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separation (solvent system, acetonitrile-water; column,
Imtakt Unison UK-C18C (Kyoto, Japan), 4.6 mm
ID x 250 mm; flow rate, 2.0mL/min; detection, UV
254nm) to give 12 fractions (Fr.7-1 to 7-12) and
glycyrin (2.5mg; Fr.7-9). Fr.7-6 was purified by
recycling HPLC (Condition A) to afford glycycoumarin
(0.7mg). Fr.8- to Fr.10 were combined and then re-
chromatographed by HPLC (solvent system, acetoni-
trile—water; column, Imtakt Unison UK-C18C, 4.6 mm
ID x 250 mm; flow rate, 2.0mL/min; detection, UV
254 nm) to give 15 fractions (Fr.8-1 to Fr.8-15). Fr.8-3
was subjected to recycling HPLC (Condition A) to give
liquiritigenin (1.2 mg). Fr.8-9 was purified by recycling
HPLC (Condition A) to afford glycyrol (1.1 mg). The 'H-
and ">C-NMR spectra were measured with a Jeol ECA
500 spectrometer (500 MHz; Tokyo, Japan). HPLC was
performed on a JASCOLC-2000 plus system (Tokyo,
Japan).

Chemicals

Glycyrrhizic acid (cat. no. 074-03481), glycyrrhizic acid
mono-ammonium salt n-hydrate (cat. no. 075-02171),
glycyrrhetinic acid (cat. no. 072-02181) and glabridin
(cat. no. 070-04821) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Liquiritin (cat. no.
1.8045), liquiritigenin (cat. no. 78825) and licochalcone
A (cat. no. 68783) were purchased from Sigma-Aldrich
(Tokyo, Japan) and isoliquiritigenin (cat. no. 10822)
from Tokyo Chemical Industry (Tokyo, Japan). Licorice-
saponins G2 (cat. no. P2502) and H2 (cat. no. P2503),
and glycyrrhetic acid 3-O-glucuronide (cat. no.
NHO080502) were purchased from Funakoshi (Tokyo,
Japan). Glycycoumarin, glycyrol, glycyrin and liquir-
itigenin were isolated from G. uralensis extracts in this
study, as described above.

Analysis of anti-HCV activity of plant
extracts and purified compounds

Test samples were weighed and dissolved in DMSO to
obtain stock solutions at 10 or 30 mg/mL. The stock
solutions were stored at —20 °C until used. Huh7.5 cells
were seeded in 24-well plates (1.6 x 10° cells/well). HCV
was mixed with serial dilutions of the test samples (100,
30, 10, 3 and 1 pg/mL) and inoculated into the cells.
After 2 hr, the cells were washed with medium to remove
residual virus and further incubated in medium
containing the same concentrations of the samples as
those during virus inoculation. In time-of-addition
experiments, treatment with the samples was performed
only during or after virus inoculation in order to assess
the mode of action of the samples examined. Culture
supernatants were collected 1 and 2 days post-infection
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and titrated for virus infectivity, as described below.
Virus and cells treated with medium containing 0.1%
DMSO served as controls. Percent inhibition of the virus
infectivity for each dilution of the samples was calculated
by comparison with mock-treated controls and ICsq
determined.

Virus titration

Virus samples were diluted serially 10-fold in complete
medium and inoculated onto Huh7.5 cells seeded on
glass coverslips in a 24-well plate. After virus adsorption
for 2 hr, the cells were washed with medium to remove
residual virus and cultured for 24 hr. The virus-infected
cells were stained with an indirect immunofluorescence
method as reported previously (27). In brief, the virus-
infected cells were washed with PBS, fixed with 4%
paraformaldehyde for 15min and permeabilized with
0.1% Triton X-100 in PBS for 15min at room
temperature. After being washed three times with PBS,
the cells were incubated with HCV-infected patient’s
serum for 1hr, followed by incubation with FITC-
conjugated goat anti-human IgG (MBL, Nagoya, Japan).
The cells were counterstained with Hoechst 33342
(Molecular Probes, Eugene, OR, USA) for 5min and
HCV-infected cells were counted under a BZ-9000
fluorescence microscope (Keyence, Osaka, Japan).

Cytotoxicity assay

The cytotoxicity of the samples was assessed by WST-1
assay as described previously with a slight modifica-
tion (27). In brief, Huh7.5 cells in 96-well plates were
treated with serial dilutions of the samples or 0.1%
DMSO as a control for 48 hr. At the end of the treatment,
10 pL of WST-1 reagent (Roche, Mannheim, Germany)
was added to each well and the cells cultured for 1hr.
The WST-1 reagent is absorbed by the cells and
converted to formazan by mitochondrial dehydrogen-
ases. The amount of formazan, which correlates with the
number of living cells, was determined by measuring the
absorbance of each well using a microplate reader at 450
and 630nm. Percent cell viability compared to the
control was calculated for each dilution of the samples
and CCs, were determined.

Immunoblotting

Cells were lysed with an SDS sample buffer, after which
equal amounts of protein were subjected to SDS-
polyacrylamide gel electrophoresis and transferred onto
a polyvinylidene difluoride membrane (Millipore, Bed-
ford, MA, USA), as described previously (28, 29). The
membranes were incubated with the respective primary
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antibodies. The primary antibodies used were mouse
monoclonal antibodies against HCV NS3 and GAPDH
(Millipore). Horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin (Invitrogen) was used to
visualize the respective proteins by means of an
enhanced chemiluminescence detection system (ECL;
GE Healthcare, Buckinghamshire, UK).

Real-time quantitative RT-PCR

Real-time quantitative RT-PCR was performed as de-
scribed previously (28, 29). In brief, total RNA was
extracted from the cells using a ReliaPrep RNA cell
miniprep system (Promega, Madison, W1, USA) according
to the manufacturer’s instructions. One microgram of total
RNA was reverse transcribed using a GoScript Reverse
Transcription system (Promega) with random primers and
subjected to real-time quantitative PCR analysis using
SYBR Premix Ex Taq (TaKaRa, Kyoto, Japan) in a
MicroAmp 96-well reaction plate and an ABI PRISM 7500
system (Applied Biosystems, Foster City, CA, USA). The
HCV-specific primers to amplify an NS5A region of the
viral genome were 5'-AGACGTATTGAGGTCCATGC-3'
(sense) and 5-CCGCAGCGACGGTGCTGATAG-3 (an-
tisense). Human GAPDH gene expression was measured
using primers 5'-GCCATCAATGACCCCTTCATT-3
(sense) and 5-TCTCGCTCCTGGAAGATGG-3', which
served as an internal control.

RESULTS

Anti-HCV activity of a methanol extract
and sub-fractions of G. uralensis roots

First, we examined a crude methanol extract of G.
uralensis roots for anti-HCV activity using the HCV Je/
JFH1-P47 strain and Huh7.5 cells. The ICsy and CCs
values of the crude methanol extract were 20.0 and
300 pg/mL, respectively, the selectivity indexes (SI:
CCs0/ICs) being 15 (Table 1). We further partitioned
the methanol extract using different solvents and found
that the anti-HCV activity was concentrated into a
chloroform partition, whose ICsq and CCsq were 8.0 and
93 ug/mL, respectively, the SI being 11.6.

Table 1. Anti-HCV activity (ICsp), cytotoxicity (CCso) and selectivity
index (S} of extracts of G. uralensis roots

Sample ICs0 (rg/mb) CCsp (pg/mL) Sl

15.0
11.6
14.3
>53

Methanol extract 20.0 300
Chloroform partition 8.0 93
n-butanol partition 17.5 250
Water partition 95.0 >500
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Table 2. Anti-HCV activity (ICsq), cytotoxicity (CCsg) and selectivity
index (S) of recycling HPLC fractions of chloroform partition of
G. uralensis roots

Sample ICso (pg/mL) CCso (ng/ml) SI
Fraction 1 =30 >30 na
Fraction 2 >30 >30 na
Fraction 3 =30 =30 na
Fraction 4 =30 >30 na
Fraction 5 20 >30 >15
Fraction 6 29 65 22
Fraction 7 3.6 40 11
Fraction 8 29 40 14
Fraction 9 29 =70 >24
Fraction 10 4.9 >70 >14

na, not applicable.

Next, we sub-fractionated the chloroform partition by
using recycling HPLC and examined the sub-fractions
for anti-HCV activity. We found significant anti-HCV
activity with fractions 6-10, ICs, ranging between 2.9
and 4.9 pg/mL (Table 2). We further tried to purify a
major component(s) in fractions 6-10 by using recycling
HPLC: we identified glycycoumarin (30), glycyrin (31),
glycyrol (32) and liquiritigenin (33) by NMR spectrum
analysis (data not shown).

