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Abstract
Background/Aims: Ischemic stroke results in increased cerebral infarction, neurological
deficits and neuroinflammation. The underlying mechanisms involving the anti-inflammatory
and neuroprotective properties of a-Lipoic acid (a-LA) remain poorly understood. Herein, we
investigated the potential role of a-LA in a middle cerebral artery occlusion (MCAO) rat model
and an in vitro lipopolysaccharide (LPS)-induced microglia inflammation model. Methods: In
the in vivo study, infarct volume was examined by TTC staining and Garcia score was used to
evaluate neurologic recovery. The cytokines were evaluated by enzyme-linked immunosorbent
assay, and protein expression of microglia phenotype and NF-kB were measured using western
blot. In the in vitro study, the expressions of microglia M1/M2 phenotype were evaluated using
gRT-PCR, and immunofluorescence staining was used to assess the nuclear translocation of
NF-kB. Results: Both 20 mg/kg and 40 mg/kg of a-LA alleviated infarct size, brain edema,
and neurological deficits. Furthermore, a-LA induced the polarization of microglia to the
M2 phenotype, modulated the expression of IL-1B, IL-6, TNF-a and IL-10, and attenuated
the activation of NF-kB after MCAQ. a-LA inhibited the expression of M1 markers, increased
activation of the M2 markers, and suppressed the nuclear translocation of NF-kB in LPS-
stimulated BV2 microglia. Conclusions: a-LA improved neurological outcome in experimental
stroke via modulating microglia M1/M2 polarization. The potential mechanism of a-LA might
be mediated by inhibition of NF-kB activation via regulating phosphorylation and nuclear
translocation of p65.

© 2018 The Author(s)

Published by S. Karger AG, Basel

Introduction

Stroke is a leading cause of long-term disability and death worldwide, ranking second
to cardiac ischemia [1]. Thrombolytic therapy with tissue-type plasminogen activator is
the only treatment approved by United States FDA in acute ischemic stroke [2]. However,
due to the narrow thrombolytic therapeutic time window (4.5 h), few patients benefit from
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thrombolytic treatment. Recently, several cell-based and pharmacological therapies, such as
bone marrow derived mesenchymal stromal cells, atorvastatin, candesartan, minocycline
were studied for stroke [3, 4]. But until recently, there is still no effective treatment that can
increase the survival rate or improve the quality of life after ischemic stroke. Therefore, it is
necessary to establish other therapies for ischemic stroke.

a-Lipoic acid (a-LA) has been used in the treatment of diabetes for several years [5].
Choi et al [6]. demonstrated that use of a-LA in patients with acute ischemic stroke and
diabetes who are treated with tPA is associated with favorable outcomes both at 3 months
and at 1 year. However, the underlying mechanisms of a-LA are not fully established. As
a strong antioxidant, it has been reported that a-LA is able to repair oxidative damage,
scavenge the reactive oxygen species (ROS), and regenerate endogenous antioxidants [7,
8]. Besides, recent evidences suggest that a-LA may confer neuroprotection through anti-
inflammation effects in multiple sclerosis [9], stroke [10] and macrophages in vitro [11].
However, the underlying mechanisms involving the anti-inflammatory and neuroprotective
properties of a-LA in stroke remain poorly understood.

The inflammatory response plays an important role in the pathogenesis of stroke [12].
Upregulation of pro-inflammatory mediators e.g. interleukin (IL)-1f3, IL-6 and tumor necrosis
factor (TNF)-a during the course of ischemia reperfusion induces neutrophil infiltration
into the penumbra in a time-dependent manner, leading to serious neurological dysfunction
[13]. Nuclear factor (NF)-kB and microglia activation has been shown to play an important
role in cerebral injury induced by experimental stroke [14]. Microglia is the predominant
inflammatory cell responsible for inflammation in the brain, and can be polarized into the
“classically activated” M1 phenotype or the “alternatively activated” M2 phenotype [15]. Many
studies have shown that activated microglia in M1 state exhibits harmful properties which
characterized by the production of pro-inflammatory cytokines such as IL-1p3, IL-6, TNF-a. In
contrast, microglia in M2 state demonstrates protective and reparative functions including
the fine-tuning of inflammation [16, 17]. It also has been proved that the inflammation
reaction can be inhibited and the neurological outcome can be improved by modulating the
phenotype of microglia [16].

