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Abstract

Oxidative stress aggravates brain injury following ischemia/reperfusion (I/R). We previously showed that ubiquilin-1 (Ubgnl), a
ubiquitin-like protein, improves proteostasis and protects brains against oxidative stress and I/R-induced brain injury. Here, we
demonstrate that a small molecule compound, L-2-oxothiazolidine-4-carboxylic acid (OTC) that functions as a precursor of cysteine,
upregulated Ubqglnl and protected cells against oxygen-glucose deprivation—induced cell death in neuronal cultures. Further, the
administration of OTC either at 1 h prior to ischemia or 3 h after the reperfusion significantly reduced brain infarct injury and improved
behavioral outcomes in a stroke model. Administration of OTC also increased glutathione (GSH) level and decreased superoxide
production, oxidized protein, and neuroinflammation levels in the penumbral cortex after I/R in the stroke mice. Furthermore, /R
reduced both Ubgln1 and the glutathione S-transferase protein levels, whereas OTC treatment restored both protein levels, which was
associated with reduced ubiquitin-conjugated protein level. Interestingly, in the Ubgln1 knockout (KO) mice, OTC treatment showed
reduced neuroprotection and increased ubiquitin-conjugated protein level when compared to the similarly treated non-KO mice
following I/R, suggesting that OTC-medicated neuroprotection is, at least partially, Ubqlnl-dependent. Thus, OTC is a potential
therapeutic agent for stroke and possibly for other neurological disorders and its neuroprotection involves enhanced proteostasis.
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Introduction

Stroke is a major cause of cerebrovascular disease worldwide,
and is associated with a high morbidity and mortality among
patients [1]. Ischemic stroke is caused by cerebral thrombosis
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or embolism in a blood vessel [2], resulting in neuronal cell
death and behavioral impairments. To date, tissue-type plas-
minogen activator (tPA) that breaks down the blood clots and
thereby restores the blood flow is still the only Food and Drug
Administration-approved treatment for the disorder. However,
the utilization of tPA in ischemic stroke has narrow therapeu-
tic time window [3—5]. Once stroke occurs, there is no other
effective therapy available to attenuate brain tissue damage.
As oxidative stress is a key mediator of cerebral ischemia/
reperfusion (I/R)-caused injury, antioxidant therapy has long
been considered as a means to reduce ischemic stroke—caused
brain injury [6]. Despite numerous strategies and attempts to
reduce oxidative stress, the clinical outcomes have failed to
translate those successes from bench to bedside. Thus, there is
an urgent need to identify new therapeutic alternatives.
Glutathione (GSH), also known as the thiol tripeptide y-L-
glutamyl-L-cysteinyl-glycine, is the most important antioxidant
synthesized in cells. It serves as a major mechanism for intra-
cellular antioxidant defense against oxidative damage and
maintaining redox homeostasis [7]. When GSH detoxifies free
reactive oxygen species (ROS), GSH itself is converted to
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glutathione disulfide (GSSG) (oxidized GSH) [8]. The deple-
tion of GSH impairs mitochondrial ATP production and in-
duces cell death signaling pathways [9]. Many studies have
shown that glutathione antioxidant system plays an important
role in cerebral ischemia [10]. GSH levels are decreased in
diseases with oxidative stress, including stroke [11], and a
low level of GSH in the brain can increase the risk for stroke
[12, 13]. Conversely, restoring GSH levels is associated with
reduced neuronal cell death and enhanced animal functional
recovery following stroke [14]. Therefore, stabilizing intracel-
lular GSH level is important for neuronal survival and function-
al recovery following ischemic stroke. However, GSH does not
pass the brain-blood barrier easily [15]. To boost GSH level for
neuroprotection, an alternative strategy should be employed.

Ubiquilin-1 (Ubqlnl) is a ubiquitin-like protein that func-
tions as a ubiquitin receptor that interacts with
polyubiquitinated (polyUb) proteins and delivers them to the
proteasome for degradation [16], thereby facilitating
misfolded protein degradation [17]. In addition to its involve-
ment in the proteasome degradation pathway, Ubqln1 is also
reported to function as a molecular chaperone for specific
proteins [18, 19] and involved in the autophagy-mediated pro-
tein degradation pathway [20, 21]. Our data have suggested
that overexpression (OE) of Ubqlnl protects mouse brains
against oxidative stress and I/R-caused injury, whereas knock-
out of Ubqlnl exacerbates the injury [22], indicating that
Ubqlnl1 is a therapeutic target. Accordingly, induction of
Ubginl OE by small molecule compounds may be beneficial
to the brains following I/R. To date, however, GM1 ganglio-
side that is neuroprotective in acute ischemic stroke [23] re-
mains to be the only compound identified to upregulate
Ubqln1 [24].

Here, we report identification of L-2-oxothiazolidine-4-
carboxylic acid (OTC), a synthetic cysteine precursor, as both
GSH booster and UbgInl inducer. We determined whether
OTC protects neuroprotection in both in vitro and in vivo
models of ischemic stroke. We also investigated whether
OTC upregulates Ubglnl and antioxidant enzyme glutathione
S-transferase (GST) [25] in a mouse stroke model and whether
OTC-mediated neuroprotection is through upregulation of
Ubgqlnl and improved proteostasis. Our data strongly support
that OTC is an appealing therapeutic agent in ischemic stroke
or possibly other neurological disorders.

