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Abstract
Mitochondrial dysfunction and oxidative stress play a key role in ischemia/reperfusion (I/R) induced brain injury. We previously
showed that ubiquilin-1 (Ubqln1), a ubiquitin-like protein, improves proteostasis and protects brains against oxidative stress and
I/R induced brain injury. We demonstrate here that nialamide (NM), a non-selective monoamine oxidase (MAO) inhibitor,
upregulated Ublqn1 and protected neurons from oxygen-glucose deprivation- and I/R-caused cell death in in vitro and in vivo,
respectively. Post-ischemic administration of the NM in a stroke mouse model even at 3 h following I/R still reduced neuronal
injury and improved functional recovery and survival. Treating stroke animals with NM also increased the association of Ubqln1
with mitochondria and decreased the total oxidized and polyubiquitinated protein levels. Intriguingly, NM-enhanced proteostasis
was also associated with reduced I/R-caused neuroinflammation, as reflected by attenuated activation of microglia and astrocytes
as well as reduced TNF-α level. Thus, our results suggest that MAO inhibition-induced neuroprotection following I/R involves
improved proteostasis and reduced neuroinflammation.
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Introduction

Stroke is the 2nd leading cause of death worldwide and is
associated with a high frequency of disability [1]. Ischemic
stroke that accounts for more than 85% of all strokes in the
United States is caused by blockage of a blood vessel supply-
ing blood to the brain. When this occurs, thrombolysis with
intravenous tissue-type plasminogen activator is the only ap-
proved treatment for patients with acute ischemic stroke to
break down the blood clots and restore blood flow [2].
However, cerebral ischemia and reperfusion (I/R) induce mi-
tochondrial dysfunction and overproduction of free radicals,
leading to oxidative stress [3]. Additionally, following I/R,
activation of resident cells, mainly microglia and astrocytes,
occurs, which is followed by the infiltration of circulating
leukocytes in the ischemic brain region [4]. This leads to the
release of cytokines and neuroinflammation.

Monoamine oxidases (MAOs), including type-A (MAO-
A) and type-B (MAO-B) MAOs in humans and mice, are a
family of flavoenzymes associated with the outer mitochon-
drial membrane in neurons, astrocytes and many other types
of cells [5–7]. They play an important role in catalyzing the
oxidative deamination of monoamine neurotransmitters (such
as norepinephrine, epinephrine and dopamine) and biogenic
amines [8]. However, a large amount of hydrogen peroxide,
aldehydes and ammonia can be produced during the oxidative
deamination process, which damages mitochondria and leads
to oxidative stress and neuronal death [9]. Due to this reason,
the MAOs-catalyzed biochemical reactions are increasingly
regarded as an important source of oxidative stress and there-
fore inhibition of MAOs activity has significant therapeutic
value for treating ischemic stroke induced brain injury.

Ubiquilin-1 (Ubqln1) is a ubiquitin-like protein and func-
tions as a ubiquitin receptor that binds to and shuttles
polyubiquitinated (polyUb) proteins to the proteasome for
degradation [10]. Data from our previous in vitro and
in vivo studies have indicated that Ubqln1 facilitates
misfolded protein degradation [11] and improves proteostasis
following ischemia [12–14]. Here, we demonstrate that nial-
amide (NM), an irreversible synthetic MAO inhibitor, can
increase Ubqln1 expression and attenuate ischemic stroke-
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induced neuronal injury in Ubqln1-dependent manner, which
is associated with reduced mitochondrial damage.

