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of apoptosis-like damage, but also LPS-induced increases 
in the levels of active Caspase-3 and Bax. Collectively, our 
current in vivo study, together with our previous cell cul-
ture study, has suggested that SIRT2 is required for LPS-
induced neuroinflammation and brain injury.
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Introduction

Sirtuins are NAD+-dependent histone deacetylase that play 
important roles in various biological functions [1–7]. SIRT2 
inhibition or deficiency has been shown to produce neuro-
protective effects in models of both neurodegenerative dis-
eases [8] and ischemia stroke [9]: SIRT2 inhibition led to 
a decrease in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced nigrostriatal damage [10]; SIRT2 deletion 
was shown to decrease α-synuclein-induced neurotoxic-
ity in models of Parkinson’s disease [11]; SIRT2 inhibitor 
AK-7 was shown to produce beneficial effects in a mouse 
model of HD [12]; and SIRT2 deficiency mice also showed 
decreased neurological deficits after ischemia stroke [9]. 
However, it is warranted to investigate the mechanisms 
underlying the neuroprotective effects of SIRT2 inhibition.

Because multiple studies have suggested a critical path-
ological role of inflammation in ischemia stroke [13] and 
certain neurodegenerative diseases [14, 15], we hypoth-
esized that the beneficial effects of SIRT2 inhibition in 
the disease models may result from its capacity to inhibit 
inflammation. Our previous cell culture study has indicated 
that SIRT2 siRNA-produced decrease in SIRT2 levels can 
lead to significant inhibition of lipopolysaccharides (LPS)-
induced activation of BV2 microglia, suggesting that SIRT2 

Abstract  Several recent studies have suggested seem-
ingly contrasting roles of SIRT2 in inflammation: Our pre-
vious cell culture study has indicated that SIRT2 siRNA-
produced decrease in SIRT2 levels can lead to significant 
inhibition of lipopolysaccharides (LPS)-induced activa-
tion of BV2 microglia, suggesting that SIRT2 is required 
for LPS-induced microglial activation. In contrast, some 
studies have suggested that SIRT2 deficiency can lead to 
increased inflammation. In our current study, we used a 
mouse model of neuroinflammation to determine the roles 
of SIRT2 in LPS-induced inflammation. We found that 
administration of SIRT2 inhibitor AGK2 can significantly 
decrease LPS-induced increases in CD11b signals and the 
mRNA of TNF-α and IL-6. We further found that AGK2 
can block LPS-induced nuclear translocation of NFκB. In 
addition, our study has shown that AGK2 can decrease not 
only LPS-induced increase in TUNEL signals—a marker 
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per mouse) and SIRT2 inhibitor (1 μmol AGK2 per mouse) 
co-administration group. The animals were anesthetized 
with chloral hydrate intraperitoneally and positioned in 
a small animal stereotaxic apparatus (RWD lifescience, 
Shenzhen, Guangdong, China). A small skull hole was 
made using a microsurgical drill followed by a Hamilton 
syringe (Hamilton, Bonaduz, Switzerland) injection (5 μL 
per mouse). The drug administration procedure was con-
trolled by a MicroSyringe Pump Controller (WPI INC, 
Sarasota, FL, USA) and 10 min after the drug administra-
tion, the syringe was pulled out. All drugs were injected 
intraventricularly using the flowing stereotaxic coordinates, 
measured from bregma: 0.5 mm posterior, 1.1 mm lateral, 
and 2.6 mm ventral. No animal was dead during the experi-
ments. Animals were sacrificed 24 h or 5 days after the drug 
administration. The brains were immediately removed and 
frozen in pre-chilled isopentane, and then stored at −80 °C 
until further analysis.