Materials and Methods

Cell Cultures, OTC, and Oxygen-Glucose Deprivation
Treatments

Wild-type mouse striatal neural cell line (Coriell Institute for

Medical Research, Camden, NJ) that was previously utilized
in our experiments [26] was cultured in 12-well plates in the
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complete medium containing the Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum and
penicillin/streptomycin (Life Technologies). After 24 h, the
cells were treated with different concentrations (0, 5, 10, 20,
50, or 100 uM) of OTC to examine the effect of OTC on
Ubqlnl expression. Alternatively, the cells were used for
assessing the effect of OTC on oxygen-glucose deprivation
(OGD)-caused neuronal death by replacing the complete me-
dium with a glucose-free Hank’s Balanced Salt Solution
(HBSS) containing either 0, 5, 10, 20, 50, or 100 uM OTC.
The cells were incubated in an oxygen-free chamber filled
with 95% N, and 5% CO, at 37 °C for 14 h prior to ATP assay.

Primary cortical neurons were prepared from postnatal day
0 of wild-type C57BL/6J mice and the procedures were ap-
proved by the Institutional Animal Care and Use Committee
of'the University of South Dakota. Briefly, cerebral cortex was
collected and digested with 0.05% trypsin/EDTA at 37 °C for
15 min. After centrifugation at 1000xg for 3 min at room
temperature, the supernatant was discarded. The tissue pellets
were pipetted up and down several times in the primary neu-
ronal culture medium (Neurobasal medium supplemented
with 2% B27 supplement, 2 mM L-glutamine and penicillin/
streptomycin) and filtered through a 70-pum nylon cell strainer.
The cells were cultured in poly-ornithine-coated 12-well
plates in the primary neuronal culture medium at 37 °C in a
5% CO, incubator for 7 days before being used to determine
the effect of OTC on Ubgqlnl expression or on OGD-caused
neuronal death, which was similar to the experiments with
striatal neural cells described above.

RT-PCR

Following 20 uM OTC or vehicle treatment of striatal cells for
16 h, mRNA isolation was performed by using the TRI
Reagent (Molecular Research Center, Cincinnati, OH,
USA). Briefly, 1 ml TRI Reagent was added into 10 cm? of
culture dish. The lysate was incubated with 0.2 ml chloroform
for 15 min and then centrifuged at 12,000xg for 15 min at
4 °C. The aqueous was collected and isopropanol was used to
precipitate RNA. The RNA was washed with 75% ethanol
before RNA concentration was determined. Reverse transcrip-
tion to cDNA was performed with the RevertAid First Strand
c¢DNA Synthesis Kit (Thermo Fisher Scientific). All PCR re-
actions were conducted with a 2720 Thermo Cycle (Applied
Biosystems, Thermo Fisher Scientific). The primer set used to
assess Ubqlnl expression was as follows. Ubqlnl forward
primer: 5" CGTCCTTAGTGAGCAGTT 3’; Ubqinl reverse
primer: 5" CTGCATTTGTTGGAGGAAAG 3'. RT-PCR of
18S ribosome (18S-RIB) RNA was used as a loading control
using the following primers. 18S-RIB forward primer: 5'-
CTCAACACGGGAAACCTCAC-3'; 18S-RIB reverse prim-
er: 5-TGCCAGAGTCTC GTTCGTTAT-3'. The band
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intensities of the RT-PCR products were analyzed by using
Image] software (NIH).

ATP Measurement

ATP measurement was performed to evaluate cell viability
using an ATP Bioluminescence Assay Kit CLS II (Sigma) as
previously described [22].

Animals

Adult C57BL/6J male mice (8—12 weeks of age; mean body
weight, 25 g) were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). Ubqlnl knockout (KO) mice and floxed
mice (f/f) were generated in our lab and have been previously
described [22]. Mice were housed in a 12-hour (h) light/dark
cycle with access to food and water ad libitum throughout the
experimental period. Sample size calculations and power anal-
ysis were performed using the statistical software Stata
(StataCorp LP, College Station, TX, USA). Animals were
randomly separated into the vehicle group, OTC treatment
group, or sham group using an online tool (http://www.
graphpad.com/quickcalcs/). All experimental procedures
were approved by the Institutional Animal Care and Use
Committee of the University of South Dakota and were in
accordance with the National Institute of Health (NIH)
Guide for the Care and Use of Laboratory Animals.

Transient Middle Cerebral Artery Occlusion

The mice (2-3 months of age; mean body weight, about 25 g)
were anesthetized with isoflurane anesthesia machine (E-Z
Anesthesia) and subjected either to middle cerebral artery oc-
clusion (MCAO) or sham operation. Transient focal cerebral
ischemia was induced by transiently occluding the MCA
using a modified intraluminal filament technique as previous-
ly reported [27, 28]. In brief, male mice were anesthetized
with 2% isoflurane and temperature was maintained at 37.0
+0.3 °C. After 1 h of MCAO, the occluding filament was
withdrawn to allow blood reperfusion. Mice neurological
score was evaluated using a 5-point scale as previously de-
scribed [27]. Only the animals with scores between 2 and 3
were included in the experiments.

Administration of OTC

Drug treatment experiments were carried out in a blinded
manner such that the experimenters did not know the identity
of each agent. Different dosages of OTC (50, 100, or
150 mg/kg) were administered 1 h prior to or after MCAO
via intravenous (i.v.) tail vein injection. Alternatively, OTC
(100 mg/kg) was also administered at 3 h or 6 h after

MCAQO, in order to gain insight into the appropriate therapeu-
tic window. Saline injections served as control.