Anti-HCV activity of G. uralensis-derived
purified compounds and related chemical
compounds obtained from other
Glycyrrhiza species

We then examined the purified compounds obtained
from the G. uralensis extracts (glycycoumarin, glycyrin,
glycyrol and liquiritigenin) and other Glycyrrhiza-
derived chemical compounds, such as glycyrrhizin and
its derivatives. We found that glycyrrhizin (glycyrrhizic
acid) and its monoammonium salt (glycyrrhizic acid
monoammonium), the latter being more water-soluble
than the former, possessed only marginal anti-HCV
activity, ICso values being 180 and 320 p.g/mL, respec-
tively (Table 3). The aglycone of glycyrrhizin, glycyr-
rhetinic acid, showed more significant anti-HCV activity
than did glycyrrhizin, its ICsq being 40 pg/mL. It should
be noted that their anti-HCV activities were weaker than
those of the recycling HPLC fractions 6~10 of the G.
uralensis extract. The monoglucuronide form of glycyr-
rhizin, glycyrrhetic acid 3-O-glucuronide, did not show
significant anti-HCV activity at the concentration tested.
These results suggest that another compound(s) in
fractions 6-10 was responsible for the anti-HCV activity.
Two other saponins tested in this study, licorice-
saponins G2 and H2, did not show detectable anti-
HCV activity. On the other hand, coumarins, such as
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Table 3. Anti-HCV activity (ICsq), cytotoxicity (CCsp) and selectivity

index (SI) of G. uralensis- and other Glycyrrhiza spp-derived

compounds
ICs0 CCso
Sample (ng/mL) (ng/mL) Sl
Triterpenoids
Glycyrrhizin 180 560 3.1
Glycyrrhizic acid monoammonium 320 690 2.2
Glycyrrhetic acid 3-O-glucuronide >30* >30 na
Glycyrrhetinic acid 40.0 77.4 1.9
Licorice-saponin G2 >30% >30 na
Licorice-saponin H2 >30* >30 na
Coumarins
Glycycoumarin (isolated) 8.8 69.0 7.8
Glycyrin (isolated) 7.2 25.0 3.5
Glycyrol (isolated) 4.6 35.5 7.7
Flavonoids
Flavanones
Liquiritin 75.0 570 7.6
Liquiritigenin 16.4 125 7.6
Chalcones
Isoliguiritigenin 3.7 11.0 3.0
Licochalcone At 2.5 20.0 8.0
Isoflavan
Glabridint 6.2 22.7 3.7

"Not detected in G. uralensis (34). *No detectable HCV inhibition at
30 pg/mL. na, not applicable.

glycycoumarin, glycyrin and glycyrol, which were
isolated in this study (purity >90%) from the G.
uralensis extracts, showed potent anti-HCV activity,
ICsq being 4.6-8.8 pg/mL. Liquiritigenin, which was also
isolated from the G. uralensis extracts, showed weaker
anti-HCV activity than the coumarins. Also, isoliquir-
itigen, licochalcone A and glabridin exhibited potent
anti-HCV activity, their ICso being 3.7,2.5and 6.2 pug/mL,
respectively. It should be noted that licochalcone A and
glabridin have been reported to be absent in G. uralensis
but present in G. inflata and G. glabra (34).

Mode-of-action of G. uralensis-derived
isolated compounds and related
compounds obtained from other
Glycyrrhiza species

To determine whether the anti-HCV effects of the
compounds of Glycyrrhiza species are exerted on the
entry or post-entry stage, we performed the following
time-of-addition experiments.

1. HCV was mixed with a test compound and the
mixture inoculated into the cells. After virus adsorp-

tion for 2 hr, the residual virus and test sample were
removed and the cells re-fed with fresh medium
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Table 4. Mode-of-action analysis of anti-HCV activities of G. uralensis-
and other Glycyrrhiza spp.-derived compounds

Anti-HCV activity (% inhibition)

Conc. During &

Compound (mg/mb)"  During®  After after®
Chloroform partition 30 28.6 100 100

Glycycoumarin 20 16.7 100 100

Glycyrin 15 18.4 98.3 99.6
Glycyrol 10 21.3 100 100

Liquiritigenin 30 15.5 90.0 87.2
Isoliquiritigenin 8 14.1 91.0 82.5
Licochalcone A 5 0 94.4 93.8
Glabridin 12 0 91.0 93.8

The concentrations of each compound used were 2 x ICsq. *Treatment
with the compound was administered only during, only after or both
during and after virus inoculation.

without the test sample for 46 hr. This experiment
examines the antiviral effect at the entry step.

2. HCV was inoculated into the cells in the absence of a
test sample. After virus adsorption for 2hr, the
residual virus was removed and the cells treated with
the test samples for 46 hr. This experiment examines
the antiviral effect at the post-entry step.

3. Asa positive control, HCV mixed with the test sample
was inoculated into the cells. After virus adsorption
for 2hr, the residual virus and test sample were
removed and the cells treated with the test samples for
46 hr.

We found that all the Glycyrrhiza species-derived
compounds as well as the chloroform partition of the
G. uralensis extract exerted their antiviral effects after
virus inoculation (Table 4). These results suggest that all
the anti-HCV compounds of Glycyrrhiza species tested
in this study, namely, glycycoumarin, glycyrin, glycyrol,
liquiritigenin, isoliquiritigenin, licochalcone A and
glabridin, as well as the chloroform extract, act primarily
at the post-entry step.

Inhibition of HCV RNA replication and HCV
protein synthesis by glycycoumarin,
glycyrin, and glycyrol obtained from G.
uralensis

To further confirm that G. uralensis-derived compounds
exert their anti-HCV activities at the post-entry step,
Huh7.5 cells were inoculated with HCV for 2hr,
followed by treatment with each of compounds for 1-
2 days. The results obtained clearly demonstrated that
glycycoumarin, glycyrin and glycyrol inhibit HCV RNA
replication, resulting in decreased HCV protein
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Fig. 1. Effects of glycycoumarin, glycyrin and glycyrol isolated from G. uralensis on HCV RNA replication and protein synthesis.
(a) Huh 7.5cells infected with HCV J6/JFH1 and treated with either glycycoumarin (20 pg/mL), glycyrin (15 pg/mb), glycyrol (10 wg/mL) or left
untreated were subjected to western blot analysis using monoclonal antibody against the HCV NS3 protein at 1 and 2 days post-infection. GAPDH
served as an internal control to verify equal amounts of sample loading. Signal intensities of NS3 were normalized to the corresponding GAPDH
signal. (b) Amounts of HCV RNA in the cells described in (a) were measured by real-time quantitative RT-PCR analysis. These amounts were
normalized to GAPDH mRNA expression. Data represent means £ SEM of data from two independent experiments. The value for the untreated
control at 1 day post-infection is arbitrarily expressed as 1.0. "P < 0.001, compared with the control. (c) Amounts of HCV infectious particles in the
supernatants of the cultures described in (a) and (b) were determined: data for glycycoumarin, glycyrin, glycyrol and the untreated control are
shown. Data represent means = SEM of data from two independent experiments. "P<0.05; P <0.01, compared with the untreated control;
dpi, days post infection.

synthesis as demonstrated by both real-time quantitative
RT-PCR and immunoblotting analyses (Fig. la, b). We
also confirmed that production of HCV infectious
particles is inhibited by glycycoumarin, glycyrin and
glycyrol at 1 and 2 days post-infection (Fig 1c).

DISCUSSION

Glycyrrhiza species possess a variety of bioactive
compounds, such as: (i) triterpenoids, for example,
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glycyrrhizin, glycyrrhetic acid 3-O-glucuronide, glycyr-
rhetinic acid and various licorice-saponins; (ii) coumar-
ins, for example, glycycoumarin, glycyrin and glycyrol;
(iii) flavanones, for example, liquiritin and liquiritigenin;
(iv) chalcones, for example, isoliquiritigenin and
licochalcone; (v) isoflavans, for example, glabridin; (vi)
stilbenoids, for example, dihydrostilbenes; and other
miscellaneous compounds (11). In this connection,
flavanones, chalcones and isoflavans are members of
flavonoids.
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Glycyrrhizin is the major constituent of Glycyrrhiza
species, representing 1-9% of the total (14). Glycyrrhizin
and other compounds isolated from Glycyrrhiza species
reportedly possess antiviral activity against a variety of
viruses (11-15). With regard to HCV, it was recently
reported that glycyrrhizin inhibits HCV infection in
Huh-7 cells (19, 20). On the other hand, controversial
observations have been reported in clinical settings;
namely, that glycyrrhizin has no significant effect on
amounts of HCV RNA whereas it reduces serum alanine
aminotransferase concentrations in HCV-infected pa-
tients (16, 17). These apparently contradictory findings
might be explained by a membrane-stabilizing effect of
glycyrrhizin; clear evidence for antiviral activity of
glycyrrhizin is still lacking (10). In the present study, we
observed that glycyrrhizin and glycyrrhizic acid mono-
ammonium showed only marginal anti-HCV activity
(Table 3). Glycyrrhetinic acid showed significant anti-
HCV activity. However, their anti-HCV activities were
significantly weaker than that of the HPLC fractions
obtained from G. uralensis extract. On the other hand,
we found that certain coumarins, such as glycycoumarin,
glycyrin and glycyrol, and a flavanone, liquiritigenin,
isolated from G. uralensis, as well as other compounds
contained in Glycyrrhiza species, possess potent anti-
HCYV activities. Mode-of-action analysis revealed that all
the Glycyrrhiza-derived anti-HCV compounds tested act
primarily at the post-entry step. Consistent with our
observations, other researchers have also reported that
two flavonoids, isoliquiritigenin and glycycoumarin,
extracted from Glycyrrhizae radix, either G. uralensis or
G. glabra, inhibit replication of an HCV subgenomic
RNA replicon in vitro (35). The ICs, values of
isoliquiritigenin and glycycoumarin against HCV sub-
genomic replicon were 6.2 and 15.5 ug/mL, respectively.
On the other hand, to the best of our knowledge, there
are no published reports so far regarding anti-HCV
activities of glycyrin and glycyrol. It has been reported
that glycyrin, which is known to possess peroxisome
proliferator-activated receptor-y ligand-binding activi-
ty, shows antibacterial activity against Streptococcus
pyogenes, Haemophilus influenzae and Moraxella catar-
rhalis (36-38). Glycyrol reportedly exerts anti-inflam-
matory effects by binding to calcineurin to inhibit its
activity (39, 40). However, the possible antimicrobial
activity of glycyrol has not been reported. Further study
is needed to elucidate the detailed mechanism of anti-
HCV activities of glycyrin and glycyrol, and also possible
antiviral activities against viruses other than HCV.