Immunofluorescence Assay

Brain cryosections (20 μm) were fixed in 4 % paraformal-
dehyde for 15  min, followed by three washes with PBS. 
The sections were incubated in 10 % goat serum for 1 h 
at room temperature and then incubated with rat mono-
clonal CD11b antibody (1:100 dilution, BD Biosciences, 
San Diego, CA, USA) in PBS containing 1 % goat serum 
overnight at 4  °C. After three washes with PBS, the sec-
tions were incubated with Alexa Fluor® 488 goat anti-rat 
IgG (H + L) Secondary antibody (1:500 dilution, Molecular 
Probes, Eugene, Oregon, USA) in PBS containing 1 % goat 
serum for 1 h at room temperature. After three washes with 
PBS, the sections were counterstained with DAPI (1:1000 
dilution, Beyotime Institute of Biotechnology, Shanghai, 
China) in PBS for 5  min at room temperature. The fluo-
rescence images of the slices were photographed under a 
Leica confocal fluorescence microscope (Leica TCS SP5 
II, Heidelberg, Germany). Negative controls were incu-
bated with PBS containing 1 % goat serum instead of pri-
mary antibody.

Real-Time PCR

The real-time PCR assays were conducted as described previ-
ously [20, 21]: TaKaRa MiniBEST Universal RNA Extraction 
Kit (Takara Bio, Dalian, China) was used to isolate total RNA 
from the whole brain. A Prime-Script RT reagent kit (Takara 
Bio) was used to reverse-transcribe 1 μg total RNA to cDNA. 
The RT-PCR reactions were performed under the following 
conditions: 37 °C for 15 min, and then 85 °C for 15 s. Quanti-
tative real-time PCR assays were performed by using SYBR 
Premix Ex Taq (Takara Bio) as well as the following primers: 
IL-6 (sense 5′-TAGTCCTTCCTACCCCAATTTCC-3′ and 

is required for LPS-induced microglial activation [16]. 
In contrast, there have been other studies suggesting that 
SIRT2 inhibition can lead to increased inflammation [17, 
18]. Therefore, it is warranted to further investigate the roles 
in SIRT2 in inflammation.

By using LPS-induced neuroinflammation of mice as an 
in vivo model, in the current study we determined the roles 
of SIRT2 in inflammation. Our study has suggested that 
SIRT2 is required for LPS-induced neuroinflammation and 
brain injury in vivo.

Materials and Methods

Reagents

All of the chemicals were purchased from Sigma (St. Louis, 
Missouri, USA), except where specified.

Ethics Statement

This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of 
Laboratory Animals of the Shanghai Administrative Com-
mittee. All of the animal protocols were approved by the 
Animal Study Committee of the School of Biomedical 
Engineering, Shanghai Jiao Tong University (Permit Num-
ber: 2011001). All surgical procedures were performed by 
Ban Wang (Qualification Certificate Number: 14080366) 
under chloral hydrate anesthesia, in which all efforts were 
made to minimize animal suffering. Mice were sacrificed 
by cervical dislocation at designed time points as shown 
in Results.

Procedures of Animal Operation

A total of 149 adult male C57BL/6 mice (107 mice for fro-
zen section, 18 mice for real-time PCR and 24 mice for 
Western blot assay) weighing 22–25  g were purchased 
from SLRC Laboratory (Shanghai, China). Considering 
the tissue toxicity of DMSO [19] and the limit of the vol-
ume of the solution injected into the mouse brain, in our 
study we administered two dosages of AGK2, 0.5  μmol/
mouse and 1 μmol/mouse. AGK2 was dissolved in DMSO 
and diluted in PBS. The final concentrations of AGK2 for 
the two dosages of AGK2 were 100 and 200 μM, with 4 % 
final concentration of DMSO. Mice were randomly divided 
into 6 groups: (a) The Vehicle group (PBS containing 4 % 
DMSO); (b) SIRT2 inhibitor (0.5 μmol AGK2 per mouse) 
group; (c) SIRT2 inhibitor (1  μmol AGK2 per mouse) 
group; (d) LPS treatment (4 μg LPS per mouse) group; (e) 
LPS (4 μg LPS per mouse) and SIRT2 inhibitor (0.5 μmol 
AGK2 per mouse) co-administration group; (f) LPS (4 μg 
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3 % hydrogen peroxide in PBS for 5 min at room tempera-
ture. Then the sections were applied with equilibration buf-
fer and working-strength TdT enzyme, and incubated in a 
humidified chamber at 37  °C for 1  h and incubated with 
anti-digoxigenin peroxidase for 30  min at room tempera-
ture, which was detected by DAB. Sections were counter-
stained in 0.5  % (w/v) methyl green for 30  min at room 
temperature. After the slides were washed with distilled 
water, the sections were dipped into 100 % N-butanol and 
xylene. After mounting, the sections were viewed under a 
microscope. The slices of the brains obtained 24 h after mid-
dle cerebral artery occlusion were used as positive controls. 
Negative control samples were prepared as other samples 
except that the TdT enzyme was omitted in the procedures. 
After mounting, the sections were viewed under a Leica 
microscope.