2,3,5-Triphenyltetrazolium Chloride Staining

At 48 h following I/R, mice brains were rapidly removed and
stored at —20 °C for 15 min to slightly harden the tissue. The
brains were sliced into 2-mm-thick coronal sections and then
incubated with 2% 2,3,5-triphenyltetrazolium chloride (TTC,
Sigma) to evaluate the infarct volume, as described previously
[22]. The infarct volume was manually analyzed using the
Image] software (National Institute of Health).

Neurobehavior Assessment

Behavioral tests were performed to assess whether OTC pro-
motes functional recovery after stroke. Mice were examined at
1, 3,5, and 7 days following MCAO and received daily OTC
injection (100 mg/kg). The modified neurological severity
score (mNSS) was graded on a scale of 0 to 18 (0, normal
neurological behavior score; 18, maximal neurological deficit;
13-18, severe injury; 7—12, moderate injury; 1-6 mild injury)
[29].

Measurement of Reduced Glutathione and Oxidized
Glutathione

Determination of reduced glutathione (GSH) and oxidized
glutathione (GSSG) levels were performed by a described
method [30] with modification. Briefly, after 24 h following
MCAO, the animals were sacrificed and brain tissues from the
penumbral cortex were harvested. The tissues were homoge-
nized in 1 mL buffer containing 0.1 M sodium phosphate,
5 mM EDTA (pH 8.0), and 1% HPO;. The homogenates were
centrifuged at 10,000xg at 4 °C for 30 min to obtain superna-
tant. For the GSH assay, a total of 20 pg protein for each
sample was incubated in a reaction buffer containing 0.1 M
sodium phosphate buffer (pH 8.0), 5 mM EDTA, and 1 mg/ml
O-phthalaldehyde for 15 min at room temperature, before
fluorescence intensity was measured (excitation/emission,
350 nm/420 nm). For the GSSG assay, samples were incubat-
ed first with 0.04 M N-ethylmaleimide (NEM) for 30 min to
interact with GSH present in samples. Then, a total 20 pug of
the protein sample was incubated with 0.1 N NaOH, 5 mM
EDTA, and 1 mg/ml O-phthalaldehyde for 15 min at room
temperature. Fluorescence was measured using the same con-
ditions as described above.

Superoxide Detection
After 24 h following MCAO, the animals were anesthetized

and brains were quickly removed after perfusion with saline
and fixed with 4% paraformaldehyde followed by dehydration
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with 10%, 20%, and 30% gradient sucrose solution. Coronal
sections at the caudate level were cut into 10 um thickness on
a cryostat (Leica) at —20 °C. Tissue slides were incubated
with 5 uM dihydroethidium (DHE) for 30 min at 37 °C, and
then washed with PBS. DHE was imaged via a fluorescence
microscopy (Carl Zeiss). The intensity of DHE fluorescence
in brain tissue was analyzed by Image-Pro Plus 6.0 (Media
Cybernetics, Inc. Rockville, MD).

Western Blot Analysis

The brain samples (penumbral cortex) were collected at 24 h
post-stroke and were used for Western blot analysis according
to previously described method [22]. Primary antibodies used
in the studies include anti-Ubglnl (mouse) antibody (1:1000,
Abcam), anti-Ubqlnl (human) antibody (1:1000, Life
Technologies), anti-GST antibody (1:1000, Cell Signaling),
anti-polyUb antibody (1:1000, Cell Signaling), anti-K48-
linked polyUb antibody (1:1000, Cell Signaling), and anti-
actin (1:1000, Santa Cruz Biotechnology). Detection was per-
formed using appropriate secondary antibodies conjugated
with the infrared dyes (1:5000, LI-COR Inc., Lincoln, NE,
USA). Protein band intensities were measured using an
Odyssey scanner (LI-COR) and quantified using UN-
SCAN-IT gel 6.1 software (Silk Scientific Inc., Orem, Utah,
USA).

Detection of Oxidative Protein Damage

To detect changes in oxidative modification of proteins, the
penumbral cortex was homogenized in ice-cold extraction
buffer containing protease and phosphatase inhibitors.
Protein carbonyl groups were measured using the oxidized
protein Western blot detection kit according to the manufac-
turer’s instructions (Abcam) [31].

Experimental Design and Statistical Analysis

The number of animals and cell cultures for each experiment
is specified in the figure legends and was justified using power
analysis. Only male mice were used for Figs. 3,4, 5, and 6 and
equal proportions of male and female pups were used for the
experiments included in Figs. 1 and 2. GraphPad Prism
Statistical Software version 7.0 (La Jolla, CA, USA) was used
for statistical analysis and graphical display. All numerical
data were presented as mean + SD or SEM. Significant differ-
ences between two groups were analyzed using Student’s # test
and those more than two groups were analyzed using one-way
or two-way ANOVA followed by Tukey’s post hoc or Sidak
multiple comparison analysis. p <0.05 was considered statis-
tically significant.
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Fig. 1 OTC upregulates Ubgln1 expression in neuronal cultures. a Dose-
dependent effect of OTC on Ubqlnl expression in striatal neural cell
culture. The cell was treated with the indicated concentrations of OTC
for 16 h before collected for Western blot analysis of UbqInl protein
levels. Actin was used as a loading control. b OTC upregulates Ubqln1
expression in primary mouse cortical neuronal cultures. The neurons were
treated with 25 uM OTC for 16 h before collected for Western blot
analysis of UbqInl protein levels. ¢ OTC upregulates Ubqlnl mRNA.
A semi-quantitation of RT-PCR was utilized to measure Ubglnl mRNA
level from striatal neural cells treated with vehicle or 20 pM of OTC for
16 h. d Quantitation of (c). Data are shown as mean + SD; N =3, ***
»<0.001 (two-tailed paired Student’s # test).