Materials and Methods

Cell Culture and Treatment

Mouse striatal cell line (Coriell, Camden, New Jersey,
USA) was cultured in 12-well plates in the complete me-
dium containing the Dulbecco’s Modified Eagle Medium
supp l emen t e d w i t h 1 0% f e t a l b o v i n e s e r um
(ThermoFisher Scientific, Waltham, MA, USA; Cat#
16140–017) and penicillin/streptomycin (GE Healthcare
Life Sciences, Marlborough, MA, USA; Cat# SV30010).
After 24 h (h), the cells were treated with different con-
centrations (0, 1, 2.5, 5, 10, 20, 50, 100 or 200 μM) of
NM (Sigma, St Louis, MO, USA; Cat# 252999) dissolved
in DMSO (Fisher, Hampton, NH, USA; DMSO, Cat#
BP231–100) to examine the effect of NM on Ubqln1 ex-
pression. These different concentrations of NM were
based on our original drug screening experiment, as we
observed an evident increase of Ubqln1 level when the
st r ia ta l cel ls were t reated with 10 μM of NM.
Alternatively, the cells were treated with different concen-
trations of NM in presence of 20 μM of menadione (MD,
Sigma; Cat# M2518), a free radical inducer [14], or with a
single concentration of NM in presence of oxygen-
glucose deprivation (OGD) by replacing the complete me-
dium with a glucose-free Hank’s Balance Salt Solution
(HBSS) containing with or without 20 μM NM for 24 h.
In the OGD experiment, the cells were incubated in an
oxygen-free chamber filled with 95% N2 and 5% CO2 at
37 °C for 24 h prior to cell viability analyses.

Mouse primary cortical neuronal culture was per-
formed according to our previously described methods
[15]. Neurons were treated with MD in presence of
20 μM of NM or an equal volume of vehicle for 24 h
before cell viability and death was assessed by an MTT
assay kit (Trevigen, Gaithersburg, MD, USA; Cat# 4890–
25-K) or propidium iodide (Thermo Fisher Scientific,
Cat# P3566) staining under a fluorescence microscope
(Carl Zeiss, Oberkochen, Germany).

Knockdown Experiments by RNAi

Knockdown of both MAO-A and MAO-B were performed
with a pool of three target-specific MAO-A and three MAO-
B Dicer-substrate short interfering RNAs (DsiRNAs)
(Integrated DNA Technologies, Coralville, IA, USA;
Reference# 217215758) by following previously described
procedure [16, 17] and using the Lipofectamine RNAiMAX
Transfection Reagent (ThermoFisher Scientific, Cat#

13778100). After three days of knockdown, the striatal cells
were treated with OGD in presence of vehicle or 20 μM of
NM for 16 h before MTT assay was performed. Alternatively,
the striatal cells were used for Western blot analysis of both
MAO-A and MAO-B protein levels following three days of
knockdown.

ATP and MTT Assays

ATP measurement was performed to evaluate cell viability
using an ATP Bioluminescence assay kit CLS II (Sigma;
Cat# 11699695001) as previously described [14]. MTT
assay was performed by using an MTT assay kit
(Trevigen; Cat# 4890–25-K) according to the manufac-
turer’s instruction.

RNA Isolation and RT-PCR

Total RNAs were isolated using the TRI Reagent (Molecular
Research Center, Cincinnati, OH; Cat# TR118) according the
manufacturer’s guide. After washed with 75% ethanol, the
RNAs were then subjected to reverse transcription to cDNA
using the RevertAid first strand cDNA synthesis kit
(ThermoFisher Scientific; Cat# K1621). The cDNAwas sub-
sequently utilized for PCR with a thermal cycler
(ThermoFisher Scientific). The primer set used to assess
Ubqln1 expression was as follows. Ubqln1 forward primer:
5’CGTCCTTAGTGAGCAGTT3’; Ubqln1 reverse primer: 5’
CTGCATTTGTTGGAGGAAAG 3′. RT-PCR of 18S ribo-
some (18S-RIB) RNA was used as a loading control using
the following primers: 18S-RIB forward primer, 5’-
CTCAACACGGGAA ACCTCAC-3′; 18S-RIB reverse
primer, 5’-TGCCAGAGTCTCGTTCGTTAT-3′. The band in-
tensities of the RT-PCR products were analyzed by using
Image J software (NIH).

Animals

All experiments involving using animals were approved by
the Institutional Animal Care and Use Committee of the
University of South Dakota. C57Bl/6 J and Ubqln1 knockout
(KO) [14] male mice at 8–10 weeks old (25–30 g) were main-
tained in cages on bedding with adequate access to food and
water. After surgery, the mice were fed with wet-mashed food.
Animals were monitored daily to ensure their survival and
condition.