The role of a-LA in the regulation of microglial phenotypes remains to be elucidated.
Therefore, the present study aimed to investigate the effect of a-LA on neurological
outcomes in a middle cerebral artery occlusion (MCAQO) rat model, and to evaluate whether
the neuroprotective effects were associated with suppression of neuroinflammation and
regulating microglia M1/M2 polarization.

Materials and Methods

Animals

All experiments were approved by the Institutional Animal Care and Use Committee of Harbin Medical
University in Harbin, Heilongjiang, China. This study was performed using male Sprague-Dawley rats
weighing 220-250 g. Food and water was available ad libitum until the morning of the experiment. All
studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments
involving animals [18, 19].

Transient middle cerebral artery occlusion (MCAO)

Anesthesia was performed with 5% sevoflurane, and rats were maintained with 3% sevoflurane in
30% oxygen. Spontaneous breath was allowed throughout the experiment under an oxygen flow rate of 2
L/min. Body temperature was monitored continuously with a rectal probe and maintained at 37 + 0.5 °C
using a heating lamp. A silicon-coated nylon monofilament (tip diameter: 0.37 + 0.02 mm, Doccol, MA, USA)
was inserted into the middle cerebral artery as described previously [20]. Cerebral blood flow was assessed
by Laser Doppler Flowmetry (TF5000; PERIMED AB; Stockholm; Sweden) [21]. Two hours after occlusion,
the filament was withdrawn for reperfusion. Sham-operated rats underwent all aspects of MCAO surgeries
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including midline incision and exposing of arteries but without insertion of the filament. Animals were
excluded from the study based on cerebral blood flow (CBF) data. In the MCAO group, rats with a CBF drop
less than 70% of the baseline were excluded.

Animal groups

At the same time of reperfusion, rats were randomly divided into 3 groups: LA20, LA40, and control
group, and received injections of 20, 40 mg/kg a-LA (Sigma-Aldrich, MO, USA) or an equal volume of saline
via the external jugular vein, respectively. The dose used in this study was based on the data obtained in our
preliminary study showing that treatment with 20-40 mg/kg o-LA exerted obvious neuroprotective effects.
All experiments were carried out randomly by researchers blinded to the grouping. Among the total 45 rats
subjected to MCAO performance, 5 were excluded before testing because of an unqualified drop of cerebral
blood flow.

Assessment of infarction volume

Rats were euthanized at 24 h after reperfusion. Their brains were removed and the forebrains were
cut into 6 coronal sections (2-mm-thick). The brain sections were then incubated in 1% solution of 2, 3,
5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, MO, USA) at 37 °C for 10 min [22]. The area of each
section was measured using Image | software (NIH, Bethesda, MD, USA).

Behavioral Testing

All animals were evaluated before the experiment to ensure normal neurological function. The
neurological deficits were evaluated using the 18-point Garcia score system [23] at 24 h after MCAO. The
examination can comprehensively evaluate neurological deficits including both motor and sensory function
in rat MCAO model, and presents a high relativity with focal brain injury. Briefly, the sensorimotor function
of each rat was assessed based on spontaneous activity, symmetry of limbs, forepaw outstretching, climbing,
body proprioception, and response to vibrissae touch.