Western Blot

Western blot analysis was performed as previously 
described [22] with some modifications. The tissue lysates 
from the whole brain were harvested with Radio-Immuno-
precipitation Assay (RIPA) buffer (Millipore) containing 
Complete Protease Inhibitor Cocktail (CWBIO, Shanghai, 
China) and 1  mM phenylmethanesulfonyl fluoride. The 
lysates were centrifuged at 14,000 g for 15 min at 4 °C. 
Nuclear tissue lysates from the whole brain were harvested 
with Nuclear and Cytoplasmic Extraction Kit (CWBIO) 
according to manufacturer’s instructions. And then the 
protein concentration was quantified by the BCA assay kit 
(Thermo Scientific, Waltham, MA, USA). 60 μg of total 
protein was electrophoresed through a 12.5  % or 10  % 
SDS–polyacrylamide gel and then transferred to a PVDF 
transfer membrane (Millipore) or nitrocellulose blotting 
memebrane (GE Healthcare Life Sciences, Freiburg, Ger-
many). The membranes were incubated overnight at 4 °C 
with primary antibodies (rabbit polyclonal Caspase-3 anti-
body, 1:1000 dilution, Proteintech, Chicago,  IL, USA; 
rabbit monoclonal Bax antibody, 1:1000 dilution, Abcam; 
goat polyclonal actin antibody, 1:200 dilution, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA; rabbit monoclonal 
NFκB p65 antibody, 1:1000 dilution, Abcam;goat poly-
clonal Lamin A/C antibody, 1:200 dilution, Santa Cruz Bio-
technology; rabbit monoclonal β-tubulin antibody, 1:1000 
dilution, Abcam) in TBST containing 1 % bovine serum 
albumin (BSA) and then incubated with HRP-conjugated 
secondary antibody (1:2000 dilution, HuaAn Biotechnol-
ogy, Hangzhou, Zhejiang, China) in TBST containing 1 % 
BSA at room temperature for 1  h. Protein signals were 
detected by enhanced chemiluminescence (Thermo Sci-
entific). The intensities of the bands was quantified by a 
Gel-Pro Analyzer (Media Cybernetics, Silver Spring, MD, 
USA).

anti-sense 5′-TTGGTCCTTAGCCACTCCTTC-3′); TNF-α 
(sense 5′-CCCTCACACTCAGATCAT CTTCT-3′ and 
anti-sense 5′-GCTACGACGTGGGCTACAG-3′); GAPDH 
(sense 5′-AGGTCGGTGTGAACGGATTTG-3′ and anti-
sense 5′-TGTAGACCATGTAGTTGAGGTCA-3′). PCR 
reactions were conducted under the following conditions: 
After denaturing at 95 °C for 10 s, 40 cycles of 95 °C for 5 s 
and 60 °C for 30 s were conducted. The comparative thresh-
old cycle method was used to analyze the data, and the results 
were expressed as fold difference normalized to the level of 
GAPDH mRNA.