Results
OTC Upregulates Ubqin1
Our previous data have indicated that OE of Ubgln1 protects

mouse brains against oxidative stress and ischemia/
reperfusion (I/R)-caused injury, whereas knockout of Ubqlnl
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exacerbates the injury [22]. Therefore, UbqIn1 is a therapeutic
target and induction of Ubqlnl OE by small molecule com-
pounds may be beneficial to the brains following I/R. To test
this possibility, we performed a cell-based luciferase reporter
assay to screen small molecule drug library of the NIH
Clinical Collection (http://www.nihclinicalcollection.com)
Set 1 containing a total of 446 compounds in order to
upregulate Ubglnl (data not shown). Among several final
hits, one was a cysteine precursor, the OTC. To verify this,
we treated the striatal cell culture with an increasing
concentration of OTC, and after 16 h, Ubqln1 protein levels
were assessed by Western blot analysis. As shown in Fig. 1 a,

<« Fig.2 OTC protects neuronal cultures against OGD-caused cell injury. a

OTC increases striatal cell viability following OGD treatment. The striatal
cells were incubated with a buffer free of glucose containing the indicated
concentrations of OTC in a chamber free of oxygen. After 14 h, the cells
were collected for measuring ATP levels. Data are shown as mean + SD.
N=3; #p<0.01, Fs, 12)=66.67, one-way ANOVA with Tukey’s
multiple-comparison test: p ¢ v vs 5 w1 =0.003, p o v vs 10 M=

0.0007, p ¢ v vs 20 uv < 0.0001. b OTC decreases OGD-induced LDH
release. Striatal cells were treated with OGD in the presence of 20 M of
OTC or vehicle, and after 14 h, LDH release assay was performed. Data
are shown as mean = SD, N=3; **p < 0.01 (two-tailed paired Student’s ¢
test). ¢ Diagram of the experimental design for co-treatment of OGD with
OTC as shown in (d). Primary mouse cortical neurons were treated with
OGD along with 20 uM OTC, and after 4 h, the cells were cultured in the
normal condition and continued to receive 20 uM OTC treatment until
24 h before ATP was measured. d Co-treatment of OGD with OTC
increases neuronal viability in primary mouse cortical neuronal culture.
Data are shown as mean + SD, N=3; p =0.0413, t4,=2.966, two-tailed
unpaired Student’s ¢ test

OTC exhibited a dose-dependent effect on inducing
Ubqinl expression. This result was further confirmed
in the primary mouse cortical neuronal culture (Fig.
1b), which was approximately composed of 68% neu-
rons and 32% non-neurons (*p <0.05, Student’s ¢ test,
Supplemental Figs. S-1A and S-1B). The upregulation of
Ubqlnl was likely due to increased transcription of
Ubqlnl gene, since our semi-quantitative RT-PCR re-
sults showed a remarked elevation of Ubqlnl mRNA
level (Fig. 1c and d). Further, we performed an affinity
purification assay by covalently conjugating OTC to the
agarose beads. After incubation of immobilized OTC
with mouse brain tissue lysates, the eluted proteins were
subjected to mass spectrometry analysis. As shown in
Supplemental Table-1, we identified numerous transcrip-
tional factors. These data indicate that OTC upregulates
Ubqlnl possibly through enhancing Ubqlnl
transcription.

OTC Increases Cell Viability Following OGD Treatment
in Cell Cultures

Since our previous results have suggested that upregula-
tion of Ubqlnl mediates neuroprotection, we therefore
determined whether OTC treatment influences OGD-
induced cell viability by culturing the striatal cells with
different concentrations of OTC under an OGD condi-
tion. After 14 h following OGD, OTC enhanced cell
viability (Fig. 2a) and reduced OGD-caused neuronal in-
jury, as reflected by decreased LDH release (Fig. 2b).
This was also confirmed in the primary mouse cortical
neuronal culture (Fig. 2¢ and d), in which mouse cortical
neurons were co-treated with both OGD and OTC (Fig.
1c). Furthermore, co-treatment of the neurons with both
OGD and OTC also increased Ubqlnl level compared to
the control treatment (Supplemental Fig. S-2).
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Fig. 3 OTC reduces infarct volume and promotes functional recovery
after MCAO. a Diagram of the experimental design. OTC (50,100, or
150 mg/kg) was administered via the tail vein injection at 1 h after
reperfusion. Animals were sacrificed at 48 h after ischemia and the
brains were then isolated for TTC staining. b TTC staining of mouse
brains after MCAO. ¢ Quantitative analysis of TTC staining of mouse
brains. Data are shown as mean + SD. N =9 mice for each OTC-treated
group; N =11 for the vehicle-treated group. p=0.0090, F5, 34y=4.517,
one-way ANOVA with Tukey’s multiple-comparison test: p venicle vs OTC
(100mg/kg) = 0.0043, P \ihicte vs OTC (150mg/kg) = 0-0304. d Diagram of the
experimental design. OTC (100 mg/kg) was administered via the tail vein
injection at 1 h, 3 h, or 6 h after ischemia. Animals were sacrificed at 48 h