Induction of Ischemia/Reperfusion and NM
Administration

Transient middle cerebral artery occlusion (MCAO) was
induced by an intraluminal filament as we described pre-
viously [14]. Briefly, mice were anesthetized with
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isoflurane (3% for induction and 1.5% for maintenance).
To maintain stable body temperature, mice were remained
on a thermal pad throughout the surgery. After 1 h of
MCAO, the occluding filament was withdrawn to allow
blood reperfusion. As a control, the sham-operated ani-
mals were subjected to the same procedure without occlu-
sion of MCA. NM (3.125 mg/kg) was administered 1, 3
or 6 h after initiation of reperfusion via intraperitoneal
(i.p.) injection. The animals injected with the same vol-
ume of saline containing dimethyl sulfoxide (DMSO)
were used as a control treatment. Mice were sacrificed
24 h after the final injection, or alternatively, were
allowed to survive for 7 days with daily i.p. injection of
NM (3.125 mg/kg) to examine their survival and neuro-
logical deficits.

2, 3, 5-Triphenyltetrazolium Chloride (TTC) Staining

TTC (Sigma; Cat# T8877) staining was performed as previ-
ously described [14].

Assessment of Neurological Deficits

We utilized the previously described methods to assess the
neurological deficit scores [18, 19]. The score system contains
both motor and sensory functionalities and was graded on a
scale of 0 to 14 (normal score, 0; maximal deficit score, 14)
[15, 20], as summarized in Table 1. Mice were examined at 1,
3, 5 and 7 days following MCAO and daily NM injection
(3.125 mg/kg).

Isolation of Mitochondria from the Mouse Brain

Mitochondria were isolated from penumbral areas of MCAO
mouse brains with a mitochondrial isolation kit (Abcam,
Cambridge,MA, USA; Cat# ab110169) according to the man-
ufacturer’s guide. Mitochondrial pellets were resuspended in
isolation buffer supplemented with protease inhibitor cocktail
and used for Western blot.

Detection of Oxidized Proteins in Mouse Brains

The penumbral cortex of mice after MCAOwas homogenized
in ice-cold extraction buffer containing protease and phospha-
tase inhibitors. Protein carbonyl groups in the protein side
chains were derivatized to 2,4-dinitrophenyl (DNP) hydrazine
by reaction with 2,4-dinitrophenylhydrazine (DNPH). The
DNP-derivatized protein samples were separated by SDS-
PAGE (sodium dodecyl sulfate– polyacrylamide gel electro-
phoresis) and detected using the oxidized proteinWestern blot
detection kit according to the manufacturer’s instructions
(Abcam; Cat# ab178020).

Western Blot Analysis

Cell, tissue or mitochondrium lysates were electrophoresed on
10%, 12% or 15% SDS-PAGE and transferred to nitrocellu-
lose membrane. The primary antibodies were used as follows:
anti-Ubqln1 (1:1000, Abcam; Cat# ab3341), anti-ubiquitin/
polyubiquitin (polyUb) antibody (1:1000, Cell Signaling
Technology, Danvers, MA, USA; Cat# 3936), anti-K48-
linked polyUb antibody (1:1000, Cell Signaling Technology;
Cat# 5621), anti-GFAP (Glial fibrillary acidic protein)
(1:1000, EMD Millipore, Burlington, MA, USA; Cat#
AB5804), anti-TNF-α (tumor necrosis factor-alpha) (1:1000,
Abcam; Cat# ab1793), anti-COX IV antibody (1:1000, St
John’s laboratory, London, UK; Cat# STJ96935), anti-
MAO-A antibody (1:500, GeneTex, Cat# GTX101289),
anti-MAO-B antibody (1:500, GeneTex, Cat# GTX105970),
and anti-actin (1:1000, Santa Cruz Biotechnology, Dallas,
Texas, USA; Cat# sc-1616). Detection was performed using
appropriate secondary antibodies conjugated with the infrared
dyes (1:5000, LI-COR Inc., Lincoln, NE, USA; Cat# 926–
32,211, 926–68,072, 926–32,214). Protein band intensities
were measured using an Odyssey scanner (LI-COR) and
quantified using UN-SCAN-IT gel6.1 software (Silk
Scientific Inc., Orem, Utah, USA).