Immunohistochemistry Staining

Briefly, brain cryosections (20 μm) were fixed in 4 % para-
formaldehyde for 15  min, followed by three washes of 
PBS. The sections were treated with 3 % hydrogen perox-
ide in methanol for 10 min and then incubated in blocking 
solution (10 % goat serum and 3.5 ‰ Triton X-100 in PBS) 
for 1 h at room temperature. The slides were incubated with 
primary antibody (rabbit monoclonal cleaved Caspase-3 
antibody, 1:300 dilution, Cell Signaling Technology, Dan-
vers, MA, USA; rabbit monoclonal NFκB p65 antibody, 
1:300 dilution, Abcam, Cambridge, UK) in PBS contain-
ing 1 % goat serum overnight at 4 °C. After three washes 
with PBS, the sections were incubated with biotinylated 
anti-rabbit IgG antibody (1:200 dilution, Vector Laborato-
ries Inc., Burlingame, California, USA) in PBS containing 
1 % goat serum for 30 min at room temperature. After three 
washes with PBS, the sections were incubated with Vecta-
stain ABC Reagent (Vector Laboratories Inc.) for 30 min at 
room temperature. Following three washes with PBS, the 
sections were incubated with peroxidase substrate solution 
(Vector Laboratories Inc.) for 3–5 min at room temperature. 
Following three washes with tap water, the sections were 
incubated with Hematoxylin Staining Solution (Beyotime 
Institute of Biotechnology) for about 1  min and washed 
three times with distilled water. Subsequently the sections 
were dehydrated in an ascending series of ethanols (70, 
90, 100 %) and xylene. After mounting, the sections were 
viewed under a microscope (Leica). Negative controls were 
incubated with PBS containing 1 % goat serum instead of 
primary antibody.

TUNEL Staining

The TUNEL assay (Millipore, Billerica, MA, USA) was 
used to assess apoptosis-like DNA fragmentation in situ. We 
conducted the assay according to the protocol provided with 
the kit with minor modifications. Briefly, frozen sections 
(20 μm) of the brains were fixed in 1 % paraformaldehyde 
for 15 min, followed by three washes with PBS. The endog-
enous peroxidase activity of the sections was quenched by 
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Fig. 1  SIRT2 inhibitor AGK2 
suppressed the LPS-induced 
microglial activation in both 
cortex and hippocampus of 
the brains. a Representative 
immunofluorescence staining 
for CD11b (green) in the cortex 
of the brains. b Representative 
immunofluorescence staining 
for CD11b (green) in the hippo-
campus of the brains. Intraven-
tricularly injected LPS (4 μg per 
mouse) induced a significant 
increase in the CD11b signals 
in all brain regions, including 
cortex and hippocampus, and 
simultaneous administration 
of AGK2 (0.5 or 1 μmol per 
mouse) markedly attenuated 
the increase 24 h after the drug 
administration. c Quantifica-
tions of the intensity of CD11b 
immunofluorescence in the 
cortex. d Quantifications of the 
intensity of CD11b immuno-
fluorescence in the hippocam-
pus. e Morphology changes 
of microglia in the LPS- and 
AGK2-treated brains. Most of 
the microglia in the brains of 
vehicle-treated mice showed 
ramified shape, while most 
of the microglia in the brains 
of LPS-treated mice showed 
ameboid shape. Administra-
tion of either 0.5 μmol AGK2/
mouse or 1 μmol AGK2/mouse 
markedly attenuated the LPS-
induced increase in the number 
of the microglia in ameboid 
shape, and markedly attenuated 
the LPS-induced decrease in 
the number of the microglia in 
ramified shape. Five mice for 
the two AGK2 treatment only 
groups; and Fifteen-twenty mice 
for the other groups. Error bars 
indicate the standard error of 
the mean (SEM). ***p < 0.001 
(Color figure online)
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ameboid shape, and markedly attenuated the LPS-induced 
decrease in the number of the microglia in ramified shape 
(Fig. 1c). To further investigate the effect of LPS and AGK2 
on the brain, we determined the microglial activation 5 days 
after the drug administration, showing that AGK2 signifi-
cantly suppressed the LPS-induced microglial activation 
(Supplemental Figure 1).

We also determined the effects of LPS and AGK2 on the 
mRNA levels of TNF-α and IL-6 in the whole brains, which 
are well-established markers of neuroinflammation [24, 25, 
29]. We found that LPS induced significant increases in the 
mRNA levels of TNF-α (Fig. 2a) and IL-6 (Fig. 2b) in the 
brains. Simultaneous administration of AGK2 inhibited the 
LPS-induced increases in the mRNA levels of TNF-α and 
IL-6 (Fig. 2).