In conclusion, our results suggest that glycycoumarin,
glycyrin, glycyrol and liquiritigenin isolated from
G. uralensis, as well as isoliquiritigenin, licochalcone A
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and glabridin, would be good candidates for seed
compounds to develop antivirals against HCV.
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Nitrosative Stress Induces Peroxiredoxin 1 Ubiquitination
During Ischemic Insult via EGAP Activation
in Endothelial Cells Both In Vitro and In Vivo
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Abstract

Aims: Although there is accumulating evidence that increased formation of reactive nitrogen species in cerebral
vasculature contributes to the progression of ischemic damage, but the underlying molecular mechanisms
remain elusive. Peroxiredoxin 1 (Prx1) can initiate the antioxidant response by scavenging free radicals.
Therefore, we tested the hypothesis that Prx1 regulates the susceptibility to nitrosative stress damage during
cerebral ischemia in vitro and in vivo. Results: Proteomic analysis in endothelial cells revealed that Prx1 was
upregulated after stress-related oxygen—glucose deprivation (OGD). Although peroxynitrite upregulated Prx1
rapidly, this was followed by its polyubiquitination within 6 h after OGD mediated by the E3 ubiquitin ligase
E6-associated protein (E6AP). OGD colocalized E6AP with nitrotyrosine in endothelial cells. To assess
translational relevance in vivo, mice were studied after middle cerebral artery occlusion (MCAO). This was
accompanied by Prx1 ubiquitination and degradation by the activation of E6AP. Furthermore, brain delivery of
a lentiviral vector encoding Prx] in mice inhibited blood-brain barrier leakage and neuronal damage signifi-
cantly following MCAO. Innovation and Conclusions: Nitrosative stress during ischemic insult activates
E6AP E3 ubiquitin ligase that ubiquitinates Prx1 and subsequently worsens cerebral damage. Thus, targeting
the Prx1 antioxidant defense pathway may represent a novel treatment strategy for neurovascular protection in
stroke. Antioxid. Redox Signal. 21, 1-16.

Introduction adverse effects of ischemia-induced endothelial dysfunction
and neurovascular damage, it is necessary to define the fac-
tors responsible for ischemia-induced blood-brain barrier

(BBB) damage.

RAIN MICROVASCULAR ENDOTHELIAL CELLS provide a
barrier between the bloodstream and brain that is critical

in brain development, maturation, and homeostasis (9, 37).
The balance between endothelial cell survival and death is
pivotal for brain remodeling and repair (41). Increased cell
death of cerebrovascular endothelial cells exacerbates in-
flammatory, ischemic, and degenerative brain diseases (26).
Before a new strategy can be developed to counter these

Under conditions of intense oxidative stress, such as is-
chemia or hypoxia injury, increased generation of nitric oxide
(NO) and superoxide (0,°7) results in the formation of
peroxynitrite (ONOO™) (50). This is a short-lived highly
reactive oxidant that attacks and inactivates many proteins.
Specifically, ONOO™ irreversibly inactivates prostacyclin
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Innovation

Our study is the first demonstration that nitrosative stress
initiates the ubiquitination of peroxiredoxin 1 (Prxl) and
subsequent disturbance of redox homeostasis in endothelial
cells during ischemia-like injury. Our findings further identi-
fied E6-associated protein (E6AP) E3 ligase that ubiquitinated
Prx1. Thus, repression of peroxynitrite (ONOO ™) formation
or E6AP knockdown dampened the ischemia-induced dis-
turbance of Prx1 defense signaling. Since an active Prx1 was
required for optimal neurovascular cell survival, targeting the
Prx1 antioxidant defense pathway may represent a novel
treatment strategy for neurovascular protection after stroke.

synthase and oxidizes tetrahydrabiopterin to dihydrabiopterin,
thereby uncoupling endothelial NO synthase and directing it to
generate O," "~ in place of NO. Indeed, endothelial cells are the
primary targets of nitrosative stress in cardiovascular disease,
stroke, and neurodegenerative disorders (18, 48). Although
nitrosative damage to lipids, proteins, and DNA has been
implicated in neurovascular damage following cerebral is-
chemia, the downstream signaling mechanisms remain elusive
(13, 16, 17, 29).

Peroxiredoxins (Prxs) are thiol-specific antioxidant en-
zymes that maintain redox balance under both normal con-
ditions and oxidative stress (6, 7, 10, 28). Although Prx1 is
the most abundant and widely distributed member of the
mammalian Prxs (23, 24) and is a recognized peroxide-
detoxifying enzyme, its pathophysiological role during brain
disease remains unclear (38, 44). Cultured PrxI-deficient
fibroblasts have decreased proliferation and increased sen-
sitivity to oxidative DNA damage. Prx/-deficient mice de-
veloped hemolytic anemia caused by increased erythrocytic
reactive oxygen species (ROS) (34). Furthermore, mutant
Hungtington (mHitf) gene expression decreased Prx1 levels
and increased its sulfonylation (35).

We tested the hypothesis that Prx1 in endothelial cells in
culture and in the brain in vivo is a pivotal antioxidant
pathway but can be damaged by nitrosative stress during
hypoxia or ischemia, thereby exacerbating injury. We report
that oxygen/glucose-deprived endothelial cells ubiquitinate
Prx1 by nitrosative activation of E3 ubiquitin ligase (E6-
associated protein [E6AP]). The outcome is that Prx1 is tar-
geted for degradation leading to cellular redox imbalance
and loss of the integrity of the endothelial BBB in mice fol-
lowing ischemia. Repression of ONOO™ formation or E6AP
knockdown dampened these disturbances of Prx1 defense
signaling in endothelial cells. The initial study was made in
human umbilical vascular endothelial cells, and key obser-
vations were confirmed and extended in human brain mi-
crovascular endothelial cells (HBMECs). Thus, our results
indicate that Prx1 is a pivotal molecule for the protection of
endothelial cells and microvessels from ischemia-induced
neurovascular damage both in vitro and in vivo.

Results

Identification of differentially expressed proteins
after oxygen—glucose deprivation in endothelial cells

Two-dimensional gel electrophoresis was performed in
EA.hy926 endothelial cells to identify proteins that were
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differentially expressed between control and oxygen—glucose
deprivation (OGD)-treated endothelial cells. Figure 1 A shows
a silver-stained two-dimensional gel electrophoresis reference .
map of the OGD-treated endothelial cultures (Fig. 1A, n=3,
lower) in comparison to the control profile (Fig. 1A, n=3,
upper). The spots that showed a twofold or greater difference
between treatments were further characterized by trypsin di-
gestion and matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) mass spectrometry. Twenty-
two different proteins from 36 spots were identified with high
confidence (CI % ranging from 97.5% to 100%) (Supple-
mentary Table S1; Supplementary Data are available online at
www liebertpub.com/ars). The identified proteins were clas-
sified into functional groups (Supplementary Fig. S1). We
selected Prx1 for further study since it was implicated in oxi-
dation-reduction balance and abundantly increased 2.5-fold
after OGD treatment (Supplementary Fig. S2A).

Temporal changes of Prx1 protein levels in endothelial
cells after OGD

Immunoblotting studies demonstrated a time-dependent
increase in Prx1 over 1-6h followed by a decline after 12h
(Fig. 1B, C). There was a similar pattern of protein levels of
heat shock protein 27 (HSP27) (Fig. 1B, C). Molecular
chaperones such as HSP27 can defend against protein mis-
folding after sublethal stressful stimuli (4). Immunocyto-
chemical experiments demonstrated intracellular localization
of Prx1 (Fig. 1D), which increased 6 h after OGD treatment in
the cytosol of endothelial cells (Fig. 1D, E).

Characterization of OGD-induced Prx1 ubiquitination
in endothelial cells

Unexpectedly, our Western blot data demonstrated a
continual increase in the density of a broad, high-molecular-
weight (>118kDa) band for Prx1 starting 6h after OGD
treatment (Fig. 2A). A similar increase in a high-molecular-
weight band (>118kDa) was detected following OGD
treatment after probing with an anti-ubiquitin antibody
(Fig. 2B). The OGD-induced ubiquitination of Prx1 was
confirmed and extended in HBMECs (Fig. 3 A, B) and mouse
cerebral microvascular endothelial cells (bEnd.3) (Supple-
mentary Fig. S2B).