Immunohistochemistry

Mice were anesthetized and fixed by transcardial perfusion
with 0.1 M PBS (pH 7.4) followed by 4% paraformaldehyde
(PFA, Fisher Scientific, Hampton, NH, USA; Cat# 30525–89-
4). Brains were removed and post-fixed in 4% PFA overnight
at 4 °C. Coronal brain sections (10 μm) were cut on a freezing
microtome. Brain sections were incubated with Iba1 antibody
(1:1000, FUJIFILM Wako Chemicals USA, North
Chesterfield, VA, USA; Cat# 019–19,741), GFAP antibody
(1:1000, EMDMillipore; Cat# AB5804) and TNF-α antibody
(1:100, Abcam; Cat# ab1793) for overnight at 4 °C. An ap-
propriate secondary antibody was applied for 0.5 h at 37 °C
incubator. Images were captured using a ZEISS fluorescent
microscope (Carl ZEISS).

Statistical Analysis

GraphPad Prism Statistical Software version 7.0 (La Jolla,
CA, USA) was used for statistical analysis and graphical dis-
play. All numerical data were presented as mean ± standard
deviation (SD). Significant differences between more than
two groups were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc analysis or two-way
ANOVA followed with Sidak’s multiple comparison test. p <
0.05 was considered statistically significant.
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Results

NM Upregulates Ublqn1

Since our previous data have indicated that Ubqln1 is a
therapeutic target [14], we therefore screened a 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 Ubqln1.
One of the identified compounds was NM, a monoamine
oxidase inhibitor. To verify the result, we treated a
striatal cell line culture with an increasing concentration
of NM and after 16 h, Ubqln1 protein levels were
assessed by Western blot analysis. As shown in Figs.
1A & 1B, NM significantly upregulated Ublqn1 protein
level when the cell was treated with 5–50 μM NM.
Further, we examined Ublqn1 mRNA level by semi-
quantitative RT-PCR and our results showed a remarked
elevation of Ubqln1 mRNA level (Figs. 1C & 1D). These
data indicate that NM upregulates Ubqln1 transcription
and protein levels.

NM Increases Cell Viability Following Oxidative Stress
and OGD Treatment in Cell Cultures

Since upregulation of Ubqln1 mediates neuroprotection
[14, 21], we next determined whether NM influences

oxidative stress or OGD-induced viability in neural cell
culture. When neural cell was challenged with 20 μM of
menadione (MD), a free radical inducer [14], in the pres-
ence of different concentrations of NM, we observed a
dose-dependent protective effect of NM on cell viability,
as reflected by the measured ATP levels (Fig. 2A).
Furthermore, NM also reduced OGD-induced cell death
(Fig. 2B, C & 2D). As cortices are the first tissue to be
damaged in MCAO, we next determined whether NM
shows the similar neuroprotection in mouse primary cor-
tical neurons. Accordingly, primary cortical cultures were
used in the similar experiments and our results showed a
neuroprotective effect of NM on cortical neurons (Fig.
2E-2G). As NM is a non-selective MAO inhibitor, to ver-
ify whether NM-conferred neuroprotection is MAO-de-
pendent, we knocked down both MAO-A and MAO-B
expression by RNAi and then determined the effect of
NM on OGD-induced cytotoxicity. Efficient downregula-
tion of both MAO-A and MAO-B gene expressions was
verified by Western blot analysis of the two proteins fol-
lowing three days of knockdown of MAOs by RNAi (Fig.
2H). After knockdown of MAOs, the cells showed in-
creased survival under OGD condition in the absence of
NM (Fig. 2I), indicating that MAO knockdown alone is
sufficient to mimic NM-mediated neuroprotection.
Moreover, NM did not cause any further neuroprotection
against OGD after knockdown of MAOs (Fig. 2I).