Western blotting for assessment of microglia polarization and NF-xB activation

Brain tissue samples of the ipsilateral penumbra [24] were obtained at 24 h after reperfusion and
homogenized in loading buffer (Beyotime, Jiangsu, China). The homogenates were then centrifuged at 13,
200 g for 15 min at 4 °C (5407B00304, Eppendorf, Hamburg, Germany), and supernatants were collected.
Nuclear and cytosolic proteins were extracted using a modified method described previously [25]. Protein
concentration in each sample was determined using a BCA protein assay kit (Beyotime, Jiangsu, China).
Equivalent amounts of protein for each sample was separated using SDS-polyacrylamide gel electrophoresis,
and transferred onto a polyvinylidene fluoride membrane (Millipore, MA, USA). The membranes were then
blocked in nonfat milk for 1 h, and incubated with the primary antibodies against NF-kB p-p65 and NF-
kB p65 (1:1000; Cell Signaling Technology, Beverly, MA, USA); COX-2 (1:1000; Abcam, Cambridge, MA,
USA); ICAM-1 (1:500); Arginase-1 (1:1000); TGF-§ (1:1000; ); B-actin (1:5000; Proteintech, Chicago, IL,
USA) or histone H3 (1:1000, Abaways, Shanghai, China) at 4 °C overnight. Following three washes (10 min
each time) with Tris-buffered saline in tween (TBST), the membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit secondary antibody (1:5000; Cell Signaling Technology). Immunoreactive
bands were detected using the enhanced chemiluminescence detection system (ECL; Beyotime Institute of
Biotechnology, Jiangsu, China), and protein band densities were digitally quantified by Image ] software, and
normalized to (-actin or histone H3.

ELISA for the detection of IL-18, IL-6, TNF-a and IL-10

Levels of IL-1f, IL-6, TNF-a and IL-10 in the ipsilateral penumbra were measured at 24 h after
reperfusion. Each brain tissue sample was homogenized in phosphate-buffered saline and centrifuged
at 10, 000 g at 4°C for 10 min. The supernatants from brain tissues were collected and measured using
commercially available ELISA kits (Boster, Wuhan, China) according to the manufacturer’s instructions.
Samples were run in duplicates, and absorbance was read using a microplate reader (BioTek Instruments
Inc, VT, USA).
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BV2 cell culture and lipopolysaccharide stimulation ~ Table 1. Primers for RT-qPCR

The BV2 microglial cell line was purchased Gene Forward Reverse
from the Institute of Microbiology, Chinese Academy  "'° GEANCTATTECTGAACTEAACT — ATCTTTTACGACATCAACT
TNF-a CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
of Sciences (Beijing, China). BV2 cells exposed to IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
llpOpOlySﬁCCharlde (LPS) fOI‘ 24 h were used asa mOdel Arginase-1 GAACACGGCAGTGGCTTTAAC TGCTTAGCTCTGTCTGCTTTGC
Ym1l GGAGTAGAGACCATGGCACTGAAC  GACTTGCGTGACTATGAAGCATTG
that mimicked microglial inflammation in humans [26]. TGF-B TGACGTCACTGGAGTTGTACGG GGTTCATGTCATGGATGGTGC

Cells were maintained in culture medium containing

DMEM (Dulbecco’s Modified Eagle’s Medium; high

glucose, Gibco, CA, USA), 10% heat-inactivated fetal bovine serum (FBS; Gibco, CA, USA) and 1% penicillin/
streptomycin at 37 °C in a humidified incubator under a 95%/5% (v/v) mixture of air and CO,. The cultured
cells were pretreated for 2 h with different concentrations of a-LA ((0, 1, 10, 100 puM/L; Sigma-Aldrich, MO,
USA) followed by stimulation with 1 pg/mL LPS (Sigma-Aldrich) for 24 h.

Immunofluorescence staining

The effect of a-LA on the activation of NF-kB was determined using immunofluorescence. BV2 cells
were fixed in 4% paraformaldehyde for 15 min, and rinsed with PBS. The cells were permeabilized in Triton
X-100 (0.5%, 200 pl) for 20 min at room temperature. Adherent cells were used for immunofluorescence
staining. Briefly, cells were incubated with anti-Ibal or anti-NF-kB p65 antibody (both at 1:100; Abcam)
at 4 °C overnight. The next day, cells were washed with PBS, and incubated with anti-rabbit-IgG or anti-
Goat-IgG (1:1000; Invitrogen, CA, USA) for 1 h at room temperature. Subsequently, cells were washed in
PBS-T and counterstained with Hoechst (1:10000; Invitrogen) for 5 min in the dark. For mounting, anti-fade
solution (Dako, CA, USA) was added to the plates. All images were viewed and recorded using a fluorescence
microscope (CKX41, Tokyo, Japan).

