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Abstract Natural killer (NK) cells, a type of cytotoxic lymphocytes, can infiltrate into ischemic brain and
exacerbate neuronal cell death. Astragaloside IV (ASIV) is the major bioactive ingredient of Astragalus
membranaceus, a Chinese herbal medicine, and possesses potent immunomodulatory and neuroprotective
properties. This study investigated the effects of ASIV on post-ischemic brain infiltration and activation of NK
cells. ASIV reduced brain infarction and alleviated functional deficits in MCAO rats, and these beneficial effects
persisted for at least 7 days. Abundant NK cells infiltrated into the ischemic hemisphere on day 1 after brain
ischemia, and this infiltration was suppressed by ASIV. Strikingly, ASIV reversed NK cell deficiency in the spleen
and blood after brain ischemia. ASIV inhibited astrocyte-derived CCL2 upregulation and reduced CCR2+ NK cell
levels in the ischemic brain. Meanwhile, ASIV attenuated NK cell activating receptor NKG2D levels and reduced
interferon-γ production. ASIV restored acetylation of histone H3 and the p65 subunit of nuclear factor-κB in the
ischemic brain, suggesting inhibition of histone deacetylase (HDAC). Simultaneously, ASIV prevented p65 nuclear
translocation. The effects of ASIV on reducing CCL2 production, restoring acetylated p65 levels and preventing
p65 nuclear translocation were mimicked by valproate, an HDAC inhibitor, in astrocytes subjected to oxygen-
glucose deprivation. Our findings suggest that ASIV inhibits post-ischemic NK cell brain infiltration and activation
and reverses NK cell deficiency in the periphery, which together contribute to the beneficial effects of ASIVagainst
brain ischemia. Furthermore, ASIV’s effects on suppressing NK cell brain infiltration and activation may involve
HDAC inhibition.
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Introduction

Stroke is the leading cause of adult long-term disability and
death worldwide. About 80% strokes are ischemic.
Currently, therapeutic options for ischemic stroke treat-
ment are very limited. It is still urgent to advance the field
of stroke therapy. Brain ischemia triggers inflammation
and immune responses that participate in all stages of the
ischemic cascade and may shape the outcome of stroke [1].

Several immunomodulatory drugs targeting key inflam-
matory mediators and molecules controlling lymphocyte
migration and activation have been assessed in clinical
trials [2]. Hence, immune intervention is a promising
therapeutic strategy for stroke treatment [3].
Natural killer (NK) cells are a type of cytotoxic

lymphocytes and possess the ability of coordinating innate
and adaptive immune responses [4]. Abundant NK cells
invade brain parenchyma within hours after stroke onset
and accumulate in close proximity to ischemic neurons in
stroke patients [5,6]. Ischemic neurons that lose NK cell
tolerance incur NK cell-mediated killing [5]. In addition to
cytolytic effects, NK cells are a major source of interferon
(IFN)-γ, which induces necrosis in ischemic neurons [6].
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Moreover, strategies that reduce NK cell brain infiltration
abolish IFN-γ upregulation, and diminish brain infarction
after brain ischemia [6]. Therefore, targeting NK cells is
receiving growing attention as a potential immunomodu-
latory therapy for stroke [7].
Astragalus membranaceus (Huangqi) is a well-known

herbal medicine and is widely used in classic prescriptions
of traditional Chinese medicine in the treatment of a
variety of diseases including stroke. For example, Huangqi
is the monarch drug of Buyang Huanwu Decoction which
is a classic herbal prescription for stroke treatment in China
[8]. Clinical studies have also demonstrated the efficacy
and safety of Huangqi injection (a traditional Chinese
patent medicine) in the treatment of cerebral infarction [9].
Astragaloside IV (ASIV, CAS: 84687-43-4, Fig. 1A), a
cycloartane triterpene saponin, is the major bioactive
ingredient of Huangqi [10]. Pharmacological studies
indicate that ASIV has multiple protective effects against
brain ischemia, including anti-inflammation, anti-apopto-
sis and anti-oxidative stress [11]. In addition, ASIV
possesses immunomodulatory abilities. ASIV can increase
proliferation of T and B cells and antibody production, and
regulate differentiation and apoptosis of activated CD4+ T
cells [12,13]. We have previously demonstrated that
Buyang Huanwu Decoction attenuates post-ischemic
brain infiltration of NK cells in a rat model of transient
middle cerebral artery occlusion (MCAO) [14]. Therefore,
it is likely that ASIV can suppress brain invasion and
activation of NK cells following cerebral ischemia. Hence,
this present study expanded on our earlier line of research
and investigated whether ASIV inhibits post-ischemic NK
cell infiltration and activation and protects from ischemic
brain injury.