We further determined the effects of LPS and AGK2 on 
the nuclear translocation of NFκb – a key factor in neuroin-
flammation [30–32]—in the brains. Immunohistochemistry 
staining of NFκb (Fig. 3a) and Western blot of the of NFκb 
of the nuclear fraction (Fig. 3b, c) showed that LPS induced 
a significant increase in the nuclear translocation of NFκb. 
Simultaneous administration of AGK2 blocked the nuclear 
translocation of NFκb stimulated by LPS (Fig. 3).

Our study also determined the effects of AGK2 on LPS-
produced brain injury. We found that LPS induced a signifi-
cant increase in the TUNEL signals (Fig. 4). Simultaneous 
administration of AGK2 decreased LPS-induced increases 
in the TUNEL signals (Fig. 4). We further determined the 
effects of LPS and AGK2 on the active Caspase-3 level in 
the brains, showing that LPS induced a significant increase 

Statistical Analyses

All data are presented as mean ± SEM. Data were analyzed 
by one-way ANOVA, followed by Student–Newman–Keuls 
post hoc test. P values less than 0.05 were considered statis-
tically significant.

Results

We i.c. administered LPS into the brains, and determined the 
effects of LPS on the neuroinflammation in the brain. We 
found that LPS induced a significant increase in the CD11b 
signals—a marker of microglial activation [23–25] in all 
brain regions, including cortex (Fig. 1a, d) and hippocam-
pus (Fig. 1b, e) of the brains. Simultaneous administration 
of AGK2 suppressed the LPS-induced microglial activation 
in all brain regions, including the cortex and hippocampus 
(Fig. 1). We also found that administration of the two doses 
of AGK2 produced similar effects on microglial activation 
as vehicle treatment (Fig.  1). We further determined the 
effects of AGK2 and LPS on the microglial activation by 
assessing the morphology of the microglia in the brains, 
since resting microglia show ramified shape, while activated 
microglia show ameboid shape [26–28]. We found that most 
of the microglia in the brains of vehicle-treated mice showed 
ramified shape, while most of the microglia in the brains of 
LPS-treated mice showed ameboid shape (Fig. 1c). Admin-
istration of both dosages of AGK2 both markedly attenuated 
the LPS-induced increase in the number of the microglia in 

Fig. 2  SIRT2 inhibitor AGK2 inhibited the LPS-induced increases in 
the mRNA levels of TNF-α and IL-6 in mouse brains. AGK2 admin-
istration significantly attenuated the LPS-induced increases in the 
mRNA levels of TNF-α (a) and IL-6 (b) in the whole brains. The mice 
were intraventricularly co-injected with LPS (4 μg per mouse), with or 

without AGK2 (0.5 μmol per mouse) 24 h before total RNA from the 
whole brain was extracted. The mRNA levels of TNF-α and IL-6 were 
assessed by real-time PCR assays. Data were normalized by GAPDH 
mRNA level. Six mice in each group. Error bars indicate the standard 
error of the mean (SEM). *p < 0.05; ***p < 0.001
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apoptosis-like damage; and fifth, AGK2 can block LPS-
induced increases in the levels of active Caspase-3 and Bax. 
Collectively, our current in vivo study has suggested that 
SIRT2 is required for LPS-induced neuroinflammation and 
brain injury.

Multiple studies have reported that SIRT2 is expressed 
at high levels in both mouse and rodent brains, which 
is expressed in microglia [16–18, 33, 34], neurons [18, 
35–38], astrocytes [18, 35, 39] and oligodendrocytes [35, 
36, 39–41]. It has been reported that SIRT2 inhibition can 
decrease the injury in cellular and animal models of PD, 
HD [8] and ischemia stroke [9]. Since inflammation plays 
critical pathological roles in these diseases [13–15] and 
SIRT2 is necessary for bacteria infection [6], we hypoth-
esized that SIRT2 may be important for neuroinflammation. 
The observations of our current study have suggested that 
decreased SIRT2 activity can lead to a significant decrease 

in active Caspase-3 signals, which was blocked by simul-
taneous administration of AGK2 (Fig.  5). Moreover, we 
found that LPS induced a significant increase in the protein 
level of Bax, which was prevented by simultaneous admin-
istration of AGK2 (Fig. 6).