Quantitative RT-PCR

We evaluated the effect of 100 uM a-LA on M1/M2 microglial phenotype using quantitative real-time
PCR (qRT-PCR). Total RNA samples BV2 were isolated using TRIzol Reagent (Life Technologies). cDNA
synthesis was carried out using the PrimeScript II 1st strand cDNA Synthesis Kit (Takara, Dalian, China)
and qPCR was performed using an SYBR Green kit (Takara) according to manufacturer’s instructions. We
repeated all reactions atleast three times with the following conditions: denaturing at 95 °C for 30 s, followed
by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The data were analyzed by the comparative threshold cycle
(Ct) method, and the results were expressed as fold change normalized to GAPDH. The primer sequences
were reported in Table 1.

Statistical analysis

Data of Garcia scores are presented as median (25th, 75th percentiles) and analyzed using the Kruskal-
Wallis test. A Mann-Whitney U analysis was performed when the overall P value was significant. Other data
are presented as the mean * SD and analyzed using one-way analysis of variance (ANOVA) with Bonferroni
correction for post hoc comparison between multiple experimental groups. P < 0.05 was considered
statistically significant. Statistical analyses were performed using SPSS software (SPSS Inc., Chicago, IL,
USA).

Results

a-LA reduced infarct volume after MCAO

The effect of different doses of a-LA on infarct size was evaluated 24 h after reperfusion.
The results exhibited significantly greater infarct volume in the control group (47.6 + 8.9%)
compared to LA20 (32.7 + 8.7%) and LA40 (22.2 + 7.9%) groups (P < 0.05; Fig. 1A and 1B).
Moreover, LA40 groups had significantly alleviated infarct volumes compared with the LA20
group (P < 0.05).

a-LA improved neurological outcome after MCAO
After 24 h of MCAO, rats were evaluated for the extent of neurological deficits and
graded from 0-18 using the Garcia score system. As shown in Fig. 2, no neurological deficits
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Fig. 1. a-LA reduced infarct volume after MCAO. A.
Representative samples of brain stained with TTC
after 24 h reperfusion. B. Infarction volume (white
area) is shown for each group. n = 10 in each group.
LA20, o-lipoic acid 20 mg/kg group; LA40, a-lipoic
acid 40 mg/kg group; " P<0.05 vs. Control group, *
P<0.05 vs. LA20 group.
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Fig. 2. a-LA improved neurological outcome after MCAO. After 24 h of
MCAO, rats were evaluated for the extent of neurological deficits and —
graded from 0-18 using the Garcia score system. n=10 in each group. |, *
LA20, a-lipoic acid 20 mg/kg group; LA40, o-lipoic acid 40 mg/kg group;
" P<0.05 vs. Sham group, # P<0.05 vs. Control group, ¥ P<0.05 vs. LA20
group. J
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Fig. 3. a-LA modulated microglia M1/M2

polarization after MCAO. A. Expression
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samples from each group. B. Expression ot — ::: R
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samples from each group. Representative " _

immunoblots are shown on the top of each
panel, whereas quantitative results are
shown in the respective lower panel. n = 10
in each group. LA20, a-lipoic acid 20 mg/
kg group; LA40, a-lipoic acid 40 mg/kg v
group; " P<0.05 vs. Sham group, # P<0.05 vs. coxz cams Arginase-t Torp

Relative protein levels/p-actin
(Folds to sham)
canovam e e o
Relative protein levels/p—actin
(Folds to sham)

Control group,  P<0.05 vs. LA20 group.

were observed in the sham group (17[17, 18]), however the Garcia scores in the control
(8 [7, 10]), LA20 (10 [8, 12]) and LA40 groups (13[10, 15]) were significantly lower (P <
0.05). Additionally, rats treated with 20 and 40 mg/kg of a-LA showed greatly improved
neurological behavior compared with rats in the control group (P < 0.05). Moreover, rats in
the LA40 group showed better neurological outcome than LA20 group (P < 0.05; Fig. 2).