Materials and methods

MCAO surgery and drug administration

All animal experiments were performed according to the
National Institutes of Health guide for the care and use of
laboratory animals (NIH Publications No. 8023, revised
1978) and the protocols were approved by the Laboratory
Animal Ethical Committee, Shanghai University of
Traditional Chinese Medicine. Male Sprague-Dawley rats
weighing 200 to 220 g (Beijing Vital River Laboratory
Animal Technology Co., Ltd.) were subjected to one-hour
right MCAO under inhalational anesthesia (2.5% isoflur-
ane) followed by reperfusion as previously described [14–
17]. The regional cerebral blood flow (1.5 mm posterior, 5
mm lateral to the bregma) was monitored with a laser
Doppler flowmetry (Powerlab ML191, ADInstruments).
MCAO rats whose regional cerebral blood flow was
reduced to 27% � 0.5% of baseline were randomized to 4
groups based on body weight: MCAO group (n = 56),

MCAO+ 5 mg/kg ASIV (n = 8), MCAO+ 10 mg/kg
ASIV (n = 8) and MCAO+ 20 mg/kg ASIV (n = 56).
Sham-operated rats received surgery without occlusion (n
= 56). ASIV (purity > 98%, Shanghai Tauto Biotech Co.,
Ltd.) was intraperitoneally injected at the onset of
reperfusion, 12 h later, and twice daily for up to 7 days.

Behavioral tests

The accelerating rotarod test, neurological deficit score,
and gait analysis were conducted by an investigator who
was blind to the treatment information on days 1, 3 and 7.
For rotarod test and neurological deficit score, detailed
procedures were previously described [14]. Gait analysis
was performed using CatWalk 10.5 Analysis System
(Noldus Information Technology, Netherlands). The con-
stantly changing paw images were recorded by a camera
placed below the glass plate across which rats walked.
Each rat was required to walk across the plate at least three
times without pausing. The system identified and marked
each footprint, and automatically produced a series of gait
statistics. Rats that were unable to complete runs due to
serious deficits were excluded.

Brain infarction measurement

Brain infarction was measured and analyzed by TTC
staining and ImageJ, respectively. Detailed procedures
were previously described [14].

Flow cytometry

Flow cytometry was used to examine the effects of ASIV
on NK cell levels in the ischemic brain, spleen and
peripheral blood, and the surface expression of CCR2 and
NKG2D on brain-infiltrated NK cells. Detailed procedures
and gating strategies were previously described [14].
Antibodies were as follows: APC-conjugated anti-rat
CD161 (BioLegend, Cat#205606), FITC-conjugated anti-
rat CD3 (BioLegend, Cat#201403), PE-conjugated anti-rat
CCR2 (R&D Systems, Cat#FAB8368P-100), PE-conju-
gated anti-rat CD314 (NKG2D, eBioscience, Cat#12-
3140), and their corresponding isotype controls. FACS was
performed on a BD AccuriTM C6 flow cytometer (BD
Biosciences) and FlowJo (version 10) was used to analyze
the data.