Table 1 Modified neurological
deficit scores Behavioral Tests Score

Raising mouse by tail

Flexion of forelimb 1

Flexion of hindlimb 1

Head moving >10° to vertical axis in 30s 1

Walking on floor (normal, 0; deficit, 1–3)

Normal walking 0

Unable to walk straightly 1

Circling to the paretic side 2

Falling down to the paretic side 3

Beam balance tests (normal, 0; deficits, 1–6)

Balance with steady posture 0

Grasp side of beam 1

Hug beam & 1 limb falls down from beam 2

Hug beam &2 limbs falls down from beam or spin on beam for >30s 3

Attempt to balance on beam but fall off >20s 4

Attempt to balance on beam but fall off >10s 5

Fall off: no attempt to balance or hang onto beam <10s 6

Reflex (normal, 0; deficits, 1–2)

Absence of pinna reflex (normal, head shakes upon touching auditory meatus) 1

Absence of corneal reflex (normal, an eye blink upon gently touching the cornea with cotton) 1

Maximal score 14
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To further determine whether NM-mediated neuroprotec-
tion is dependent on Ubqln1, we knocked down Ubqln1 ex-
pression using the previously produced lentiviruses

overexpressing four mouse shRNAs [21]. Downregulation
of Ubqln1 abolished NM-induced neuroprotection following
OGD (Figs. 2J & 2K). Thus, our in vitro experimental results
suggest that NM increases cell viability following oxidative
stress and OGD treatment in neuronal cultures, which is de-
pendent on Ubqln1 expression.

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

We then examined whether pre-stroke treatment of NM in a
stroke mouse model attenuates brain injury. Accordingly,
mice were intraperitoneally (ip) injected with 50, 25, 12.5,
6.25, or 3.125 mg/kg NM 1 h prior to the MCAO proce-
dure, and 24 h following ischemia/reperfusion (I/R) the
mice were euthanized to assess brain infarct volume. In
accordance with the in vitro results, pre-treatment of NM
at 12.5 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 NM is also neuroprotective follow-
ing MCAO, animals were treated (ip) with different doses
of NM at 1 or 3 h after ischemia (Fig. 3A). When the mice
were treated with NM at a dose of 3.125 mg/kg, but not
with those doses higher than this, there was a significant
reduction of infarct volume when compared to the vehicle-
treated mice (Figs. 3B & 3C), suggesting NM reduces
stroke-induced neuronal injury.

To determine whether NM-mediated neuroprotection de-
pends on Ubqln1, we performed MCAO to Ubqln1 knockout
(KO) mice [14, 15]. After 1 h of reperfusion, the KO animals
were treated (ip) with 3.125 mg/kg of NM (Fig. 3D). TTC
staining indicated that KO of Ubqln1 increased infarct volume
in the NM-treated mice when compared to the WT mice fol-
lowing NM treatment (Figs. 3E & 3F). These results indicate
that NM-induced neuroprotection depends on Ubqln1
expression.

Post-MCAO Treatment of NM Promotes Animal
Functional Recovery in Stroke Mice

To determine whether NM treatment improves animal
functional recovery, mice were assessed by a modified
neurological score system that contains multiple parame-
ters to examine both motor and sensory functions follow-
ing the MCAO procedure [18, 22]. As shown in Fig. 4A,
mice treated with NM at 1 h following MCAO showed
faster functional recovery than those treated with vehicle.
NM significantly enhanced functional recovery after
3 days, which persisted until day 7, suggesting that post-
treatment of NM improves animal functional recovery fol-
lowing ischemic stroke. These results were further sup-
ported by increased survival in NM-treated mice (Fig.

Fig. 1 Upregulation of Ubqln1 expression in striatal cells treated with
NM. (A) Striatal cells were treated with the indicated concentrations of
NM for 16 h and then collected for Western blot analysis. (B) Statistical
analysis of (A). Data are shown as mean ± SD. N = 3, ** p < 0.01. (C)
PCR analysis of Ubqln1 expression level in cells treated with NM
(20 μM) for 16 h. (D) Statistical analysis of (C). Data are shown as
mean ± SD. N = 3, ** p < 0.01
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4B). More interestingly, NM treatment at 6 h following
MCAO still facilitated animal functional recovery (Fig.

4C), although brain infarct did not differ between NM
and control treatment groups (data not shown). These
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results indicate that NM ameliorates I/R-induced neuronal
injury and promotes functional recovery in mice when
administered within an appropriate window of time.