a-LA modulated microglia M1/M2 polarization after 2 h of MCAO

The markers of activated microglial phenotypes after stroke were examined using
western blot. As shown in Fig. 3A, COX-2 expression increased significantly in the control (5.1
+ 0.9 fold of sham) and LA20 (4.2 + 1.0 fold of sham) groups compared with the sham group
(P < 0.05). Interestingly, COX-2 expression in the LA40 group (1.9 + 0.7 fold of sham) was
significantly lower than in the control and LA20 groups (P < 0.05). Similarly, the expression
of ICAM-1 in control (7.2 = 1.6 fold of sham), LA20 (5.3 + 1.1 fold of sham) and LA40 (3.0
+ 0.9) groups were significantly higher than in the sham group (P < 0.05). The expression
of ICAM-1 significantly decreased in the LA20 and LA40 groups compared with the control
group (P < 0.05), and was further lower in the LA40 group (P < 0.05, Fig. 4B).

Arginase-1 and TGF-3 are markers of the activated microglial M2 phenotype. As shown
in Fig. 3B, Arginase-1 expression decreased significantly in the control group (0.46 + 0.22
fold of sham), while increased in the LA20 (1.73 + 0.38 fold of sham) and LA40 (3.53 + 0.52
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fold of sham) groups compared with the sham group (P < 0.05). Compared with the LA20
group, the expression of Arginase-1 was further decreased in LA40 group (P < 0.05). The
expression of TNF-f in control (0.78 * 0.39 fold of sham) was significantly lower than in the
sham group. While the levels of TNF-f3 in LA20 (2.48 * 0.62 fold of sham) and LA40 (2.78
0.53) groups were significantly higher than in the sham group (both P < 0.05).

a-LA modulated the expression of pro-inflammatory and anti-inflammatory cytokines

after MCAO

As shown in Fig. 4A, we found significantly increased levels of IL-1f3 in the control (40.8
+8.2 pg/mg) and LA20 (30.4 + 3.3 pg/mg) groups compared with the sham group (16.0 + 3.9
pg/mg) (both P<0.05). However, LA20 and LA40 (24.7 + 3.6 pg/mg) groups had significantly
reduced IL-1p levels than the control group (both P < 0.05).

The levels of IL-6 were significantly elevated in control (53.0 + 8.8 pg/mg) and LA20
(37.3 £ 4.5 pg/mg) groups compared with the sham group (17.0 * 4.2 pg/mg) (P < 0.05).
Decreased IL-6 levels were observed in LA20 and LA40 (25.4 + 3.8 pg/mg) groups compared
with the control group (both P < 0.05), with potently lower levels in the LA40 group (P <
0.05, Fig. 4B).

Furthermore, the levels of TNF-a in control (32.6 + 5.6 pg/mg) and LA20 (25.2 + 1.1 pg/
mg) groups increased significantly compared with sham group (10.3 * 2.8 pg/mg) (both P
< 0.05); whereas, the levels were significantly lower in LA20 and LA40 (15.2 * 4.3 pg/mg)
groups than the control group (both P < 0.05). The TNF-a was further decreased in LA40
group compared with LA20 group (P < 0.05, Fig. 4C).

Different from these pro-inflammatory cytokines, the expression of IL-10 was increased
in control (16.25 *+ 3.59 pg/mg), LA20 (37.10 + 8.51 pg/mg) and LA40 (42.87 + 8.92 pg/mg)
groups compared with the sham group (4.73 = 1.24, all P < 0.05). Compared with control
group, the levels of IL-10 were significantly increased in LA20 and LA40 group (both P <
0.05, Fig. 4D).

a-LA attenuated NF-kB activation after MCAO

Using western blotting, we evaluated the effect of a-LA on the expression of activated
NF-kB that was induced by MCAO. The results showed significantly elevated levels of
phosphorylated NF-kB p65 (NF-kB p-p65) in brain tissue samples of control (4.3 + 0.8 fold
of sham) and LA20 (2.8 + 0.9 fold of sham) groups (P < 0.05; Fig. 3A). However, treatment
with 20 or 40 mg/kg o-LA (1.5 * 0.6 fold of sham) significantly inhibited the expression of
NF-kB p-p65 compared with the control group (both P < 0.05). Also, NF-kB p-p65 expression
decreased further in LA40 group compared with LA20 group (P < 0.05; Fig. 5A).