Inhibition of proteosomal uptake with MG132 or lacta-
cystin also increased the high-molecular-weight isoforms of
Prx1 (Fig. 2C and Supplementary Fig. S3). Probing with an
anti-Prx1 antibody in ubiquitin immunocomplexes from
OGD-treated endothelial cells revealed a predominant band
larger than 118kDa (Fig. 2D and Fig. 3C). OGD-induced
ubiquitination of Prx1 was confirmed by the immunopre-
cipitation of Prx1 followed by immunoblotting with an anti-
ubiquitin antibody (Fig. 2E and Fig. 3D). Consistently,
Western blot analysis of cell extracts from OGD-treated cells
demonstrated that high-molecular-weight conjugates of Prx1
were significantly reduced in ubiquitin-K48R-transfected
endothelial cells (Fig. 2F and Fig. 3E, F).

The role of Prx1 during proapoptotic cascades
after OGD treatment

Proapoptotic proteins were identified by immunoblotting
of EA . hy926 cells transfected with either an empty vector or
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FIG. 1. The proteomic identifi-

cation of differentially expressed
proteins after OGD in endothe-
lial cells. (A) Representative silver-
stained two-dimensional gel of
control and OGD-treated EA.hy926
endothelial cells. Whole proteins
(450 pg) were separated on a non-
linear pH gradient (3—10) followed
by 12% SDS-PAGE. (B) Time
course of Prx1 and HSP27 protein
levels in cell lysates of endothelial
cells following OGD. Quantifica-
tions of the temporal changes of
Prx1 and HSP27 protein levels are
shown in (C). Immunoblots are
representative of three independent
experiments. *p<0.05; **p<0.01
versus control. Immunoblotting with
an anti-f-actin antibody showed
equal amounts of loaded protein in
each lane. (D) Changes in the im-
munostaining of Prxl (green) 6h
after OGD. Subcellular localization
of Prxl was determined by laser
confocal microscopy. Data are rep-
resentative of three independent
experiments. Scale bar=20 um. (E)
Quantification of Prx1 immunofluo-
rescence expressed as IOD as de-
scribed in the Materials and Methods
section. *¥**p <(0.001 versus control.
10D, integrated optical density;
HSP27, heat shock protein 27;
OGD, oxygen—glucose deprivation;
Prx1, peroxiredoxin 1; SDS-PAGE,
sodium dodecy! sulfate—polyacryl-
amide gel electrophoresis. To see this
illustration in color, the reader is re-
ferred to the web version of this article
at www.liebertpub.com/ars
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a Prxl expression vector following OGD insult (Fig. 4).
Calnexin is a type I integral endoplasmic reticulum (ER)
membrane chaperone involved in folding newly synthesized
(glycol) proteins (8). Overexpression of Prx1 significantly
inhibited calnexin, PERK, and Ire-1o degradation (Fig. 4A,
B) and also inhibited caspase-3 and poly ADP-ribose poly-
merase (PARP) cleavage (Fig. 4C, D). Exposure of vector-
transfected cells to OGD for 6 h decreased the phosphorylation
of anti-apoptotic proteins, such as phospho-ERK (Thr202/
Tyr204) and phospho-FKHR (Ser256) (forkhead transcrip-
tion factor Foxol), and also decreased the protein levels of
heme oxygenase-1 (HO-1) but increased the phosphorylation
of c-Jun N-terminal kinase (JNK) and P38 (Fig. 4E, F). By
contrast, overexpression of Prx! after OGD injury resulted in
significant upregulation of anti-apoptotic proteins in endo-
thelial cells (Fig. 4E, F). Exposure of vector-transfected cells
to OGD for 6h elevated terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL)-positive staining
(Fig. 4G, H), whereas overexpression of Prx1 effectively
decreased TUNEL staining (Fig. 4G, H). The apoptosis of
endothelial cells was determined using flow cytometry with
Annexin V-FITC/propidium iodide (PI). In contrast to con-
trol cells (2.20%), we found that OGD treatment induced

elevation in the fraction of Annexin V/PI-positive cells
(49.92%). Moreover, Prxl small interfering RNA (siRNA)
transduction further exaggerated OGD-induced cell death
(Fig. 41). The present data demonstrate that Prx1 elicits an anti-
apoptotic effect after OGD injury in endothelial cells, coin-
ciding with its antioxidant function in the endothelium (31).

EBAP activation contributes to Prx1 stress
response after OGD

Since Prx1 has been identified as a novel E6AP-binding
protein (33), the present study further elaborates the role of
E6AP in ubiquitination of Prx1 during OGD. Representative
blots are presented in Figure SA and show that E6AP was
activated following OGD exposure over 1-24h (Fig. 5A).
Similar change of E6AP was confirmed in HBMEC (Sup-
plementary Fig. S4A, B) and bEnd.3 endothelial cells after
OGD (Supplementary Fig. S2B). Immunocytochemical
analysis of the endothelial cells revealed OGD-induced
strong immunoreactivity for E6AP (red fluorescence) that
was undetectable in control cells (Fig. 5B-D and Supple-
mentary Fig. S4C, D), which suggests that OGD-induced
ubiquitination of Prx1 is associated with E6AP activation.
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FIG. 2. OGD induces ubiquitination of Prx1 in EA.hy926 endothelial cells. (A) Temporal changes in the high-
molecular-weight Prx1 isoform were observed in OGD-treated endothelial cells. The accumulated polyubiquitinylated
proteins were detected by Western blot analysis with anti-Prx1 antibody. (B) Protein ubiquitination status after OGD
treatment in endothelial cells. The accumulated multiubiquitinylated proteins were detected by Western blot analysis with
an anti-ubiquitin antibody. (C) The changes in polyubiquitinated Prx1 were detected following OGD treatment of endo-
thelial cells with or without proteasome inhibitors. The endothelial cells were treated with 1, 10, or 20 uM MG132 or DMSO
30 min before OGD. The cells were then washed, harvested after 6 h OGD, and analyzed for polyubiquitinated Prx1 levels.
(D) The OGD-induced ubiquitination of Prx1 was detected by the immunoprecipitation of ubiquitin followed by immu-
noblotting with an anti-Prx1 antibody. (E) Immunoprecipitation of Prx1 from cell lysates of OGD-treated endothelial cells
followed by blotting with an anti-ubiquitin antibody. (F) The ubiquitin K48R mutant decreased OGD-induced
Prx1 ubiquitination in endothelial cells. Endothelial cells were cultured and transfected with plasmid DNA encoding the
ubiquitin-K48R mutant or an empty plasmid, followed by OGD and immunobloting analysis. Immunoblots are represen-
tative of three independent experiments. Data are expressed as the percentage of values of control (mean =+ SEM). *p <0.05;
#%p <0.01 versus control; *p <0.05 versus OGD.

EO6AP and the active-site cysteine-to-alanine-inactivated
mutant E6AP were expressed in mammalian p3869HA-
EGAP C-A cells (22, 46). Here, after 48 h of transfection,
siRNA knockdown of E6AP (Fig. SE, F) or transfection
with the E6AP C-A mutant (Fig. 5G, H) both significantly
blunted the ubiquitination of Prx1 in OGD-treated endo-
thelial cells.

Nitrosative stress associated with the Prx1 defensive
response after OGD

The ONOO™ donor 3-morpholinosydnonimine (SIN-1)
induced early dose-dependent elevation of Prx1 (Supple-

mentary Fig. S5A, B) and Prx1 ubiquitination (Fig. 6A, B) in
endothelial cells as detected by immunoblot, accompanied by
increased Prx1 immunostaining (Fig. 6C) and activation of
E6AP (Fig. 6D). Whereas increased nitrotyrosine im-
munostaining and E6AP immunoreactivity were observed in
OGD-treated cells (Fig. 6E, F), inhibition of ONOO™ with
uric acid markedly reduced both nitrotyrosine and E6AP
immunostaining after OGD exposure (Fig. 6E). This was
confirmed by Western blot (Fig. 6G, H). A similar result was
observed in endothelial cells treated with ONOO™ decom-
position catalysts (FeTPPS, 1 uM) (Supplementary Fig. S6A,
B). E6AP immunoprecipitates from the cell lysates were
probed with anti-nitrotyrosine antibody (Fig. 6I). The results
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demonstrated that the E6AP/nitrotyrosine interaction in
OGD-treated endothelial cells was significantly increased.
Consistently, OGD-induced tyrosine nitration of E6AP was
further confirmed by the immunoprecipitation of nitrotyr-
osine followed by immunoblotting with an anti-E6AP antibody
(Fig. 6J). In addition, Prx1 immunoprecipitates from the lysates
were probed with anti-nitrotyrosine antibody demonstrating
that OGD did not induce Prx1 protein co-immunoprecipitate
with nitrotyrosine (Supplementary Fig. S7). Melatonin blunted
the ubiquitination of Prx1 in OGD-treated cells (Supplemen-
tary Fig. S8), suggesting that nitrosative stress induced Prx1
ubiquitination during OGD.

