treatment group for the DHE assay was 5 mice for males and
3 mice for females. Since n = 3 gave enough statistical power for males
and females, and 8.3 mg kg−1 NPC3 was administered for males and
11mg kg−1 for females forWestern blot and Barnesmaze study, which was
in the middle of the 4–20 mg kg−1 range for males and 5.5–27.6 mg kg−1

for females, the n-value of females to 5 was not increased.
Barnes Maze: As above, bolus administration of NPC3 was injected

through the tail vein immediately after the CCI for the NPC3 treated group
at 8.3mg kg−1 formalemice and 11mg kg−1 for femalemice, while the CCI
group did not receive any treatment after the CCI and the control group
was healthy uninjured mice without treatment. The size of the treatment
group was 10 control male mice, 12 untreated male CCI mice, 14 NPC3
treated male CCI mice, 9 control female mice, 10 untreated female CCI
mice, and 10 NPC3 treated female CCI mice. For day 1 through 6, since
there were 3 trials per day for each mouse, there were 3 times n of mice
data points compared to 1 times n of mice data points for probe trial day.
The maze is a 93 cm diameter platform (Noldus Information Technology,
Leesburg, VA) with 20 evenly-spaced holes. At 3-weeks post-injury, the
Barnes Maze was begun using the following shortened protocol. Briefly,
day 0 was an acclimation day where each mouse was given 1 min to ex-
plore the maze with two 50 W lightbulbs focused on the maze and the
spatial cues visible. Then, the mouse was led to the escape box using a
clear, 2 L beaker and allowed to stay in the escape box for 2 min. Day 1
through 6 were comprised of 3 trials per day lasting for 3 min each trial
with both lights on and spatial cues visible. At the end of each trial, the
mice stayed in the escape box for 30 s. If the mice did not escape, they
were led to the escape box and stayed for 30 s. On day 7, the mice were
subject to a short-term trial lasting for 90 seconds with the escape box
removed. Recorded videos were processed using EthoVision XT (Noldus
Information Technology, Leesburg, VA).

Western Blot: The NPC3 group was treated with a bolus admin-
istration of NPC3 in DPBS (IV) immediately following the CCI, while
the CCI group did not receive any treatment following the CCI. The
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control group was healthy uninjured mice without any treatment. Mice
were dosed within their therapeutic windows with NPC3 through tail vein
injection at 8.3 mg kg−1 for male mice and 11 mg kg−1 for female mice,
with n = 3 for each treatment group. Western blot assay was performed
as previously described with modifications.[35] Mice were transcardially
perfused 1, 3, and 7 days post-CCI with ice-cold DPBS, brains were ex-
tracted, left and right cortex and hippocampus were separated and flash-
frozen in liquid nitrogen and stored at −80 °C until use. Brain tissues
were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer con-
taining 1 mM phenylmethylsulfonyl fluoride. Protein concentration was
measured with bicinchoninic acid assay. For spectrin breakdown products
(SBDPs), 5 μg of extract protein was resolved by 5–12% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto poly(vinylidene fluoride) (PVDF) membranes (Bio-Rad). Membranes
were blocked with 3% BLOT-QuickBlocker™ (G-Biosciences, St. Louis,
MO) in tris-buffered saline (TBS) for 1 h at RT and incubated overnight at
4 °C with a 1:1000 dilution of mouse anti-spectrin alpha chain (MAB1622,
Sigma) and 1:1000 dilution ofmouse anti-𝛽-actin (A5441, Sigma) antibody
in TBS containing 3% BLOT-QuickBlocker™ and 0.1% tween 20 (TTBS).
Membranes were washed and incubated for 1 h at room temperature with
1:5000 dilution of HRP-conjugated goat anti-mouse secondary antibody
(Bio-Rad) in TTBS containing 3% BLOT-QuickBlocker™. Membranes were
then washed, visualized with chemiluminescence (Clarity Western ECL
Substrate, Bio-Rad), and quantified with Image Lab (Bio-Rad). For lipid
peroxidation products (LPOx), 30 μg of extract protein was resolved with
10% SDS-PAGE, and incubated with 1:1000 dilution of rabbit anti-4-HNE
(ab46545, Abcam, Cambridge, UK), 1:1000 dilution of mouse anti-acrolein
(ab240918, Abcam), 1:5000 dilution of mouse anti-𝛽-actin, and 1:3000 di-
lution of goat anti-rabbit or anti-mouse secondary antibody in TTBS con-
taining 3% BSA. 1% sodium azide was added into the blocking buffer in
between different markers to deactivate the HRP, and the membrane was
incubated in 1:500 dilution of goat anti-mouse IgG (ab6708, Abcam) to
block the innate mouse IgG before acrolein staining. ROI was drawn on
the whole lane for 4-HNE, and around 25 and 50 kDa for acrolein. The
representative figures of Western blot, but not data quantification, were
thresholded with Image Lab to increase contrast.

Statistical Analysis: All the data were displayed asmean± standard de-
viation. A p < 0.05 was considered statistically significant. The Ktrans and
DHE quantifications were analyzed with one-way ANOVA and Dunnett’s
post hoc test against 0 h ipsilateral for Ktrans, and untreated CCI mice for
DHE. One-way ANOVA and Tukey’s post hoc test was utilized for West-
ern blot protein quantification because each data point was taken from
different mice and the standard deviation between each time point was
different depending on the fold change to the control group. The latencies
in the Barnes maze were analyzed with Kaplan-Meier survival analysis and
Mantel-Cox log-rank test. One-way ANOVA was utilized for intraday analy-
sis of the Barnes maze. The similarity in slope and trend of changes in ox-
idative stress was analyzed using simple linear regression analysis. All sta-
tistical analysis was performed with GraphPad Prism 9 software (Graph-
Pad Software, CA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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