Furthermore, we detected the expression of NF-kB p65 in the nuclear and cytosolic
fractions of the brain tissue samples. We quantified the nucleus/cytoplasm ratio of NF-xB
p65, and found the increased ratio in the control (4.4 + 0.6 fold of sham) and LA20 groups

Fig. 4. a-LA modulated the expression of pro- [, IL-1B B L6
inflammatory and anti-inflammatory cytokines N *
after MCAO. The effects of a-LA on the expression
of IL-1B, IL-6, TNF-a and IL-10 in the ipsilateral
penumbra post MCAO were evaluated using ELISA.
n = 10 in each group. LA20, a-lipoic acid 20 mg/
kg group; LA40, a-lipoic acid 40 mg/kg group; * s coel w0 B i G i
P<0.05 vs. Sham group, * P<0.05 vs. Control group, TNF-a 110

tP<0.05 vs. LA20 group.

IL1B levels (pg/mg protein)
8 8 & g 8
8 8 &8 8 g 3

IL-6 levels (pg/mg protein)

(¢]

8
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Fig. 5. «-LA attenuated NF-
kB activation after MCAO. A.

Expression of phosphorylated NF- Sum Cowd  LAZ LA
kB p65 in brain tissue samples rres -

o —
from each group. B. Nucleus/ s

Cytoplasm ratio of NF-kB p65
in brain tissue samples from
each group. Representative
immunoblots are shown on the top
of each panel, whereas quantitative
results are shown in the respective
lower panel. n = 10 in each group.
LA20, o-lipoic acid 20 mg/kg
group; LA40, a-lipoic acid 40 mg/
kg group; “ P<0.05 vs. Sham group, # P<0.05 vs. Control group, * P<0.05 vs. LA20 group.
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Fig. 6. a-LA inhibited the L1 TNF s
expression of M1 markers and

increased activation of the M2
markers in LPS-stimulated BV2
microglia. The effects of a-LA on the
mRNA expressions of IL-13, TNF-a,
IL-6, Arginase-1, Ym1, and TGF-B in
the LPS-stimulated BV2 microglia
were evaluated using quantitative
RT-PCR. Data are representative
of three independent experiments
and are shown as relative mRNA."
P<0.05 vs. Control group, # P<0.05
vs. LPS group.

S
-

PR
o & oo

-
mRNA expression (fold change)

MRNA expression (fold change)
camwesa o v

M1-associated genes
MRNA expression (fold change)
o -

o

Control LPs a-LA Control LPS a-LA Control LPS a-LA

Arginase-1

M2-associated genes

mRNA expression (fold change)

-

Control LPS o-LA

(2.5 £ 0.4 fold of sham) compared with the sham group (both P < 0.05). The ratio in LA20 and
LA40 (1.7 = 0.3 fold of sham) groups was significantly lower than the control group (both P
< 0.05). Additionally, reduced NF-kB p65 nucleus/cytoplasm ratio was observed in the LA40
group compared with the LA20 group (P < 0.05; Fig. 5B).

a-LA inhibited the expression of M1 markers and increased activation of the M2 markers

in LPS-stimulated BV2 microglia

The mRNA expressions of M1 and M2 activation markers are shown in Fig. 6. The levels
of IL-1B (4.02 £ 0.83 fold of control), TNF-a (4.02 * 0.73 fold of control) and IL-6 (6.08
0.80 fold of control) were consistently increased after the LPS stimulation (all P < 0.05).
These increases were significantly inhibited in the a-LA group (1.60 * 0.39 fold, 1.68 + 0.54
fold, 1.88 * 0.66 fold, respectively, all P < 0.05). In contrast, the M2 polarization markers
Arginase-1 (0.38 + 0.27 fold of control) and IGF-$ (0.55 * 0.15 fold of control) were found
to be decreased after the LPS stimulation (both P < 0.05). Compared with control and LPS
groups, Arginase-1 (2.05 * 0.49 fold), Ym1 (2.67 * 0.50 fold) and IGF-$ (2.03 + 0.30 fold)
were found to be strongly upregulated after a-LA treatment (all P < 0.05).

a-LA suppressed the nuclear translocation of NF-kB in LPS-stimulated BV2 microglia