Primary cultures of rat cortical astrocytes and oxygen-
glucose deprivation (OGD)

Cortices from 24-h newborn Sprague-Dawley rat pups
were mechanically dissociated and seeded in Dulbecco’s
modified Eagle’s medium/F12 (DMEM/F12, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco)
in culture flasks pre-coated with poly-L-lysine. When cells
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reached confluence, flasks were shaken at 200 rpm for 2 h
at 37 °C to remove microglia and oligodendrocytes.
Remaining astrocytes were trypsinized, and seeded in
culture plates or dishes at 2 � 105 cells/mL. After 24 h,
astrocytes were subjected to OGD. Cultures were switched
to glucose-free DMEM (Gibco) and placed in an anaerobic
chamber (DG250, Whitley Workstation) filled with a gas
mixture of 10% H2, 10% CO2, and 80% N2 at 37 °C for 4
h. After OGD, 1 g/L glucose and 10% FBS were
supplemented and cells were returned to normoxic
conditions for 24 h. ASIV and valproate (VPA, a histone
deacetylase inhibitor) were added to the cultures 2 h before
OGD at concentrations of 50 mmol/L and 5 mmol/L,
respectively. Control cells were maintained in DMEM
containing 1 g/L glucose for 4 h and supplemented with
10% FBS for 24 h under normoxic condition.

Immunohistochemistry and immunofluorescence
staining

The infiltration of CD161+ cells into the ipsilateral cortex
was detected by immunohistochemistry. The expression of
CCL2 and NF-κB p65 in both ischemic cortex and primary
cultures of cortical astrocytes was examined by immuno-
fluorescence staining. Detailed procedures were previously
described [15,18]. The primary antibodies were as follows:
mouse anti-CD161 (1:1000, Bio-Rad, Cat#MCA1427),
mouse anti-CCL2 (1:1000, R&D systems, Cat#AF-479-
NA), rabbit anti-GFAP (1:400, Abcam, Cat#ab7260),
mouse anti-p65 (1:500, Cell Signaling Technology,
Cat#6959). For immunohistochemistry, brain slices were
incubated with biotinylated anti-mouse IgG (Yeasen) and
then strept avidin-biotin peroxidase complex (Yeasen). The
staining was visualized with a diaminobenzidine kit
(Yeasen) and captured using a Zeiss AXIO Imager M2
microscope. For immunofluorescence staining, brain slices
were incubated with Alexa Fluor 488 and 594-conjugated
secondary antibodies (1:400, Jackson ImmunoResearch,
Cat#34306ES60 and 34212ES60). Nuclei were stained
with DAPI, and immunolabeling signals were captured by
a Leica SP8 Confocal Microscope. ImageJ was used to
quantify the results.

Real-time PCR

As previously described, total RNA from ipsilateral cortex
and primary cortical astrocytes was isolated and reverse-
transcribed into cDNA, and real-time PCR using SYBR
green was performed [14]. Sequences of the primers were
as follows: CCL2: 5′-GGACCAGAACCAAGTGAGA-3′
(sense), 5′-TGTGGAAAAGAGAGTGGATG-3′ (anti-
sense); IFN-γ: 5′-GAGCATCGTAGTTGTTGGAAAT-3′
(sense) and 5′-CAGGTCTACTTTGGAGTCATTG-3′
(anti-sense). The mRNA levels were normalized against
β-actin and presented as 2–ΔΔCT.

ELISA

The levels of IFN-γ in the ipsilateral cortex were detected
using a rat IFN-γ ELISA kit (Dakewe), as previously
described [14].

Western blotting and immunoprecipitation

The protein levels of p65, histone H3, and acetyl-histone
H3 (ac-H3) were detected by Western blotting as
previously described [14]. Primary antibodies were as
follows: mouse anti-p65 (1:1000, Cell Signaling Technol-
ogy, Cat#6959), rabbit anti-histone H3 (1:1000, Abcam,),
rabbit anti-ac-H3 (1:3000, Millipore, Cat#06-599) and
mouse anti-β-actin (1:5000, Sigma-Aldrich, Cat#A1978).
For p65, nuclear extracts were prepared using a Nuclear
and Cytoplasmic Protein Extraction Kit (Beyotime). For
immunoprecipitation, the lysates of the ipsilateral cortex or
primary cortical astrocytes were immunoprecipitated over-
night at 4 °C with mouse anti-p65 (1:50, Cell Signaling
Technology, Cat#6959)/normal IgG (1:50, Santa Cruz
Biotechonlogy, Cat#sc-7269), and then conjugated to
nProtein A and Protein G SepharoseTM 4 Fast Flow (GE
Healthcare) for 2 h at 4 °C. The complexes were washed 3
times with lysis buffer, denatured, and subjected to
Western blotting to detect levels of acetyl-lysine with
rabbit anti-acetyl-lysine (1:1000, Cell Signaling Technol-
ogy, Cat#9441).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
5. Two-way ANOVA followed by Bonferroni post-test was
used to analyze the behavioral data. Comparisons between
two groups and multiple groups were analyzed by
Student’s t-test and one-way ANOVA followed by Tukey’s
post-hoc comparisons, respectively. Data are expressed as
mean � SEM. Differences were considered statistically
significant at P < 0.05.