NM Treatment Increases Ubqln1 Level and Improves
Proteostasis in Mouse Brain Following I/R

Since NM upregulates Ubqln1 expression in neuronal cell
cultures, we next determined whether this also occurs in
mouse brains. As shown in Figs. 5A & 5B, Ubqln1 was de-
creased in vehicle-treated mouse brains (MCAO group) fol-
lowing I/R when compared to the sham group, while NM
rescued MCAO-caused Ubqln1reduction in mouse brains.

Fig. 4 NM increases animal survival rate and enhances functional
recovery (A) Mice were injected with NM after 1 h of I/R and then
injected with NM every day. Data are shown as mean ± SD. Vehicle:
n = 12, NM: n = 10, ***p < 0.001, **** p < 0.0001. (B)Survival curve
of mice after I/R. (C) Mice are injected with NM after 6 h of I/R and
then injected with NM every day. Data are shown as mean ± SD. N = 8–
10, **p < 0.01, *** p < 0.001

Fig. 3 Infarct volume of mice injected with NM or vehicle after MCAO.
(A) Schematic illustration of the experimental design. (B) TTC staining of
mouse brains. (C) Quantitative analysis of (B). (D) Schematic illustration
of the experimental design for the experiments involved in KO mice. (E)
TTC staining of KO and WT brains treated with vehicle or NM. (F)
Quantitative analysis of (E). All numerical data are shown as mean ±
SD. N = 8–11, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

�Fig. 2 NM reduces oxidative stress and OGD caused death in striatal cell
cultures (A) ATP levels in cells co-treated with 20 μMmenadione, a free
radical inducer, and the indicated concentrations of NM for 16 h. Cells
treated without MD and NM were used as another control (Control). (B)
Cell viability measured byMTTassay in striatal cells that were co-treated
with 20 μM NM and OGD for 24 h. Control, the cells were cultured in
complete medium under a normal culture condition with both normal
oxygen concentration and glucose in the culture medium. (C)
Representative bright-field images for the cell culture results shown (B).
Scale bar, 50 μm. (D) Cell counting results from (C). (E) Cell viability
measured by MTT assay in mouse primary cortical neurons co-treated
with 20 μM of MD in presence of 20 μM of NM or an equal volume of
vehicle for 24 h. (F) Representative bright-field images for the neuronal
culture described in (E). Scale bar, 50 μm. (G) Cell counting results from
(F). (H) Western blot analysis of MAOA and MAOB protein levels
following 3 days of knockdown. (I) Knockdown of MAOs abolished
NM-mediated neuroprotection. After 3 days of knockdown of MAO-A
and MAO-B, the striatal cells were treated with OGD in presence of
vehicle or 20 μM NM for additional 16 h before MTT assay was
performed. (J) Representative bright-field images from striatal cell
cultures with knockdown of Ubqln1 followed by 16 h of OGD in
presence of vehicle or 20 μM of NM. Scale bar, 50 μm. (K) Cell
counting results from (J). All numerical data are shown as mean ± SD.
N = 3–4, *p < 0.05, **p < 0.01, ***p < 0.001
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As previous data suggest that Ubqln1 plays a role in mediating
degradation of unwanted mitochondrial proteins, we exam-
ined whether NM-upregulated Ublqn1 showed increased-
association with mitochondria. We therefore isolated mito-
chondria from mouse brains following NM or vehicle treat-
ment. NM treatment increased association of Ubqln1 with
mitochondria when compared to the vehicle treatment (Figs.
5C & 5D). In accordance with these results, MCAO increased
oxidized protein (Figs. 5E & 5F) and polyUb protein (Figs.
5G & 5H) levels, whereas NM attenuated the accumulation of
oxidized protein (Figs. 5E & 5F) and polyUb protein (Figs.
5G & 5H) levels. To further study the mechanism of protein
degradation, we then detected K48-linked polyUb chains,
which mediate protein degradation through the proteasome
[23], in the brain of mice after MCAO. As shown in Figs. 5I
& 5J, NM treatment significantly decreased the accumulation
of K48-linked polyUb level in the brain after MCAO (Figs. 5I
& 5J). These data indicate that NM upregulates Ubqln1 in
mouse brains and improves proteostasis following I/R.