Conversely, primary cortical neuronal cultures derived
from the Ubqlnl KO mice showed decreased viability
following OGD, as reflected by a reduced ATP level
compared to the wild-type control neurons (**p<0.01,
Student’s ¢ test, Supplementary Fig. S-3). Thus, our
in vitro experimental results suggest that OTC increases
cell viability following OGD treatment in neuronal
cultures.
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and brains were then isolated for TTC staining. e Representative images
of TTC-stained mouse brains post-treated with 100 mg/kg OTC or vehi-
cle at different time points respectively. f Quantitative analysis of infarct
volume of the mice brain (N=9 mice per condition, except for mice
treated with vehicle for which N=11 and those treated with OTC N=
8). p=0.0017, F3, 33y=6.314, one-way ANOVA with Tukey’s multiple-
comparison test: P Vehicle vs 1 h injection = 00065a P Vehicle vs 3 h injection) =
0.0052. g Behavior test of mice after MCAQO. OTC-treated mice show
better neurobehavioral performance than the vehicle-treated mice. Data
are shown as mean + SEM, N =7 for each group; p =0.0536, Fi4, 60)=
2.477, two-way ANOVA with Sidak’s multiple-comparison test. For day
33 P Vehicle vs OTC = 000947 day 5’ P Vehicle vs OTC = 0.0027. **p <0.01

Pre- or Post-MCAO Treatment of OTC Reduces
Neuronal Death in Stroke Mice

We then examined whether pre-stroke treatment of OTC in a
stroke mouse model alleviates brain injury. Accordingly, mice
were intravenously (i.v.) injected with 50 mg/kg OTC 1 h
prior to the MCAO procedure, and 24 h following I/R, the
mice were euthanized to assess brain infarct volume. The
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Fig. 4 OTC treatment decreased the production of superoxide
fluorescence and enhanced GSH antioxidant system in the penumbral
cortex after I/R. a GSH levels were significantly decreased in the
penumbral cortex 24 h after ischemic stroke. OTC treatment restored
depleted GSH levels. Data are expressed as percentage of control
(sham); N'=6 per group. p=0.0008, F5, 5,=11.83, one-way ANOVA
with Tukey’s multiple-comparison test: p vcao vs Mcao + otc = 0.0208, p
MCAO vs sham = 0.0006. Bar heights represent mean. Error bars indicate
SD. b Elevated GSSG levels were antagonized by OTC treatment. Data
are expressed as percentage of control (sham). N=6, p=0.0003, F,,
15)=14.47, one-way ANOVA with Tukey’s multiple-comparison test: p
MCAO vs MCAO + otc = 0.0215, p MCAO vs sham =0.0002. Bar heights
represent mean. Error bars indicate SD. ¢ The GSH/GSSG ratio was

reason to sacrifice mice at 24 h is due to that infarct area
reaches the peak at this time point, which remains stable until
day 7 following the ischemia procedure [32]. In accordance
with the in vitro results, pre-treatment of OTC significantly
attenuated I/R-caused brain injury as shown by reduced infarct
volume compared to the vehicle treatment (data not shown).
To further verify whether post-ischemic treatment of OTC is
also neuroprotective following MCAO, animals were treated
(i.v.) with different doses of OTC at 1 h after ischemia
(Fig. 3a). When the mice were treated with OTC at a dose of
100 mg/kg or 150 mg/kg, there was a significant reduction of
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1

significantly reduced following MCAO, whereas OTC administration
ameliorated the reduction. Data are expressed as percentage of control
(sham). N=6, p<0.0001, F, ;5y=31.62, one-way ANOVA with
Tukey’s multiple-comparison test: p pcao vs mcao + orc = 0.0031, p
MCAO vs sham < 0.0001, P MCAO + OTC vs Sham = 0.0035. Bar heights repre-
sent mean. Error bars indicate SD. d Fluorescence micrographs of the
brain slice in sham, vehicle, and OTC groups. Scale bar, 20 pm. e Semi-
quantitation of DHE fluorescence intensity. Data are expressed as relative
fluorescence intensity to sham mice. N=3, p=0.0001, F» ¢ =53.96,
one-way ANOVA with Tukey’s multiple-comparison test: p vicao vs

Mcao + orc = 0.0010, p Mcao0 vs sham = 0.0001, p Mca0 + OTC vs Sham =
0.0455. Bar heights represent mean. Error bars indicate SD

infarct volume when compared to the vehicle-treated mice
(*p <0.05, Fig. 3b and ¢, one-way ANOVA with Tukey’s
multiple-comparison test). Furthermore, mice were also treat-
ed with OTC (100 mg/kg) at 1, 3, or 6 h after ischemia to
determine an optimal time window (Fig. 3d). Administration
of OTC (100 mg/kg) at 3 h following ischemia is still suffi-
cient to suppress I/R-induced brain injury (*p <0.05, Fig. 3e
and f, one-way ANOVA with Tukey’s multiple-comparison
test), but this effect was lost at 6 h after ischemia (p > 0.05,
Fig. 3e and f, one-way ANOVA with Tukey’s multiple-
comparison test). Therefore, treatment of stroke mice with
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OTC (100 mg/kg) i.v. at 3 h after ischemia was utilized in all
of the following in vivo experiments.