Results

ASIVameliorated functional deficits and reduced brain
infarction in MCAO rats

Brain ischemia dramatically reduced the time that rats were
able to stay on the accelerating rotarod on day 1 after
MCAO, and this reduction lasted for at least 7 days
(31 � 13 s on day 1, 54 � 18 s on day 3, and 40 � 12 s
on day 7, Fig. 1B). ASIV at 20 mg/kg robustly prolonged
the rotarod retention time starting from day 1 in MCAO
rats and this effect persisted for at least 7 days (86 � 13 s
on day 1, 117 � 11 s on day 3, and 93 � 11 s on day 7).
ASIV at 5 or 10 mg/kg had a tendency to ameliorate this
MCAO-induced motor function deficit. ASIV at all three
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dosages significantly reduced the neurological deficit score
of MCAO rats on day 1 after MCAO (5.3 � 0.5 for
5 mg/kg ASIV-treated MCAO rats, 4.7 � 0.5 for 10 mg/kg
ASIV-treated MCAO rats, and 2.7 � 0.4 for 20 mg/kg
ASIV-treated MCAO rats vs. 7.1 � 0.3 for MCAO rats;
Fig. 1C). Only at 20 mg/kg did ASIV consistently
ameliorate the neurological deficit score on days 3
(5.1 � 0.5 vs. 2.5 � 0.3) and 7 (3.4 � 0.4 vs. 1.7 � 0.2).
MCAO significantly impaired most gait parameters

(Table 1). Among them, ASIV at 20 mg/kg markedly
ameliorated MCAO-induced deficits in maximal contact
area, maximal contact maximal intensity, maximal contact
mean intensity, print width, print area, mean intensity,
swing speed, and stride length in the left front paw of
MCAO rats on day 1. Concurrently, at this dosage, ASIV
also increased average speed and shortened run duration of
MCAO rats. The beneficial effects of 20 mg/kg ASIV on
max contact area, maximal contact maximal intensity,
maximal contact mean intensity, and mean intensity
persisted for at least 7 days after MCAO. ASIV at 10
mg/kg significantly increased max contact area, mean
intensity, and swing speed in the left front paw of MCAO
rats on day 1. However, ASIV at 5 mg/kg did not provide
any protection in MCAO-induced gait deficits.
As detected by TTC staining, ASIV reduced the brain

infarct volume in a dose-dependent manner on day 7 after
MCAO (Fig. 1D). However, this effect was statistically

significant (233.2 � 23.9 mm3 vs. 121.7 � 26.2 mm3)
only at the 20 mg/kg dose. Together, ASIV at the highest
dosage provided the best protective effects in MCAO-
induced functional deficits and brain infarction. Therefore,
20 mg/kg was used in the subsequent animal experiments.

ASIV prevented brain-infiltration of NK cells, and
reversed NK cell deficiency in the spleen and blood
after brain ischemia

CD161, also known as NKR-P1, is a receptor highly
expressed on NK cells [19]. On day 1 after MCAO, we
observed abundant CD161+ cells accumulating in the
ischemic cortex, and this accumulation was diminished by
ASIV treatment (Fig. 2A). These findings were further
confirmed by flow cytometry in which rat NK cells were
identified as CD161+CD3– lymphocytes [14,20]. Gating
strategy was as previously described [14]. NK cells
comprised approximately 15% of all the infiltrated
lymphocytes in the ischemic hemisphere of MCAO rats,
and ASIV treatment robustly reduced the NK cell levels to
4%. Concurrent with increased lymphocyte infiltration into
the ischemic area, MCAO significantly decreased NK cell
levels in the spleen and blood compared with sham
controls. Notably, this MCAO-induced reduction of NK
cell levels in the periphery was suppressed by ASIV
(Fig. 2B).