NM Treatment Reduces I/R-Induced
Neuroinflammation

We finally examinedwhether NM attenuated I/R induced neu-
roinflammation. Compared to the control treatment, NM treat-
ment reduced the numbers of bothmicroglia and astrocytes, as
reflected by both Iba1 staining (Figs. 6A & 6B), and GFAP
staining (Figs. 6C& 6D) and GFAP immunoblotting (Figs. 6E
& 6F), respectively. Additionally, NM treatment also reduced
the level of TNF-α, an important inflammatory factor, in the
brain (Figs. 6G-6J), suggesting that NM alleviates I/R-in-
duced neuroinflammation.

Discussion

We showed that NM, an irreversible synthetic MAO inhibitor,
reduced OGD and I/R caused neuronal injury in cell culture
and an ischemic stroke mouse model. The stroke mice treated
with NM even at 3 h still shows reduced infarct volume and

improved functional recovery. At 6 h, although NM treatment
lost its influence on infarct volume, significant functional im-
provement was still seen at this time point. Intriguingly, this
neuroprotective effect was associated with upregulation of
Ubqln1, increased association of Ublqn1 with mitochondria,
improved proteostasis and reduced neuroinflammation.
Therefore, inhibition of MAOs is a potential therapeutic strat-
egy for ischemic stroke. This neuroprotection is in accordance
with some of previously reported results, in which a beneficial
effect of an irreversible inhibitor of MAO-B [24, 25] and a
reversible inhibitor of MAO-A [26], were observed in rodent
experimental models of ischemic stroke.

The neuroprotective effect conferred by NM likely comes
from two major sources. On the one hand, NM inhibits MAOs
and thus reduces the production of free radicals, resulting in
alleviated mitochondrial damage, reduced activation of glia,
and attenuated neuroinflammation. MAO-B protein level was
found dramatically upregulated, with 275% increase at 4 h and
201% increase at 24 h, following I/R [27].Moreover, since the
monoamines, including norepinephrine, dopamine, and sero-
tonin, were significantly elevated following I/R in a vertebrate
stroke model [28, 29], inhibition of MAOs should result in
reduced oxidative stress. On the other hand, NM increases the
level of Ublqn1, a ubiquitin-like protein that facilitates the
degradation of misfolded proteins [11] and protects against
oxidative stress and I/R-caused tissue injury [13, 14, 21].
Following NM treatment, we observed an increased Ubqln1
level in isolated mitochondrial fraction. It is conceivable that
the increased association of Ubqln1 with mitochondria is ben-
eficial for maintaining normal mitochondrial structure and
function, as Ubqln1 binds unwanted proteins, including dam-
aged mitochondrial membrane proteins [30], in the cytosol
and mediates them for degradation [13, 31]. Consequently,
NM treatment leads to improved proteostasis and reduced
neuroinflammation, causing increased neuronal survival and
functional recovery following I/R (Fig. 7).

It remains unclear how reduced oxidative stress and im-
proved proteostasis lead to reduced neuroinflammation.
However, emerging data support the modulatory role of oxi-
dative stress and proteostasis in neuroinflammation. Increased
oxidative stress is closely linked to microglial and astrocyte
activation that triggers neuroinflammation [32] while
proteostasis also plays a key role in controlling mitochondrial
biogenesis and functionality [33]. Following NM treatment,
oxidative stress was reduced and Ubqln1-medicated
proteostasis was improved, leading to reduced activation of
microglia and astrocytes, decreased neuroinflammation and
improved neuronal survival (Fig. 7).