The effect of a-LA on NF-kB activation in BV2 cells stimulated with LPS (1pg/ml) was
determined using immunofluorescence. As shown in Fig. 7, enhanced nuclear translocation
of NF-kB p65 was detected in LPS stimulated BV2 cells. Pretreatment with a-LA suppressed
NF-kB p65 nuclear translocation. Compared with the control group (6.18 *+ 3.08%), the
percentage of nuclear translocation of NF-kB p65 was significantly increased in LPS group
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(79.37 £ 8.55%, P < 0.05). This increase was significantly inhibited in a-LA 1 uM (57.04 *
9.83%), 10 uM and 100 pM groups respectively (all P < 0.05). Compared witha-LA 1 uM
group, the percentage of nuclear translocation of NF-kB p65 was significantly decreased in
a-LA 10 uM group (32.91 + 9.20%, P < 0.05) and further decreased in a-LA 100 uM group
(18.63 £7.37%, P < 0.05).

Discussion

In the present study focusing on anti-inflammation, we found that administration of
a-LA in a rat model of MCAO resulted in decreased infarction volume and significantly
improved neurological outcome in a dose-dependent manner, indicating that a-LA exhibited
neuroprotective effects in vivo. In addition, it modulated the polarization of microglia
M1/M2, decreased the expression of pro-inflammatory cytokines, increased the anti-
inflammatory cytokines, and attenuated NF-kB activation after MCAO. Phenotypic analysis of
LPS-stimulated BV2 microglia showed that a-LA significantly inhibited the expression of M1
markers and increased activation of the M2 markers. Moreover, a-LA suppressed the nuclear
translocation of NF-kB in LPS-stimulated BV2 microglia.

Microglia is the major immune cell involved in cerebral ischemia and reperfusion injury
[16]. In stroke, microglia becomes activated in the penumbra when reperfusion begins and
starts to expand cellular protrusions towards the adjacent blood vessels. The morphological
and phenotypic changes in the native microglia in the brain represent different roles in the
injured brain. The M1 phenotype is responsible for increased pro-inflammatory cytokines,
while M2 phenotype plays an important regulatory role to inhibit inflammation and
promote tissue remodeling [27]. Therefore, modulation of microglial M1/M2 phenotype
may represent an innovative method for the treatment of stroke. In our in vivo study, we
found that after a-LA treatment, the increased microglia M1 markers COX2 and ICAM-1 were
reduced, whereas the M2 markers Arginase-1 and TGF-3 were upregulated significantly. At
the same time, the levels of proinflammatory factors were inhibited remarkably in a dose-
dependent manner after a-LA treatment, whereas IL-10 that associated with alternative
activation of microglia was upregulated.

To further investigate the effects of a-LA on modulating microglia M1/M?2 polarization,
we utilized BV2 cell line stimulated with LPS as an in vitro model of microglial inflammation
[26]. Selected expression of M1/M2 activation markers was quantified by qPCR. In line with
the in vivo study, LPS induced IL-1f3, TNF-q, IL-6 expression and inhibited Arginase-1, TGF-3
expression. a-LA treatment resulted in the downregulation of the M1 markers IL-1f3, TNF-«
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and IL-6. In contrast, the M2 polarization markers Arginase-1, Ym1 and TGF-f3 were found to
be strongly upregulated compared with the LPS stimulation. All of these results in vivo and in
vitro studies indicated that a-LA exerts neuroprotective effects by inducing the polarization
of microglia to the M2 phenotype.

Previous studies indicated that microglia show a transient M2 phenotype in the
ischemic penumbra and express high levels of anti-inflammatory factors to improve neuron
survival and reduce cerebral infarct volume within 24 h after ischemic stroke [28, 29]. Then,
activated microglia shift to the M1 phenotype and worsen tissue destruction and neurological
dysfunction. Therefore, the regulation of microglia M1/M2 phenotype at the early stage is
crucial to protect the brain against damage induced by stroke. The results of phenotypic
analysis of LPS-stimulated BV2 microglia revealed that o-LA significantly inhibited M1
transformation and promoted the M2 transformation of microglia at the early stage. These
findings suggest that o-LA is a possible therapeutic candidate for ischemic stroke through
regulating the polarization of microglia.