Fig. 1 ASIV improved functional deficits and reduced cerebral infarction in MCAO rats. (A) The chemical structure of ASIV. (B) ASIVat 20 mg/kg
robustly increased the rotarod retention time of MCAO rats, and this effect persisted for at least 7 days after MCAO. (C) ASIVat 5, 10, and 20 mg/kg
markedly reduced neurological deficit score of MCAO rats on day 1, and ASIV at the highest dosage consistently provided protection for at least 7
days. (D) ASIV dose-dependently reduced brain infarct volume in MCAO rats on day 7. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. sham; *P < 0.05,
**P < 0.01, ***P < 0.001 vs. MCAO; n = 8.
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ASIV downregulated CCL2 in the ischemic brain and
CCR2 on brain-infiltrated NK cells

CCL2 is one of the major chemokines recruiting immune
cells into the ischemic brain. As expected, CCL2 mRNA
expression increased 175-fold in the ischemic cortex on
day 1 after MCAO compared with sham controls, and
ASIV robustly reduced this to 60-fold (Fig. 3A). As
revealed by immunofluorescence staining, CCL2 was
barely detected in the cortex of sham-operated rats. In
contrast, abundant CCL2 protein was observed in the
ischemic cortex of MCAO rats, and this upregulation was
markedly suppressed by ASIV treatment (8-fold vs. 3.5-
fold, Fig. 3B). CCL2 in the ischemic cortex was
colocalized with astrocytes (Fig. 3C), but not with neurons,
microglia or endothelial cells (data not shown).
CCR2 is the receptor for CCL2. We further studied

whether ASIV affected CCR2+ NK cell levels in the
ischemic brain on day 1 after MCAO. CCR2 on NK cells

was identified as CD161+CD3–CCR2+ cells using flow
cytometry (Fig. 3D). There was an 18-fold increase in
CCR2+NK cell levels in the ischemic brain compared with
sham controls, and this upregulation was robustly reduced
to 4-fold by ASIV treatment.

ASIV inhibited IFN-γ production in the ischemic brain
and NKG2D expression on brain-infiltrated NK cells

NK cell is a major source of IFN-γ that can augment brain
infarction [5]. Both mRNA and protein levels of IFN-γ
were significantly increased in the ischemic cortex on day
1 after MCAO (Fig. 4A and 4B). ASIV markedly reduced
the mRNA expression of IFN-γ from 7-fold to 2-fold
compared with sham-operated rats, and nearly completely
inhibited the secretion of IFN-γ in the ischemic brain.
We further investigated the effects of ASIVon NKG2D+

NK cells in the ischemic brain on day 1 after MCAO.
NKG2D on NK cells was identified as

Fig. 2 ASIV suppressed brain infiltration of NK cells and reversed NK cell deficiency in the periphery after brain ischemia. (A) As assessed by
immunohistochemistry, abundant CD161+ cells were accumulated in the ischemic cortex and this accumulation was robustly inhibited by ASIV.
(B) Flow cytometry revealed that ASIV markedly suppressed the infiltration of NK cells (CD161+CD3–) into the ischemic hemisphere.
Simultaneously, the NK cell levels were significantly decreased in the spleen and blood after brain ischemia, which were restored by ASIV treatment.
***P < 0.001, **P < 0.01, *P < 0.05, n = 8.
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CD161+CD3–NKG2D+ cells using flow cytometry
(Fig. 4C). MCAO induced a significant increase in
NKG2D+ NK cell levels in the ischemic brain, and this
increase was markedly suppressed by ASIV treatment (7.5-
fold vs. 4-fold compared with sham controls, Fig. 4C).