In addition to promoting removal of unwanted proteins,
Ubqln1 has been found to play multiple roles in mouse
brain. Overexpression of Ubqln1 in a transgenic mouse
model was able to elevate Sirt1 and AMPK levels in the
brain [34]. Sirt1 and AMPK have been reported as two

�Fig. 5 NM increases Ubqln1 level and decreases polyUb and oxidized
protein levels in mouse brains after MCAO. (A) Western blot analysis of
Ubqln1 level in the brain of mice after MCAO. (B) Quantitative analysis
of (A). Data are shown as mean ± SD. N = 4, *** p < 0.001. (C) Western
blot analysis of Ubqln1 level from isolated mitochondria in the brain of
mice treated with NM or vehicle after MCAO. (D) Quantitative analysis
of (C). Data are shown as mean ± SD. N = 3, ** p < 0.01. (E) Oxidized
protein level in the brain of mice after MCAO. (F) Quantitative analysis
of (E). Data are shown as mean ± SD. N = 4, **** p < 0.0001. (G)
PolyUb level in the brain of mice after MCAO. (H) Quantitative
analysis of (G). Data are shown as mean ± SD. N = 4, *** p < 0.001,
**** p < 0.0001. (I) K48 linked PolyUb level in the brain of mice after
MCAO. (J) Quantitative analysis of (I). Data are shown as mean ± SD.
N = 4, ** p < 0.01, *** p < 0.001
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important neuroprotective molecules/pathways in the brain
following I/R [35, 36]. Moreover, Ubqln1 also modulates
the level of amyloid precursor protein (APP) [20, 37],
whose expression and processing have been implicated in

ischemic stroke-induced neuronal injury [38]. Thus, NM-
mediated neuroprotection via upregulation of Ubqln1 ob-
served here may be a synergistic effect of these different
roles following I/R.

a bIba1

Vehicle NM

GFAPc d

Vehicle NM

e f

TNF-α h

i

Vehicle NM

j

g

Fig. 6 NM reduces neuroinflammation in mouse brains after MCAO (A)
Representative images of Iba1-positive (green) microglia in the brains of
mice treated with or without NM 48 h afterMCAO. Scale bar, 50μm. (B)
Quantitative analysis of (A). Data are shown as mean ± SD. N = 3, *
p < 0.05. (C) Representative images of GFAP-positive (green)
astrocytes in the brains of mice treated with or without NM 48 h after
MCAO. Scale bar, 50 μm (D) Quantitative analysis of (C). Data are
shown as mean ± SD. N = 3, * p < 0.05. (E) Western blot analysis of
GFAP level from cortex in the brain of mice treated with NM or vehicle

after MCAO. (F) Quantitative analysis of (E). Data are shown as mean ±
SD. N = 3, * p < 0.05. (G) Representative images of TNF-α-positive
(green) cells in the brains of mice treated with or without NM 48 h after
MCAO. Scale bar, 50 μm (H) Quantitative analysis of (G). Data are
shown as mean ± SD. N = 3, * p < 0.05. (I) Western blot analysis of
TNF-α expression level from cortex in the brain of mice treated with
NM or vehicle after MCAO. (J) Quantitative analysis of (I). Data are
shown as mean ± SD. N = 3, * p < 0.05
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NM belongs to the class of hydrazine MAO inhibitors that
irreversibly bind to both MAO-A and MAO-B [39]. Like
other members of hydrazine MAO inhibitors, NM was origi-
nally developed for treating major depressive disorders and
treatment-resistant depression over half a century ago.
Despite their efficacy, many of the MAO inhibitors, including
NM, have been discontinued mostly due to their hepatotoxic-
ity and hypertensive effect [40]. However, scientific interest in
MAOs and their inhibitors has been persisted and several hun-
dred research papers are being published every year [41].
Better understanding their role in treating different neurolog-
ical disorder should promote the development of additional
MAO inhibitors with less side effects. The future studies
should examine whether other MAO inhibitors also show
the similar effect on reducing I/R caused neuronal injury and
improving proteostasis and mitochondrial damage.

In summary, we demonstrate here that NM, a MAO inhib-
itor, upregulates Ublqn1 and protects neurons fromOGD- and
I/R-caused cell death in in vitro and in vivo, respectively. Post-
ischemic administration of the drug in a stroke mouse model

even at 3 h following the I/R still decreases brain damage and
improves functional recovery and survival. Moreover, we pro-
vide evidence showing that NM caused increased association
of Ubqln1 with mitochondria and decreased level of oxidized
proteins and mitophagy. Our study identifies a Ubqln1 booster
and provides strong evidence to support that inhibition of
MAOs is a therapeutic strategy for treating cerebral ischemic
damage and possible other neurological disorders.
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