EBAP activation contributes to Prx1 stress response
in brain microvessels after transient middle cerebral
artery occlusion in mice

Since there are limited in vivo data on the degradation of
Prx1 by ubiquitin ligases in ischemic brain, we used a mouse
transient middle cerebral artery occlusion (tMCAQO) model
for further study. The immunoreactivity for EGAP was ob-
served predominantly in the ipsilateral brain microvessel
endothelium 6 h after tMCAO (Fig. 7A-e), accompanied by
increased Prx1 immunoreactivity (Fig. 7A-d). A representa-

tive Z-stack image is shown in Figure 7B. However, after
24 h, Prx1 was downregulated where E6AP remained upre-
gulated in the brain microvessel endothelium (Fig. 7A, g-i).
Ubiquitination of Prx1 was elevated significantly in the brain
microvessels 6h after MCAO (Fig. 7C, D), whereas Prx1
staining was observed in microvessels of sham-operated an-
imals where ubiquitin staining was absent. To further deter-
mine E6AP as a key modulator in nitrosative stress-mediated
cerebrovascular damage in vivo, we stereotaxically delivered a
lentivirus carrying mouse shE6AP into the ventricle in mice 2
weeks before MCAO, followed by ischemia and 24h re-
perfusion. Western blot analysis showed that lentivirus-me-
diated cerebral E6AP knockdown reduced cerebrovascular
damage, which was demonstrated by preventing ischemia-
induced dephosphorylation of prosurvival kinases and tight
junction proteins breakdown (Fig. 7E-G).

Lentiviral-Prx1 brain transduction protects
against neurovascular damage in tMCAO mice

Two weeks after the cerebroventricular injection of a
lentiviral-GFP vector encoding mouse PrxI (LV-PrxI), there
was efficient and sustained GFP fluorescence in the brain
ventricles (Fig. 8A), cortex (Fig. 8B), hippocampus, and
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FIG. 4. Role of Prx1 in the OGD-induced apoptotic cascade in endothelial cells. (A) The effects of Prx1 on OGD-
induced ER stress signaling were determined by immunoblotting. (B) Densitometry of Western blots for PERK, Ire-1«, and
calnexin levels 6h after OGD, with or without Prx] transfection. Data are expressed as densitometry ratio of control
(mean+ SEM). *p <0.05; **¥p <0.001 versus control; *p <0.05 versus OGD. (C) The effects of Prx1 overexpression on OGD-
induced caspase-3 and PARP levels were evaluated by immunoblotting. EA.hy926 cells were cultured and transfected with
plasmid DNA encoding Prx/ or an empty plasmid using Attractene. (D) The quanuﬁcatlon data for blots are shown in (C).
Data are expressed as densitometry ratio of control (mean+ SEM). **p <0.01 versus control; #0<0.05; #p <0.01 versus OGD.
(E) The effects of Prx1 overexpression on OGD-induced protein levels were evaluated by immunoblotting. Cells were
transfected with Prx/ plasmid followed by 6 h of OGD or control stimulation. Cell lysates were prepared and resolved by SDS-
PAGE. The proteins were immunoblotted with antibodies against phospho-ERK, phospho-JNK, phospho-P38, phospho-FKHR
(Ser256), and HO-1. (F) Quantitative analysis of protein levels for (E) was performed by densitometry. Data are expressed as
densitometry ratio of control (meantSEM). **p<0.01 versus control; #p<0 05; p<0 01 versus OGD. (G) Changes in
apoptosis 6 h after OGD were detected using the TUNEL assay. Double staining was performed for TUNEL (green) and DAPI
(blue). The representative images show the increased percentage of TUNEL-positive apoptotic endothelial nuclei (green
fluorescence) 6 h after OGD. Scale bar=100 um. (H) Quantification of TUNEL-positive apoptotic endothelial cells with or
without Prx/ transfection. Apoptosis was dramatically reduced following the overexpression of the Prx/ gene in endothelial
cells after OGD. **p <0.01 versus OGD group. (I) Representative flow cytometric dot plots of apoptotic cells after OGD with
or without PrxIsiRNA transfection. Cultured EA hy926 cells were stimulated for 6 h with OGD with or without Prx/siRNA
transfection. Cells were double-stained with Annexin-V and PI and analyzed by FACS. Immunoblots are representative of
three independent experiments. f-Actin was used as the loading control. DAPI, 4’,6-diamidino-2-phenylindole; ER, endo-
plasmic reticulum; HO-1, heme oxygenase-1; JNK, c-Jun N-terminal kinase; PARP, poly ADP-ribose polymerase; siRNA,
small interfering RNA; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; P1, propidium iodide. To see
this illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars
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FIG. 5. EG6AP activation contributes to the Prx1 stress response after OGD. (A) The representative image showing
E6AP activation at the indicated time points after OGD treatment. Data are expressed as densitometry ratio of control
(mean+ SEM). *p<0.05; **p<0.01 versus control. (B) Immunocytochemical analysis of E6AP expression after OGD
treatment. Laser confocal microscopy demonstrated low to undetectable levels of E6AP in control cells. (C) Higher-
magnification image of endothelial staining from the insets of (B). DAPI counterstaining indicates nuclear localization
(blue). Scale bar=20 um. (D) Quantification of Prx1 immunofluorescence expressed as integrated optical density (I0OD).
##%p <(0.001 versus control. (E) E6AP knockdown reduced the OGD-induced formation of multiubiquitinylated proteins.
Cells were submitted to E6AP knockdown and OGD or the control condition for 6h. Cell lysates were prepared and
resolved by SDS-PAGE. The proteins were immunoblotted with antibodies against Prx1, E6AP, and ubiquitin. (F)
Quantitative analyses for (E#) are shown in the bar graph as densitometry ratio of control (mean*SEM). **p<0.01;
##%p <0.001 versus control; "p <0.05 versus OGD. (G) The E6AP. 4 mutant decreased OGD-induced Prx1 ubiquitination
in endothelial cells. EA.hy926 cells were cultured and transfected with plasmid DNA encoding the E6AP .., mutant or an
empty plasmid using Attractene. (H) Quantitative analysis of protein levels for (G) was performed by densitometry. Data
are expressed as densitometry ratio of control (mean = SEM). *p <0.03; ***p <0.001 versus control; *p <0.05 versus OGD.
Immunodetection of S-actin was used as a loading control. Immunoblots are representative of three independent experi-
ments. E6AP, E6-associated protein. To see this illustration in color, the reader is referred to the web version of this article
at www.liebertpub.com/ars
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FIG. 6. Nitrosative stress is associated with ubiquitination of Prx1 in endothelial cells. (A) The ubiquitination of Prx1
after SIN-1 stimulation in endothelial cells. The blots were labeled with anti-Prx1 or anti-ubiquitin antibody and visualized with
the ECL system. Molecular sizes are indicated on the right. (B) The SIN-1-induced changes in polyubiquitinated Prx1 were
quantified and shown in the bar graph as densitometry ratio of control (mean =+ SEM). *p <0.05; *#*p <0.01 versus control. (C)
Immunocytochemical analysis of Prx1 level after ONOO™ treatment by laser confocal microscopy. DAPI counterstaining
indicates nuclear localization (blue). (D) The effects of SIN-1 treatment on EGAP protein levels were examined in cell lysates of
endothelial cells. EA.hy926 endothelial cells were cultured with or without SIN-1 treatment for 6 h at the indicated concen-
trations. Immunoblots are representative of three independent experiments (mean+SEM). *p<0.05 versus control. (E)
Fluorescence immunocytochemical staining of E6AP and nitrotyrosine 6h after OGD in endothelial cells with or without
0.5 mM uric acid treatment. DAPI counterstaining indicates nuclear localization (blue). NT, nitrotyrosine; UA, uric acid. (F)
Higher-magnification image of endothelial staining from the insets is shown in (E). (G) Effect of uric acid on EGAP expression in
endothelial cells following OGD. Immunodetection of ff-actin was used as a loading control. (H) Quantification of EGAP protein
levels was performed using densitometric analysis of the immunoblots in (G). Immunoblots are representative of three inde-
Qendent experiments. Data are expressed as the percentage of values of control (mean®SEM). **p<0.01 versus control;
' <0.05 versus OGD. (I) Immunoprecipitation of E6AP from cell lysates of OGD-treated endothelial cells followed by blotting
with an anti-nitrotyrosine antibody. **p <0.01 versus control. (J) The OGD-induced nitration of E6AP was detected by the
immunoprecipitation of nitrotyrosine followed by immunoblotting with an anti-E6AP antibody. Immunoblots are representative
of three independent experiments (meantSEM). *p <0.05 versus control. SIN-1, 3-morpholinosydnonimine. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

striatum (Supplementary Figs. S9 and S10). Staining of brain
sections from lentiviral-GFP-injected mice with a neuronal
nuclear marker (NeuN) (Fig. 8B-d) and an endothelial marker
CD31 (Fig. 8B-e, f) indicates that the vector successfully
transduced cells in the brain. Although the lentiviral vectors
might directly diffused into the brain parenchyma, the present
data indicate that lentiviral vectors in cerebral ventricular can
diffuse along the neurovascular scaffold. Immunohisto-
chemical analysis of ipsilateral sections revealed stronger
GFP fluorescence in tMCAO mice that formed a continuous
interendothelial staining pattern that colocalized with CD31
(Fig. 8C, D).