ASIV increased acetylation of histone H3 and NF-κB
p65, and inhibited p65 nuclear translocation in the
ischemic brain

Ac-H3 levels were markedly reduced in the ischemic
cortex on day 1 after MCAO and were restored by ASIV
treatment (Fig. 5A). To evaluate the effects of ASIV on
acetylation of p65 (ac-p65) in the ischemic brain, p65 was
immunoprecipitated and then subjected to Western blotting
using anti-acetyl-lysine antibody. On day 1 after MCAO,
ac-p65 levels in the ischemic cortex were reduced to half of
those in sham controls, and were significantly restored by
ASIV (Fig. 5B). Concurrently, as detected by Western
blotting, MCAO-induced nuclear translocation of p65 was
markedly inhibited by ASIV treatment (Fig. 5C). The
inhibitory effects of ASIVon MCAO-induced p65 nuclear

translocation were confirmed by staining p65 with DAPI in
the ischemic cortex (Fig. 5D).

ASIV and VPA reduced CCL2 expression, restored ac-
p65 levels, and inhibited p65 nuclear translocation in
primary cultures of rat cortical astrocytes after OGD
insult

As aforementioned, CCL2 was mainly produced by
astrocytes in the ischemic cortex (Fig. 3C). We investi-
gated the effects of ASIV and VPA, a histone deacetylase
(HDAC) inhibitor, on CCL2 production, ac-p65 levels and
p65 nuclear translocation in OGD-treated primary cortical
astrocytes. Compared with control cells, the mRNA levels
of CCL2 increased more than 4-fold in astrocytes after
OGD insult, and this upregulation was reduced to 2-fold by
50 mmol/L ASIV and to a level similar to that in control
cells by 5 mmol/L VPA (Fig. 6A). Consistent with the
effects on mRNA levels, ASIV and VPA robustly
suppressed OGD-upregulated CCL2 protein expression
(17-fold compared with control cells) in astrocyte cultures
(9.5-fold for ASIV and 4-fold for VPA, Fig. 6B and 6C).

Fig. 3 ASIV downregulated CCL2 and CCR2 in the ischemic brain and on brain-infiltrated NK cells, respectively. (A) ASIV significantly reduced
MCAO-induced upregulation of CCL2 mRNA levels. (B) Abundant CCL2 was observed in the ischemic cortex and this upregulation was markedly
suppressed by ASIV. (C) CCL2 was colocalized with astrocytes in the ischemic bran. (D) ASIV markedly suppressed CCR2+ NK cell levels in the
ischemic brain. ***P < 0.001, **P < 0.01, *P < 0.05, n = 8.
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As expected, OGD induced a marked decrease of ac-p65
levels in astrocytes, and this reduction was significantly
inhibited by ASIV and completely reversed by VPA
(Fig. 6D). Furthermore, ASIV and VPA robustly inhibited
the nuclear translocation of p65 in OGD-treated astrocytes,
as revealed by immunofluorescence staining (Fig. 6E).

Discussion

This study demonstrated that ASIV suppressed the brain
infiltration and activation of NK cells and reversed NK cell
deficiency in the periphery in MCAO rats, which together
contribute to the beneficial effects of ASIV against brain
ischemia. ASIV’s inhibitory effects on NK cell brain
infiltration and activation may involve HDAC inhibition.
Ischemic brain cells can recruit NK cells that breach

blood-brain barrier integrity, accelerate neuronal cell death,
and worsen ischemic outcomes [5,6]. The present study
showed that ASIV markedly suppressed NK cell infiltra-
tion and activation in the ischemic brain and these effects
echoed those of Buyang Huanwu Decoction [14]. ASIV is
the representative bioactive component of Huangqi which
is the monarch drug of Buyang Huanwu Decoction. Hence,
our findings suggest that ASIV may be the key component

of Buyang Huanwu Decoction that possesses the ability of
suppressing post-ischemic NK cell brain infiltration and
activation.
CCL2 is one of the major chemokines expressed in brain