To determine whether OTC treatment improves animal
functional recovery, mice were assessed by a modified
neurological score system following the MCAO procedure
[29, 33]. As shown in Fig. 3 g, mice treated with OTC
showed more rapidly functional recovery than those

@ Springer

treated with vehicle: OTC significantly enhanced function-
al recovery after 3 days, which persisted until day 7, sug-
gesting that post-treatment of OTC improves animal func-
tional recovery following ischemic stroke. These results
indicate that OTC ameliorates I/R-induced neuronal injury
and promotes functional recovery in mice when adminis-
tered within an appropriate window of time.
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«Fig. 5 OTC treatment increases the expression of Ubqlnl and decreases
the oxidized and polyUb protein level in the brain after MCAO. a
Western blot analysis showed that OTC increased the expression levels
of Ubqlnl and GST in the brain of mice after MCAO. b and ¢
Quantitative analysis of Ubqlnl (b) and GST (c¢) level shown in (a).
Data are expressed as fold change relative to sham mice after
normalization to 3-actin. b Ubglnl/actin: p =0.0034, F, ¢ =17.01,
one-way ANOVA with Tukey’s multiple-comparison test: p spam vs
MCAO =00037, P MCAO vs MCAO + OTC =0.0102. ¢ GST/actin: P =
0.0127, F(2, ¢ =9.85, one-way ANOVA with Tukey’s multiple-

comparison test: p sham vs Mcao =0.012, p ycao vs Mcao + orc) =
0.0125. Bar heights represent mean. Error bars indicate SD. d OTC de-
creased the oxidized protein generation in the brain of mice. Protein
carbonyl contents, as reflected by the DNP (dinitrophenyl) level, are
shown by western blotting. e Quantification of carbonyl contents. Data
are expressed as fold change relative to sham mice after normalization to
actin. p =0.0081, F5 6, =11.91, one-way ANOVA with Tukey’s
multiple-comparison test: P Sham vs MCAO = 0.0092, P MCAO vs MCAO +
otc =0.0213. Bar heights represent mean. Error bars indicate SD. f
Western blot results showed that OTC reduces the polyUb protein accu-
mulation in the brains of mice. g Quantification of polyUb protein levels.
Data are expressed as fold change relative to sham mice after normaliza-
tion to actin. p =0.0002, F(5 ¢, =44.69, one-way ANOVA with Tukey’s
multiple-comparison test. p spam vs Mcao = 0.0002, p vMcao vs MCAO +
orc =0.0085. Bar heights represent mean. Error bars indicate SD. h
Western blot results showing that OTC reduces the K48-linked polyUb
protein accumulation in the brains of mice. i Quantitative analysis of K48-
linked polyUb protein levels. Data are expressed as fold change relative to
sham mice after normalization to actin. p =0.0049, F(, ¢, = 14.64, one-
way ANOVA with Tukey’s multiple-comparison test. p sham vs MCAO =
0.0042, p mcao vs Mcao + otc =0.0338. Bar heights represent mean.
Error bars indicate SD.

OTC Increases the Reduced GSH Level and Decreases
the Production of Superoxide and GSSG Levels
in the Mouse Brain after MCAO

As OTC is a cysteine precursor and cysteine is essential for the
biosynthesis of GSH, the most important antioxidant in the
cells [34, 35], we next measured GSH and GSSG (oxidized
GSH) levels from the penumbral cortex at 24 h after ischemia.
We found that following ischemia, GSH significantly de-
creased in vehicle-treated mice, whereas OTC treatment res-
cued the reduced GSH (*p < 0.05, ***p < 0.001, Fig. 4a, one-
way ANOVA with Tukey’s multiple-comparison test).
Conversely, GSSG levels increased in the MCAO group,
which was reversed by administration of OTC (*p <0.05,
**%¥p <0.001, Fig. 4b, one-way ANOVA with Tukey’s
multiple-comparison test). Consistently, the GSH/GSSG ratio,
an indicator of cellular health [36], was decreased by ischemic
stroke, but OTC treatment significantly restored the decreased
GSH/GSSG ratio (**p < 0.01, ***p < 0.001, Fig. 4c, one-way
ANOVA with Tukey’s multiple-comparison test). The in-
creased level of GSH in the OTC-treated mouse brains after
stroke was also reflected by decreased superoxide level. In the
sham group of mice, the level of superoxide measured by the
dihydroethidium (DHE) staining was low and few DHE-
positive cells were observed (Fig. 4d and e). However, a sig-
nificant increase of red fluorescence intensity was detected in

the peri-infarct region in both the OTC and vehicle-treated
groups when compared with the sham group. OTC treatment
markedly reduced the superoxide production when compared
with vehicle treatment (¥p <0.05, **p <0.01, ***p <0.001,
Fig. 4d and e, one-way ANOVA with Tukey’s multiple-
comparison test). Moreover, OTC treatment also reduced the
numbers of both GFAP- and Ibal-positive cells (*p <0.05,
Student’s ¢ test, Supplementary Figs. S-4A, S-4B, and S-
4C), indicating that OTC might attenuate ischemic stroke—
induced neuroinflammation. Thus, administration of OTC in-
creases GSH level and decreases the free radical level and
neuroinflammation in the brain following I/R.

OTC Treatment Increases Ubqin1 Level and Improves
Proteostasis in Mouse Brain Following I/R