The protective effects of Prx1 against ischemia-induced
neurological and functional deficit were evaluated by the
rotarod test and neurological score measurements. The neu-
rological scores were decreased significantly, and rotarod
time was increased in LV-Prx/-treated mice 24h after
tMCAO (Fig. 9A) and the infarct area was reduced accord-
ingly (Fig. 9B). The breakdown products of spectrin and

calcineurin were increased after tMCAO (Fig. 9C, D), coin-
cident with BBB leakage (Fig. 9E, F). LV-Prx] treatment
blocked the degradation of tight junction proteins zonula
occludens-1 (ZO-1) and claudin5 (Fig. 9C, D, and G) and
significantly reduced BBB leakage (Fig. 9E, F). LV-Prx]
transduction reduced the O,°~ level assessed from dihy-
droethidium staining in the penumbra region of mice 24 h
after tMCAO (Fig. 9H, D).

Schematic illustration of the mechanisms
by which nitrosative stress induces Prx1 ubiquitination
during ischemic insult in endothelial cells

We hypothesize that ischemia-induced nitrosative stress
causes an early increase in Prxl production during the
adaptive phase, whereas excessive or prolonged ischemia
activates E6AP E3 ubiquitin ligase, which targets Prx1 for
ubiquitination and degradation during the late phase, thereby
degrading the Prx1-related antioxidant defense pathway and
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FIG. 7. EG6AP activation is as- |
sociated with Prx1 ubiquitination
in brain microvessels of cerebral
ischemia mice. (A) Double im-
munohistochemical staining for
Prx1 and E6AP in the penumbra
after tMCAO. Fluorescence stain-
ing for Prx1 (green) and E6AP
(red) was performed in ipsilateral
brain regions 6 and 24 h after brain
ischemic injury in mice. (B) The
orthogonal projections onto the x—z
(upper) and y—z (right) planes are
shown to confirm the colocalization
of Prx1 and E6AP throughout the
microvessels shown in (A). (C)
Fluorescence immunohistochemical
staining of Prx1 and ubiquitin in
brain microvessels. Anti-ubiquitin
(red) and Prx1 (green) staining was
performed 6h after tMCAO in |C
mice. (D) Higher-magnification
image of endothelial staining from
the insets is shown in (C). Each
image shown is representative of
five independent mice. (E) The ef-
fect of E6AP knockdown on neu-
rovascular damage after brain
ischemia in mice. The lentivirus
EG6AP shRNA knockdown was used
to silence E6AP mRNA. The pro-
tein extracts from penumbra brain
region of mice were processed for
Western blotting to detect ZO-1,
Occludin, and phosphorylated AKT,
ERK, FHHR. (F, G) Quantitative
analysis of protein levels in (E) was
performed by densitometry. Densito-
metry values were normalized to the
average of all sham values (meant
SEM, n=6). *p<0.05; **p<0 01
versus sham mice; p<0.05;
<001  versus vehicle-treated
mice. Immunoblotting with an anti- 8-
actin antibody demonstrated equal
protein loading in each lane. tMCAOQ,
transient middle cerebral artery oc-
clusion; ZO-1, zonula occludens-1;
shRNA, short hairpin RNA. To see
this illustration in color, the reader is
referred to the web version of this ar-
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rendering the endothelial cells in the microvessels suscepti-
ble to ischemic damage (Fig. 10).

Discussion

The present study demonstrates that in endothelial cells OGD
treatment leads to oxidative and nitrosative stress that engage an
early increase in Prx1 production and an antioxidant response.
However, more prolonged or severe ischemia-mediated ni-
trosative stress ubiquitinates Prx1 by the activation of E6AP
ligase, thereby degrading this antioxidant defense pathway. The
translational studies in mice after MCAO demonstrated that
neurovascular protection was coordinated by active Prx1.

Prx1 initiates the antioxidant response by scavenging free
radicals formed in response to a diverse array of cellular
stresses (40, 44). Upregulation of Prx1 may be secondary to
the activation of NF-E2-related factor 2 (Nrf2) (24), as Prxl
promoter has two antioxidant response elements that are
putative binding sites for Nrf2. Indeed, we recently demon-
strated that Nrf2 signaling coordinates the defense against
ischemia/nitrosative stress in endothelial cells (49).

The ubiquitin—proteasome system is important for protein
degradation in eukaryotic cells (19, 42). Unexpectedly, ubi-
quitin was not highly expressed in control endothelial cells,
but high-molecular-weight Prx1-polyubiquitin ladders were
observed after OGD or SIN-1 treatment. The aggregation of
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Cortex

FIG. 8. The brain micro-
vessels are the primary cell
type transduced by the LV-
GFP vector in the ipsilat-
eral side of tMCAO mice.
(A) The distribution of LV-
GFP-Prx1 in the choroid
plexus of the mouse brain 2
weeks after intracerebro-
ventricular injection. Images
demonstrate successful LV-
GFP-Prxl transduction in
choroid plexus cells. (B) The
immunohistochemical locali-
zation of NeuN-labeled cells
(red) in (d) and CD3l1-
marked cells (red) in (e) were
examined in brain cortex of
mice. The inset (f) showing
magnified images from (B-e)
demonstrates the localization
of GFP-Prx1 in the micro-
vessels of the brain. (C) Re-
presentative immunostaining
demonstrates that CD31 (red)
colocalized with GFP-Prx1
on the ipsilateral side of the
brain cortex 24h after
MCAO. (D) Representative
Z-stack images shown in (C).
Each image shown is repre-
sentative of five indepen-
dently injected mice. NeuN,
neuronal nuclear marker. To
see this illustration in color,
the reader is referred to the
web version of this article at
www .liebertpub.com/ars

ubiquitinylated Prx1 proteins in endothelial cells after OGD
reflects an imbalance between the amount of toxic unfolded
proteins and the capacity of the proteasomal system to elimi-
nate them, which may culminate in ER stress. Consistent with
our in vitro data, there was an increased ubiquitination of Prx1
in brain microvessels of mice following MCAO that was
associated with endothelial/microvessel injury. The forma-
tion of ubiquitin—protein conjugates (ubi-proteins) may me-
diate ischemic cell death (19, 51). A time-dependent increase
in E6AP after OGD induced Prx1 ubiquitination (33). The
upregulation and colocalization of E6AP with Prx1 after
OGD was blunted by inhibition of nitrosative stress with uric
acid or FeTPPS.

Our results identify EGAP as the E3 ligase that targets Prx1
for degradation in the later phases of OGD. Accordingly, we
tested the functional relevance of this pathway in protecting
the BBB of mice during tMCAQ. Brain ischemia increased
E6AP expression in microvessels of the penumbra region.

Nitrosative stress from the reaction of NO generated by NO
synthases in damaged brain cells and O,°~ generated during
ischemia underlays the ischemic cerebral cell death (17, 48).
We speculate from our endothelial cell model that ischemic
nitrosative stress induced the overproduction of brain micro-
vascular E6AP. Indeed, the computational predictor eval-
uated 7 potential tyrosine nitration sites of E6AP with high
score (Supplementary Fig. S11). Additionally, S-nitrosyla-
tion has been shown to modify the function of many proteins
(1, 32). Therefore, it will also be important to further char-
acterize the protein S-nitrosylation of thiol and amine groups
during ischemia in the future.

Our finding that inhibition of nitrosative stress and redi-
rection of E6AP restored Prx1 signaling in endothelial cells
defines a new vasoprotective mechanism against the dam-
aging consequences of ischemia. This was exemplified by the
demonstration that Prx1 overexpression in the intact brain
blocked tMCAO-induced neurovascular damage, attenuated

232



NEUROVASCULAR PROTECTIVE ROLE OF PEROXIREDOXIN 1 11

A, B

2o« N W &
& i i N
g

Neurological Score

MCAO LVPrxt

o
-]
&

10D { % of Sham )

B 8

g

480 4
360 ~
240 4

Py
o<

e
N
-4
Ischemic area rate (%)

Rotarod Timels

Sham MGAO LV~Prx‘t

-]