cells in response to cerebral ischemia. Chemotaxis
mediated by CCL2 and its receptor CCR2 plays a pivotal
role in post-ischemic brain recruitment of immune cells
[21]. CCL2 upregulation starts within hours, and lasts for
days after brain ischemia [22]. CCL2-deficient mice have
reduced neuroinflammation, immune cell infiltration,
blood-brain barrier breakdown, and brain infarction, and
similar phenomena are also observed in CCR2-deficient
mice [23–25]. In agreement with these findings, we found
that CCL2 mRNA and protein levels were dramatically
increased in the ischemic brain on Day 1 after MCAO.
Both in vivo and in vitro results suggested that CCL2 was
mainly expressed in astrocytes in the current experimental
paradigm. Simultaneously, brain ischemia robustly
increased CCR2+ NK cell levels in the ischemic brain in
response to upregulated CCL2. Notably, ASIV not only
markedly suppressed CCL2 upregulation but also reduced
CCR2+ NK cell levels in the ischemic brain. Our findings
suggested that ASIV may attenuate brain infiltration of NK
cells via suppression of CCL2/CCR2-mediated chemotaxis
after brain ischemia.
NF-κB is a key transcription factor regulating expression

of a variety of cytokines and chemokines including CCL2
[26]. Accumulating evidence suggests that post-transla-
tional acetylation of NF-κB, especially at the p65 subunit,
plays an important role in regulating NF-κB activation
[27]. Seven lysine residues have been identified to be
reversibly acetylated within p65, including K122, K123,
K218, K221, K310, K314, and K315. Notably, acetylation
at K122, K123, K314, and K315 negatively regulates NF-
κB-mediated transcription, whereas acetylation at the other
sites enhances its activation [27]. In the present study,
concurrent with the activation of NF-κB, the total
acetylation levels of p65 were dramatically decreased in
the ischemic cortex and OGD-treated astrocytes. These
results suggest that brain ischemia may inhibit acetylation
of p65 at K122, K123, K314, and K315.
HDACs can deacetylate lysine residues of histones and

non-histone proteins, and control a wide variety of cellular
functions beyond epigenetic mechanism. Lysine residues
of p65 can be deacetylated by HDACs [27–30]. Increased
acetylation of histones is an index of HDAC inhibition
[31]. We found that ASIV prevented the reduction of ac-
H3 levels in the ischemic cortex. Furthermore, ASIV
restored ac-p65 levels, inhibited p65 nuclear translocation
and downregulated CCL2 in both ischemic brain and
OGD-treated astrocytes, and these effects of ASIV were
mimicked by VPA, an HDAC inhibitor. Together, these
findings suggest that the mechanism underlying the effects
of ASIVon suppression of post-ischemic brain-recruitment
of NK cells may involve HDAC-inhibition-mediated

Fig. 4 ASIV decreased IFN-g production in the ischemia cortex and
NKG2D expression on brain-infiltrated NK cells. (A, B) Both mRNA
and protein levels of IFN-g were markedly increased in the ischemic
cortex and were robustly reduced by ASIV. (C) NKG2D+ NK cell levels
were increased in the ischemic brain and were significantly reduced by
ASIV. ***P < 0.001, **P < 0.01, *P < 0.05, n = 8.
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blockade of NF-κB activation and the subsequent down-
regulation of CCL2.
Activated NK cells can boost local inflammation

through secretion of proinflammatory cytokines, such as
IFN-γ. Previous studies have suggested that NK cell-
derived IFN-γ may induce necrosis in neurons and
exacerbate stroke outcomes in transient MCAO mice
[5,32]. The present study showed that both mRNA and
protein levels of IFN-γ were significantly upregulated in
the ischemic cortex in rats, and ASIV nearly completely
inhibited MCAO-induced IFN-γ upregulation. NKG2D, an
important activating receptor on NK cells, can stimulate
cytokine secretion and activate NK cell cytolytic responses
[33]. The loss of NK cell tolerance in ischemic neurons is
partially attributed to upregulation of NKG2D on NK cells
in the ischemic brain [5]. Consistent with this notion, we
found a significant increase of NKG2D+ NK cells in the
ischemic hemisphere, and this increase was markedly
reduced by ASIV treatment. Hence, our findings suggest
that ASIV may suppress activation of brain-infiltrated NK

cells through downregulating IFN-γ production and
NKG2D expression following brain ischemia.
HDACs are key factors regulating the function of