As OTC upregulates Ubglnl expression in neuronal cell
cultures, we next determined whether this also occurs in
mouse brains. As shown in Fig. 5 a and b, Ubqlnl was
decreased in vehicle-treated mouse brains (MCAO
group) following I/R (**p <0.01, one-way ANOVA with
Tukey’s multiple-comparison test), while OTC upregulat-
ed the level of Ubqlnl when compared with the sham
group (*p <0.05, one-way ANOVA with Tukey’s
multiple-comparison test). Similar to Ubqlnl, the antiox-
idant enzyme GST was also significantly decreased in
MCAO group animals as compared with the sham group
animals (*p <0.05, Fig. 5a and ¢, one-way ANOVA with
Tukey’s multiple-comparison test). However, OTC treat-
ment completely restored GST level (*p <0.05, Fig. Sa
and c, one-way ANOVA with Tukey’s multiple-
comparison test). Interestingly, Ubqlnl was found to
co-immunoprecipitate with GST (Supplementary Fig. S-
5A). OE of Ubqinl appeared to stabilize GST level in
cell culture (Supplementary Figs. S-5B, S-5C & S-5D).
Additionally, we also examined the level of protein car-
bonyl content, a marker of protein oxidation [37].
Compared with sham group, the level of protein carbonyl
content was significantly increased in the vehicle group
after 24 h following I/R. In contrast, the level of protein
carbonyl content in OTC-treated mice was almost the
same to the sham group (**p <0.01, Fig. 5d and e,
one-way ANOVA with Tukey’s multiple-comparison
test). In accordance with these results, OTC also de-
creased polyUb protein level (**p <0.01, Fig. 5f and
g, one-way ANOVA with Tukey’s multiple-comparison
test). The polyUb proteins containing Ub-lysine (K)-48-
linkage, which functions as the canonical signal targeting
proteins for proteasomal degradation pathway [38], were
also reduced (Fig. 5h and i). These data indicate that
OTC upregulates UbqInl and GST in mouse brains and
improves proteostasis following I/R.
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OTC-Mediated Neuroprotection Following MCAO Is,
At Least Partially, Dependent on Ubqin1

Since OTC promotes GSH biosynthesis and upregulates
Ubqglnl level, we finally determined to what extent OTC-
conferred neuroprotection is due to upregulation of Ubqinl.
We therefore investigated whether KO of Ubglnl in mice
alters OTC-induced neuroprotection following MCAO. We
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used both Ubqnl KO and the Ubqlnl-floxed (f/f) mice [22]
and treated them with OTC (100 mg/kg) at 3 h after MCAO
(Fig. 6a). The KO mouse brains showed similar anatomical
structures compared to the WT mouse brains (Supplementary
Fig. S-6). Following MCAO, Ubqlnl KO mouse brains
showed an equal blood flow reduction as the floxed mouse
brains, whereas during reperfusion, blood flow in both types
of mice returned to a similar value (Supplementary Fig. S-7).
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«Fig. 6 OTC-mediated neuroprotection in mouse brain at least partially
relies on UbglInl expression. a Schematic procedure for MCAO and
administration of OTC in the Ubgln1 KO and floxed control (f/f) mice.
b TTC staining of mice brain. ¢ Quantitative analysis of brain infarct area.
N =8 mice per condition (except for KO mice treated with vehicle, N =7;
and the KO mice treated with OTC, N =9). p <0.0001, F3, 25y =19.17,
one-way ANOVA with Tukey’s multiple-comparison test: p g (vehice) vs
KO (Vehicle) = 0.0012, p ¢ (vehicle) vs £ co1C) =0.0105, p KO (Vehicle) vs KO
(0OTC) = 00002,p /f (OTC) vs KO (OTC) = 0.0374. Data are shown as mean +
SD. d Western blot analysis of polyUb protein levels in KO and non-KO
(floxed, f/f) mice following I/R and OTC treatments. e Quantitation of
polyUb protein levels shown in (d). Data are expressed as fold change
relative to vehicle-treated f/f mice after normalization to actin. p = 0.0003,
F3, =21.48, one-way ANOVA with Tukey’s multiple-comparison test:
P #/f (Vehicle) vs KO (Vehicle) = 00310’ P #f (Vehicle) vs /f (OTC) = 000955 P Ko

(Vehicle) vs k0O (oTC) = 0.0090, p pr (0TC) vs KO (OTC) =0.0325. Data are
shown as mean £+ SD. f Western blot analysis of K48-linked polyUb

protein levels in KO and non-KO (floxed, f/f) mice following I/R and
OTC treatments. g Quantitation of K48-linked polyUb protein levels
shown in (f). Data are expressed as fold change relative to vehicle-
treated f/f mice after normalization to actin. p <0.0001, F5 gy =43.18,
one-way ANOVA with Tukey’s multiple-comparison test: p gr (vehicle) vs

KO (Vehicle) = 000067 P 1/f (Vehicle) vs f/f (OTC) = 00102, P KO (Vehicle) vs KO
(OTC) = 00006, P /£ (OTC) vs KO (OTC) = 0.0102. Data are shown as mean +
SD

Among the vehicle-treated mice, TTC staining showed that
the infarct volume of KO mice was significantly increased
when compared with that of the f/f mice (**p <0.01; Fig. 6b
and c, one-way ANOVA with Tukey’s multiple-comparison
test). OTC treatment further decreased I/R-caused infarct vol-
ume in both f/f and KO mice when compared with the vehicle-
treated f/f and KO mice, respectively (¥p <0.05, ¥*¥p <
0.001; Fig. 6b and c, one-way ANOVA with Tukey’s
multiple-comparison test). However, the infarct volume of
the KO mice treated with OTC showed a significant increase
when compared with that of f/f mice receiving the same treat-
ment (*p <0.05; Fig. 6b and ¢, one-way ANOVA with
Tukey’s multiple-comparison test), indicative of requiring
UbgInl expression. Interestingly, the polyUb protein level in
mice was positively associated with neuronal injury. KO
mouse brains showed a significantly increased level of
polyUb protein when compared to the f/f mouse upon either
vehicle or OTC treatment (Fig. 6d and e). K48-linked polyUb
protein levels in different groups of mice also showed the
similar pattern as the polyUb (Fig. 6f and g). These results
indicated that OTC-mediated neuroprotection in I/R is
through both Ubqlnl-dependent and Ubqlnl-independent
mechanisms that involve proteostasis.