Sham

Densltomstry Ratio
S - B
< 3
3
Bensitomelry Ratio
I VPR N
4
*®

Prat

LV-Prx{+MCAQ

FIG. 9. Lentiviral-mediated delivery of Prx1 protects against neurovascular protection in tMCAQO mice. (A)
Lentiviral-mediated delivery of Prx1 improved neurological functional recovery after focal ischemia. The neurological scores
(upper) and rotarod test (lower) were examined. The data are expressed as the percentage of the values observed in vehicle-
treated animals (mean + SEM, n=10). *p <0.05; **p <0.01 versus vehicle-treated mice. (B) LV-Prx/ transduction reduced the
infarct area of mice 24 h after tMCAO. The mice were subjected to 45 min of MCAOQ, and the infarct area was quantified 24 h
later in cresyl violet-stained brain sections. The data are expressed as the percentage of the infarct area/total area of each brain
section (mean+ SEM, n=10). **p<0.01 versus vehicle-treated mice. (C) The effect of LV-Prx/ on neurovascular damage
after brain ischemia. The proteins from penumbra brain region of mice were immunoblotted with antibodies against spectrin,
calcineurin, ZO-1, and MMP-9, which are indicative antibodies for neurovascular damage. C, contralateral; I, ipsilateral. (D)
The quantitative analyses are shown in the bar graph as the percentage of values of sham-operated animals (mean+SEM,
n=4). *p<0.05; **p<0.01 versus sham mice; "p<0.05 versus vehicle-treated mice. Immunoblotting with an anti-f-actin
antibody demonstrated equal protein loading in each lane. SBP, spectrin breakdown products; CBP, calcineurin breakdown
products. (E) LV-Prxl transduction attenuated BBB disruption 24h after tMCAO. Mice were intravenously injected with
Texas red-dextran in saline and perfused 120 min later. Ex vivo dextran labeling (red fluorescence) indicated extensive BBB
permeability around disrupted brain microvessels in tMCAO mice. (F) Quantification of Texas red-dextran immunofluores-
cence expressed as integrated optical density (IOD). ***p <0.001 versus sham; ##p<0.001 versus vehicle-treated mice. (G)
Effect of LV-PrxI transduction on the degradation of claudinS. (a) Immunostaining with anti-claudin5 (red fluorescence)
antibody showed brain ischemia-induced claudin5 degradation (c, d) in the microvessels 24h after tMCAO. LV-Prxl]
transduction reduced the degradation of claudin5 (e-g) in the microvessels 24 h after tMCAO. Higher-magnification images of
microvessel staining (b, d, g) from the insets of (a, ¢, f), respectively. (H) The effect of PrxI transduction on O,°~ levels, as
determined by in situ dihydroethidium staining. LV-Prx] transduction reduced the 02 ~ level in the penumbra region
compared to vehicle. Each image shown is representative of five independently injected mice. DHE, dlhydroethldlum (I) The
quantitative analyses of dihydroethidium immunofluorescence are shown in the bar graph. **p <0.01 versus sham; *p<0.05
versus vehicle-treated mice. BBB, blood-brain barrier; O,°~, superoxide. To see this illustration in color, the reader is referred
to the web version of this article at www.liebertpubcom/ars
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BBB damage, preserved the ZO-1, and prevented the acti-
vation of metalloproteinases (MMPs). This is similar to the
reports that Prx1 was required also for neurovascular cell
survival during exposure to pathogenic proteins associated
with brain ischemia or with amyloid-f§ expression in neu-
rons (30). These results are consistent with the finding that
PrxI-deficient mice suffer embryonic lethality because they
lack essential antioxidant function (25, 34, 39). Although
the neurovascular cells might be a critical issue during the
earlier phase of brain ischemia, the functional coupling and
collaborations among the capillaries, glia, and neurons of
the brain should be taken into consideration (9, 37). For
instance, recent studies highlight that pericyte loss causes
BBB breakdown and neurodegeneration (2, 36). Therefore,
how Prx1-mediated vascular protection contributed to the
neuronal survival in the present study, however, is a topic
for further investigation. Prx1 protein levels can prevent
excessive ROS accumulation by interaction with thior-
edoxin to detoxify hydrogen peroxide (H,0,), ONOO™, and
a range of organic hydroperoxides (34). We found further
that LV transduction reduced O,°~ formation in the ipsi-
lateral region of the ischemia brain, which might be a
consequence of ERK and FKHR activation by Prx1. Indeed,
Prxs participate in a very wide range of reactions, including
neuronal differentiation, cell signaling, molecular chaper-
oning, and mitochondrial function, in both catalytic-de-
pendent and catalytic-independent manners and can interact
with JNK, c-Abl, and apoptosis signal-regulating kinase 1
(ASK1) in a redox-regulated manner (11, 14, 21, 23). Here,
ipsilateral sections showed stronger GFP fluorescence in
cerebral vessels of t(MCAO mice, it might due to the changes
of structural integrity in ischemic region, where dividing
cell also largely accumulated (12, 20).

In summary, our studies identify an intracellular link be-
tween nitrosative stress and Prx1 signaling in endothelial
cells following ischemia-like injury. Our description of an
early ischemia-induced activation of beneficial Prx1 gener-
ation followed by subsequent inactivation represents a pre-

TAO ET AL.

viously undescribed, nitrosative stress-dependent process
mediated by E6AP-dependent Prx1 ubiquitination and sub-
sequent endothelial barrier damage. Since Prx1l protected
against oxidative stress in endothelial cells to reduce injury
after ischemia, both in vitro- and in vivo-specific inducers of
the Prx1 pathway, or mechanisms to prevent its degradation,
may be targeted for therapeutic benefit in neurovascular
disorders.

Materials and Methods
Reagents

Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum were purchased from Gibco. Alexa Fluor 488-
conjugated anti-rabbit IgG and Alexa Fluor 594-conjugated
anti-mouse IgG were obtained from Invitrogen. Uric acid was
obtained from Wako. 5,10,15,20-Tetrakis-[4-sulfonatophenyl]-
porphyrinato-iron[IIT] (FeTPPS; Calbiochem) was used as
a specific ONOO™ decomposition catalyst. Unless other-
wise stated, all reagents and chemicals were obtained from
Sigma-Aldrich.

OGD exposure and experimental treatments
of cell cultures

EA hy926 cells (16, 43), HBMECs, and mouse brain mi-
crovascular endothelial cells (bEnd.3) were used for Western
blot or immunocytochemistry in the present study. Briefly, in
the oxygen and glucose deprivation phase, the culture medium
was replaced and washed with glucose-free Hank’s balanced
salt solution, after which the cultures were placed in an airtight
experimental hypoxia chamber (Billups-Rothenberg) con-
taining a gas mixture comprising 95% N, and 5% CO,. To
mimic an ischemia-like condition in vitro, cell cultures were
exposed to OGD for 1, 3, 6, 12, and 24 h. Cells without OGD
served as controls.

Two-dimensional gel electrophoresis

Approximately 450 pg of protein was resuspended in a
rehydration solution [8§ M Urea, 2% CHAPS, 20mM DTT,
0.2% Biolyte (pH range 3-10), and 0.2% Bromphenol blue]
and applied to 17-cm pH 3-10 nonlinear gradient immobiline
strips for isoelectric focusing. Isoelectric focusing was per-
formed using Protean IEF Cell (Bio-Rad), and the proteins in
the IPG strips were subsequently placed on a 12% uniform
sodium dodecyl sulfate (SDS)~polyacrylamide gel. The gels
were silver stained and scanned with an Image Scanner in
transmission mode, after which image analysis was con-
ducted with two-dimensional PDquest (Bio-Rad). The two-
dimensional gel electrophoresis was repeated three times
using independently grown cultures.

In-gel digestion and mass spectrometry analysis

The in-gel digestion of proteins for mass spectrometric
characterization was performed as published previously (47).
After the tryptic peptide mixture was dissolved with 0.5%
trifluoroacetic acid, peptide mass analysis was performed
using an AB4800 MALDI-TOF/TOF mass spectrometer
(Applied Biosystems). The mass spectra were externally
calibrated with a peptide standard from Applied Biosystems.
Based on the National Center for Biotechnology Information
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(NCBI) human databases, the mass spectra were analyzed
with a 50 ppm mass tolerance by GPS Explorer version 2.0.1
and Mascot version 1.9.

Plasmid constructs and transfections

The EA.hy926 or HBMEC endothelial cells were cultured
in six-well plates in the growth medium and transfected with
plasmid DNA encoding Prxl, siPrxl, siE6AP, pRK5-HA-
Ubiquitin-K48R (17604; Addgene), or an empty plasmid
control using Attractene (Qiagen). After transfection for 2
days, the cells were collected for related experiments. To
express the active-site cysteine-to-alanine mutant of EGAP in
endothelial cells, p3869HA-E6AP C833A cells (8649; Ad-
dgene) were used. The C-A mutation was introduced at the
site of E6GAP C833 (22, 27). The K48R mutant ubiquitin was
obtained from Dr. Guanghui Wang (Soochow University)
(27). All the constructs were confirmed by sequencing.

Lentiviral vectors preparation for brain delivery

To construct a lentiviral vector expressing Prxl, two
complementary Prxl DNA oligonucleotides were synthe-
sized and inserted into the EcoRI-BamHI site of transfer
vector pCDH-CMV-MCS-EF1-copGFP under the control of
promoter CMV. The constructed vector was transformed into
DHS5a Escherichia coli and isolated with minipreps plasmid
purification system (Promega). A large production of LV-
Prxl was prepared by transfection of human kidney 293T
cells. In brief, 293T cells were cotransfected with a mixture
containing packaging plasmid (pCD/NL-BH*DDD), enve-
lope plasmid (pLTR-G), and transfer vector and Trans-EZ.
For high-titer virus stocks, the supernatant of cells was col-
lected at 72h after transfection, low-speed centrifuged, fil-
tered, and ultracentrifuged. The titer of LV-Prx] stock was
determined by transduction of HOS cells with serial dilutions
of concentrated lentivirus and analyzing integrated viral
DNA copies per cell by quantitative polymerase chain reac-
tion. The lentiviral vectors coding for GFP without PrxI
were prepared in a similar manner, as described above, and
used as a control (LV-GFP). In addition, we used a lentivirus-
mediated RNA interference approach to achieve the inhibi-
tion of E6AP levels in the brain. The short hairpin RNA
(shRNA)-mediated Ube3a knockdown vectors were con-
structed by subcloning the U6 promoter-sh-Ube3a cassette
into the Agel-EcoRlI sites of the pLenti-CMV vector.