NF-kB is a key transcription factor that has been shown to regulate the expression of
pro-inflammatory factors involved in activated microglia [30]. A growing body of evidence
suggests that inhibition of NF-kB can directly or indirectly promote neuroprotective M2
polarization of the microglia [31, 32]. Dang et al [31]. found that papaverine promoted the
transformation of activated BV2 cells from M1/M2b to a neuroprotective M2a phenotype
through NF-xB signaling pathway. Su et al [32]. also demonstrated that mycoepoxydiene
inhibited the activation of BV2 microglia stimulated by LPS through suppression of NF-kB.
Therefore, we investigated whether the effect of a-LA on modulating the polarization of
microglia was associated with the NF-kB. Our in vivo study showed that MCAO significantly
enhanced the activation of NF-xB, while a-LA remarkably inhibited the phosphorylation and
nucleartranslocation of NF-kBinadose-dependent manner. Furthermore, we investigated the
effect of a-LA on LPS-induced NF-kB nuclear translocation using immunofluorescence assay.
We found that a-LA dose-dependently inhibited LPS-induced NF-xB nuclear translocation.
This was accompanied by alleviation of classically activated M1 markers and promotion of
alternatively activated M2 markers.

The molecular basis of microglia polarization remains unclear. The NF-kB family of
transcription factors is thought to be involved in macrophage M1 and M2 signaling [33]
and have been implicated in microglial activation [34]. The NF-«kB family includes five
members (p50, p52, p65, c-Rel, and Rel-B). In the nervous system, the phosphorylation of
p65 helps stabilized NF-kB complex in the nucleus for gene expression and thereby is widely
used as an indicator of NF-kB activation [30]. In addition, previous studies have reported
that p65 phosphorylation induced microglia polarization [35, 36]. So, we examined the
phosphorylation of p65 in vivo and in the BV2 cell to investigate whether the phosphorylation
of p65 participates in a-LA regulating NF-kB activation. The result indicated that after MCAO,
the phosphorylation of p65 was increased and translocated to nuclei while a-LA reversed
this effect. Moreover, the nuclear translocation of p65 in LPS-stimulated BV2 cells was
significantly reduced by a-LA treatment, indicating that phosphorylation of p65 participated
in a-LA regulating NF-«B activation. Taken together, these results suggest that inhibition of
NF-kB activation by a-LA via regulating phosphorylation and nuclear translocation of p65
may be the mechanism responsible for modulating microglia M1/M2 polarization.

Oxidative stress also plays an important role in ischemic stroke pathogenesis. A
landmark study by Salzano et al. has demonstrated a causal link between oxidative stress
and inflammatory activation [37]. The release of redox proteomics identified peroxiredoxin
2 from macrophages can enable induction of inflammatory responses and trigger the
production of TNF-a. The anti-inflammatory effects of a-LA shown in this study, therefore,
might be a downstream effect of reduced oxidative stress. It thus remains for future studies
to further investigate whether the anti-inflammatory effects of a-LA is independent of
oxidative stress or not.

This study has several limitations. Firstly, since the single dose of a-LA was used
in our study, further studies about the effects of the delayed and prolonged application
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of a-LA are needed. The long-term neurological effect conducted by a-LA should also be
further examined. Furthermore, LPS was the most common inducer used to study microglia
phenotypic polarization, but the LPS model of inflammation is not the most relatable model
in regards to ischemic stroke. An oxygen and glucose deprivation, and reperfusion (OGD/R)
in vitro model would be better to support the main finding of this study. Lastly, though our
findings demonstrated improvement of early neurological function after treatment with
a-LA in stroke, the results should be taken in caution due to the limitation of the study and
further studies are needed to confirm these findings.

In conclusion, the current study revealed that a-LA alleviated ischemic stroke-induced
brain infarction and neurological deficits. The neuroprotective effect of a-LA may involve
inhibition of cerebral ischemia reperfusion injury-induced inflammation reactions by
modulating microglia M1/M2 polarization. The potential mechanism of a-LA might be
mediated by inhibition of NF-kB activation via regulating phosphorylation and nuclear
translocation of p65.
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