immune cells [34]. In addition to modulating NK cell
infiltration through p65 deacetylation, HDACs may also be
involved in the effects of ASIV on regulating NK cell
activation. HDAC inhibition can upregulate NKG2D in
NK and gdT cells to enhance their recognition of cancer
cells [35,36]. Moreover, VPA has been shown to inhibit
NKG2D expression in NK cells [37]. The discrepancy of
regulating NKG2D expression may be attributed to
involvement of different HDAC isoforms. However, the
HDAC isoform involved in the effects of ASIV on post-
ischemic NK cell infiltration and activation remains
unclear. Notably, HDAC3 inhibition has been shown to
downregulate NKG2D expression on NK cells through
suppression of STAT3 [37]. Furthermore, the involvement
of HDAC3 has been suggested in the deacetylation of p65
at K122, K123, K314, and K315, and subsequent NF-κB
activation [38,39]. Inhibition of HDAC3 by VPA has been

Fig. 5 ASIV increased acetylation of histone H3 and p65, and inhibited p65 nuclear translocation in the ischemic brain. (A) ASIV restored ac-H3
levels in the ischemic cortex. (B) ASIV significantly increased ac-p65 levels in the ischemic cortex. (C, D) MCAO-induced nuclear translocation of
p65 was markedly inhibited by ASIV, as assessed by Western blotting and immunofluorescent staining, respectively. ***P < 0.001, **P < 0.01,
*P < 0.05, n = 8.
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shown to upregulate p65 acetylation, inhibit NF-κB
activation, and attenuate inflammatory responses [36].
Therefore, the post-ischemic protection of ASIV which we
observed may be due to inhibition of HDAC3 and
suppression of brain infiltration and activation of NK
cells. This notion requires further investigation.
Brain ischemia triggers peripheral immunosuppression

that leads to post-stroke infections, such as pneumonia, a
major cause of death in stroke patients [40]. Stroke-
induced peripheral immunosuppression is mainly caused
by lymphocyte apoptosis mediated through the sympa-
thetic nervous system and hypothalamic-pituitary-adrenal
axis [41]. Studies from our laboratory and others have
demonstrated that peripheral NK cell numbers are
decreased in stroke patients and MCAO rodents [14,41].

In line with these findings, the present study observed a
significant reduction in NK cell levels in both spleen and
blood of MCAO rats. Strikingly, ASIV restored the
peripheral NK cell levels in MCAO rats. ASIV has been
shown to promote proliferation of T cells and B cells in
mouse spleen, and suppress lymphocyte apoptosis in
thymus and spleen in septic mice [12,42]. These findings
suggest that ASIV may inhibit apoptosis and stimulate
proliferation of NK cells in the periphery, which suppress
the peripheral NK cell deficiency observed after ischemic
stroke. The mechanism underlying the distinct effects
ASIV on NK cell levels in the brain and periphery after
brain ischemia is under investigation in our laboratory.
In conclusion, ASIV inhibited the infiltration and

activation of NK cells in the ischemic brain, and the

Fig. 6 ASIVand VPA reduced CCL2 expression, restored p65 acetylation, and inhibited p65 nuclear translocation in OGD-treated primary cultures
of rat cortical astrocyte. (A–C) OGD-induced upregulation in CCL2 mRNA levels and protein expression in astrocytes was reduced by ASIV and
VPA. (D) ASIV and VPA restored the acetylation of p65 in OGD-treated astrocytes. (E) ASIV and VPA inhibited the nuclear translocation of p65 in
OGD-treated astrocytes. ***P < 0.001, **P < 0.01, *P < 0.05, n = 3.
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underlying mechanism may involve HDAC inhibition. It is
also interesting to note that ASIV reversed the MCAO-
induced NK cell deficiency in the periphery, suggesting
that ASIV may suppress post-ischemic peripheral immu-
nodeficiency. The distinct effects of ASIV on NK cells in
the brain and periphery may contribute to the overall
beneficial effects of ASIV in ischemic rats, and indicate the
clinical efficacy and safety of this drug. Our findings
suggest that the NK cell is a promising target for the
treatment of ischemic stroke and pave the way for potential
clinical trials of ASIV.
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