The lentiviral vector encoding mouse PrxI (LV-GFP-
PrxI), LV-GFP, or sh-E6AP was injected into the right lateral
ventricle over a 10-min duration using a Hamilton micro-
syringe with the coordinates of 0.5 mm caudal to the bregma,
1 mm lateral to the midline, and 3 mm depth from the skull
surface under the guidance of a stereotaxic instrument. Two
weeks after the introduction of the viral vectors, the MCAO
mice model was prepared as previously reported (51). All
lentivirus batches used for experiments had comparable titers
ranging from 1x10% to 1x10° integration units/ml. Virus
suspensions were stored at—80°C until use and were briefly
centrifuged and kept on ice immediately before injection.

RNA interference

Prxl siRNAs or E6AP siRNAs was introduced into
EA hy926 cells with the transfection medium according to

the manufacturer’s instructions. The control set of EA.hy926
cells was transfected with nontargeted siRNAs. The cells
were collected for experiments 72h after transfection.
Knockdown was confirmed with Western blotting using
whole cell lysates. siPrx] (sc-36177) and scramble negative
control (sc-37007) were obtained from Santa Cruz Bio-
technology: SiE6AP (sense), 5-GCCCAGACACAGAA
AGGUUTT-3’; scramble negative control (siCont-1, sense),
5-UUGCGGGUCUAAUCACCGATT-3".

Annexin V/PI flow cytometry analysis

Flow cytometric assays to evaluate apoptosis by Annexin
V/PI (BioVision) staining were performed essentially as
previously described, following the manufacturer’s instruc-
tion. Briefly, endothelial cells were transfected with Prx/
siRNAs for 48h before exposure to 6h OGD. Annexin
V-FITC and PI were added to the cell suspension and incu-
bated at room temperature for 10 min in the dark. For each
sample, at least 1x 10* cells were analyzed using a FACS-
Calibur flow cytometer (BD Biosciences).

TUNEL assay

In situ DNA fragmentation was assessed using a TUNEL
staining combined with 4”,6-diamidino-2-phenylindole (DAPI)
counterstain. Images were recorded after counterstaining with
DAPI (nuclei marker), and endothelial cells were identified by
phase image. Endothelial cells were imaged using 20 X objec-
tives. The apoptotic response was expressed as the percentage
of TUNEL-positive endothelial cells/the total number of nuclei
counted after DAPI staining. The results represented the av-
erage of a minimum of three experiments, and a minimum of
600 cells were counted per experiment.

Cell fractionation, immunoprecipitation,
and immunoblotting analysis

Immunoblotting was carried out in endothelial cell lysates
after determination of protein concentrations using the Brad-
ford’s solution. The cell lysates containing equivalent amounts
of protein were applied to 10%-13.5% acrylamide denaturing
gels (SDS-polyacrylamide gel electrophoresis [PAGE]) (15).
Proteins were then transferred to an immobilon polyvinylidene
difluoride membrane for 1 h at 50 V. Membranes were blocked
in 20 mM Tris-HC1 (PH 7.4), 150 mM NaCl, and 0.1% Tween
20 (TBS-T) containing 5% fat-free milk powder for 1h and
immunodetected with antibodies to HSP27 monoclonal anti-
body (1:1000), Prx1 polyclonal antibody (1:5000), (Abcam);
HO-1 (1:1000), Phospho-AKT (1:1000), Phospho-ERK
(1:3000), Phospho-JNK (1:1000), Phospho-P38 (1:1000),
Phospho-FKHR (1:3000), and cleaved Caspase-3 (1:1000,
polyclonal antibody; Cell Signaling Technology); procas-
pase-3 (1:2000), PARP-1 (1:2000), and ubiquitin (1:1000,
polyclonal antibody; Santa Cruz Biotechnology); ZO-1 and
Occludin (1:1000; Invitrogen); E6AP (1:3000) and fS-actin
(1:5000, monoclonal antibody; Sigma-Aldrich). After incuba-
tion for 12 h, membranes were incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody. Im-
munoreactivity was visualized by enhanced chemilumines-
cence (Amersham Life Science). The Prxl ubiquitylation
assays were performed essentially as described previously (46).
Briefly, cells were treated with 5 uM MG132 (Calbiochem)
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or with dimethyl sulfoxide (DMSO; control) for 30 min before
OGD. Immunoprecipitates were analyzed by immunoblotting,
using either anti-ubiquitin or anti-Prx1 antibody to detect
ubiquitylated Prx1. In addition, EGAP immunoprecipitates
from the lysates were probed with anti-nitrotyrosine antibody.

Experimental animals

Male C57 mice, weighing 20-23 g, were obtained from the
Zhejiang Medical Animal Centre (Hangzhou, China). Mice
were housed under climate-controlled conditions with a 12-h
light/dark cycle and provided with standard food and water.
Animals were acclimated to their environment for at least 1
week before initiating the experimental protocols. All ex-
perimental protocols and animal handling procedures were
performed in accordance with the National Institutes of
Health (NIH) guidelines for the care and use of laboratory
animals and were approved by the Committee for Animal
Experiments at the Zhejiang University in China.

tMCAQO model

The transient/reperfusion MCAO model was used to re-
semble stroke in humans (3, 5), and the surgery was carried
out as previously described (18). Animal procedures were
approved by the Committee on Animal Experiments at the
Zhejiang University. The rectal temperature was monitored
throughout the surgery, and the body temperature was main-
tained at 37°C +0.5°C with a heating pad. Neurological deficit
tests were carried out at 24 h after tMCAO, including neuro-
logical scores and rotarod test. Neurological scores were de-
termined 24 h after tMCAQ using a previously described
scoring system (45). Rotarod test, which started 3 days before
the surgery to train five times every day, was performed to
examine the motor coordination. The rotarod time (s) that mice
persisted on the rotarod after ischemia was recorded; the data
were expressed as the mean duration of five trials at 24 h after
tMCAO. The brain infarct area of mice 24 h after ischemia was
evaluated from scanned digital images of Nissl-stained brain
sections using Image J software (NIH).

Evaluation of BBB damage

The loss of BBB integrity was also verified by the leakage
of Texas red-conjugated dextran from microvessels after
intravenous injection. Texas red-dextran (70kDa) solution
(0.1% in phosphate-buffered saline [PBS], 5 ml/kg) was in-
travenously administered via the tail vein at 22h after the
onset of MCAO. The mice were perfused transcardially with
saline as above. After decapitation, brains were prepared
according to the immunohistochemical methods, and Texas
red-dextran leakage was determined by immunofluorescence
staining (red fluorescence).

Confocal immunofluorescence staining and analysis

For immunofluorescence analysis in cultured endothelial
cells, cells were fixed in 4% formaldehyde/PBS as previously
reported (16). Cells were labeled with Prx1 (1:300, poly-
clonal antibody; Abcam), Nitrotyrosine (1:200, monoclonal
antibody; Millipore), E6AP (1:300, polyclonal antibody;
Invitrogen), and ubiquitin (1:200, monoclonal antibody; Cell
Signaling Technology), followed by immunofluorescence
using a standard protocol from PerkinElmer Life Sciences,
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Inc. Nuclei were stained with DAPI dihydrochloride bis-
benzimide (5 uM). Immunolocalization and changes in Prx1,
E6AP, and nitrotyrosine in cultured endothelial cells were
visualized by confocal microscopy (Zeiss LSM 510).

For immunohistochemistry, mice were anesthetized at the
time of sacrifice and transcardially perfused with 4% para-
formaldehyde in PBS as previously described (16). The
whole brains were immediately removed and post-fixed
overnight at 4°C. Then, brains were cut into 35-pum-thick
serial sections using a vibratome. Sections were incubated at
room temperature in PBS with 0.01% Triton-X100 for 30 min
and for 1 h in 3% bovine serum albumin (BSA) in PBS. For
immunolabeling, the brain slices were incubated with anti-
bodies targeting Prx1 (1:300; Abcam), CD31 (1:200; Santa
Cruz Biotechnology), Claudin5 (1:200; Invitrogen), E6AP
(1:300; Sigma-Aldrich), NeuN (1:300), and Nitrotyrosine
(1:200) (Millipore) overnight at 4°C. After washing, the
sections were incubated with Alexa fluor 488-conjugated
anti-rabbit I1gG (1:400) and Alexa fluor 594-conjugated anti-
mouse IgG (1:400) (Invitrogen) in (Tris-NaCl-blocking) TNB
buffer (1:400). In addition, the oxidative fluorescent indicator
dihydroethidium was used to evaluate in situ O,"~ generation
as previously reported (45). Immunofluorescence was visual-
ized by using a Zeiss LSM 510 confocal microscope.

Statistical analysis

The data were analyzed with t-tests when means between
two groups were compared. For multigroup comparisons,
statistical significance was determined using one-way
ANOVA followed by a post hoc Tukey’s test or Dunnett’s
comparison to control. All data are expressed as the mean+
SEM. A value of p<0.05 was considered to be significant.
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