Discussion

In this study, we demonstrated that OTC, a cysteine precursor,
upregulates Ubqlnl and protects OGD- and I/R-induced neu-
ronal death in vitro and in vivo, respectively. The most impor-
tant results observed here are that the i.v. administration of

OTC, even at 3 h after MCAQO, is still neuroprotective against
I/R-induced neuronal injury, suggesting that this neuroprotec-
tive effect is in part dependent on Ubqlnl-mediated
proteostasis. Moreover, we also observed that OTC increases
GSH, Ubqlnl, and GST levels. Thus, OTC may be a potential
therapeutic agent for stroke and possibly for other neurologi-
cal disorders through upregulating the antioxidants, GSH,
GST, and Ubginl, and therefore improving proteostasis.

The neuroprotective effects of OTC on ischemic stroke
mice have dual implications in human health. On one hand,
the discovery that pre-ischemic treatment of OTC in mice
reduces I/R-caused neuronal injury provides a scientific basis
for OTC to be used to prevent stroke-caused health problem.
For instance, it may be necessary to further study whether
diets supplemented with OTC prevent or alleviate ischemic
stroke—caused health problems in humans. On the other hand,
as our data shown that post-ischemic treatment of OTC, even
at 3 h after MCAO, not only reduces neuronal injury but also
promotes brain functional recovery, this provides strong evi-
dence for OTC to be used in treating stroke patients. However,
ischemic stroke is highly complicated and heterogeneous [39],
but we here only utilized young male mice in our experiments.
It remains unknown whether OTC confers a similar neuropro-
tective effect on aged ischemic brains or on the permanent
occlusion condition, as a large number of human ischemic
stroke patients are in these conditions. Thus, it is necessary
to perform clinical studies to determine the therapeutic effica-
cy of OTC in different ischemic stroke conditions. Given the
nature of OTC being a cysteine precursor, it should be safe to
conduct the study in the patients.

After I/R, the blood-brain barrier is disrupted [40] and
thereby, OTC, a small molecule compound, should be able
to readily penetrate the barrier and infiltrate into the brain,
where it is converted into cysteine, an essential substrate for
the biosynthesis of GSH, an antioxidant [41]. Cysteine is a
sulfur-containing amino acid that contributes to the sulthydryl
group in the GSH molecule, the most important small molec-
ular antioxidant in the cells [7]. This makes cysteine the lim-
iting factor for GSH biosynthesis. However, GSH level de-
creases in the brain following ischemia [42], which is closely
related to increased ROS, peroxynitrite, lipid peroxides, and
reactive hydroxyl radicals [43], and leads to neuronal cell
death [44, 45]. In accordance with the previous observation
of reduced GSH level in the brain after I/R, our results showed
that OTC treatment restored GSH levels and maintained a
proper GSH/GSSG ratio in the penumbral cortex of MCAO
mice. These results were further supported by reduced super-
oxide and oxidized protein levels in the OTC-treated mouse
brain following I/R, indicating that OTC reduces oxidative
stress—caused protein damages.

Our data also support that OTC also upregulates other two
antioxidant proteins, UbqInl [22] and GST [46], while both
protein levels were decreased in the penumbral cortex
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following I/R in the vehicle-treated mice. The increased GST
caused by OTC is likely through Ubqln1, as our in vitro stud-
ies showed that Ubqln1 appears interacting with GST and OE
of Ubqlnl increased GST level. Moreover, our results from
the Ubqlnl KO mouse studies also proved that Ubqlnl, at
least partially, mediates the neuroprotective effect exerted by
OTC in the brain of mice after MCAO.

Accordingly, our data support that OTC plays dual
roles following I/R. On one hand, it increases the level
of the small molecular antioxidant, GSH. On the other
hand, it upregulates UbqInl that in turn increases the
level of the antioxidant enzyme, GST. Additionally,
Ubgqlnl itself enhances the degradation of misfolded pro-
teins [17] and protects neurons against oxidative stress—
caused and I/R-caused injury via enhancing the
proteostasis in the brain [22, 26]. Taken together, these
different effects would result in improved proteostasis
and neuroprotection (Fig. 7). Given the fact that ischemic
stroke—induced protein damage and aggregation is asso-
ciated with neuronal injury [47, 48], maintaining
proteostasis may be extremely important for neuronal
survival and recovery following I/R. Our data strongly
support this possibility, as deletion of Ubqlnl gene,
which involves the ubiquitin-proteasome pathway of pro-
tein degradation, causes increased neuronal injury and
accumulation of damaged proteins following I/R.

1GSH Nucleus
Ubqin1 gene

Oxidative stress &
Inflammation

N

T Proteostasis

Neuron

T Neuronal survival

Fig. 7 Hypothetical model for the effects of OTC-induced neuroprotec-
tion in mouse brains after MCAO. OTC plays dual roles after I/R, by
increase of GSH level and by upregulation of UbgIn1 protein level. This
leads to alleviated oxidative stress and improved proteostasis, resulting in
neuroprotection
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In summary, we demonstrate that OTC upregulates
Ubqlnl and protects neurons from OGD- and I/R-
caused cell death in vitro and in vivo, respectively.
Post-ischemic administration of OTC in a stroke mouse
model even at 3 h following the I/R still decreases brain
damage and improves functional recovery, suggesting
that OTC may be used together with the tPA in the
stroke patients. Moreover, we provide evidence showing
that the mechanism of this protective effect is through an
increase of GSH and upregulation of Ubqlnl, resulting in
reduced levels of oxidative stress and oxidized proteins.
Our study suggests that OTC is potentially a therapeutic
agent for the prevention and treatment of cerebral ische-
mic damage and possible other neurological disorders.
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