Discussion

The major observations of our current study include: First, 
administration of SIRT2 inhibitor AGK2 can significantly 
suppress the LPS-induced microglial activation; second, 
AGK2 can significantly inhibit the LPS-induced increases 
in the mRNA levels of TNF-α and IL-6; third, AGK2 can 
prevent the translocation of NFκB stimulated by LPS from 
the cytosol to the nucleus; fourth, AGK2 can attenuate the 
LPS-induced increase in TUNEL signals—a marker of 

Fig.  3  SIRT2 inhibitor AGK2 attenuated the nuclear translocation 
of NFκb stimulated by LPS in the brains of mice. a Representative 
immunohistochemical images of NFκb in the brains of mice 24 h after 
the drug administration. Nuclear translocation of NFκb, indicated 
by arrows, was found in the LPS-injected (4  μg per mouse) mouse 
brains (b), but not in the control mouse brains (a). Co-administration 
of 0.5 μmol AGK2 (c) or 1 μmol AGK2 (d) significantly reduced the 
nuclear translocation of NFκb stimulated by LPS. Fifteen-twenty 
mice for each groups. b Representative Western blot of the nuclear 

NFκB levels in the whole brains. The mice were intraventricularly co-
injected with LPS (4 μg per mouse) and AGK2 (0.5 μmol or 1 μmol per 
mouse) 24 h before the protein was extracted. c Quantifications of the 
protein levels of the nuclear NFκB in the mouse brains. Intraventricu-
larly injected LPS led to a significant increase in the level of nuclear 
NFκB, which was blocked by co-treatment with AGK2 (0.5 or 1 μmol 
per mouse). Six mice in each group. Error bars indicate the standard 
error of the mean (SEM). ***p < 0.001 (Color figure online) 
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There are other studies suggesting that SIRT2 inhibi-
tion can enhance inflammatory responses: By applying a 
low LPS dosage (0.2 μg LPS per mouse), Pais et al. [17] 
used SIRT2 knockout mice to study the effect of SIRT2 
deficiency on microglial activation and the mRNA levels of 
cytokines, showing that SIRT2 deficiency led to increased 
LPS-induced neuroinflammation. We propose the following 
reasons for explaining the seemingly contradicting obser-
vations regarding the roles of SIRT2 in neuroinflammation 
in their study and our studies: Our study applied 4 μg LPS 
per mouse, which is in the same range of the LPS dosage 
as widely used in the mouse model of LPS-induced neu-
roinflammation (2–25 μg LPS per mouse) [25, 48–52]. In 
contrast, Pais et al. used an exceedingly low dosage of LPS 
(0.2  μg LPS per mouse), which could activate a dramati-
cally different signaling transduction pathway as that was 
activated in our current study. In the cellular model of neu-
roinflammation, our previous study was also significantly 
different from the study of Pais et al.: Our previous study 
used 500–1000  ng/mL LPS [16], while Pais et al. used 
TNF-α together with a relatively low concentration of LPS 

in the LPS-induced neuroinflammation in vivo, since AGK2 
can markedly decrease LPS-induced increases in the CD11b 
signals and the mRNA levels of TNF-α and IL-6. Moreover, 
we found that AGK2 can block the translocation of NFκB 
stimulated by LPS from the cytosol to the nucleus. Due to 
the critical roles of nuclear translocation of NFκB in inflam-
mation [42–46], our study has suggested that SIRT2 could 
mediate neuroinflammation by modulating nuclear trans-
location of NFκB. These observations, together with our 
previous finding that SIRT2 silencing can lead to decreased 
LPS-induced microglial activation—a major event in neuro-
inflammation [16], have collectively suggested that SIRT2 
activity may be required for LPS-induced neuroinflam-
mation. These observations have also suggested that the 
SIRT2 inhibition-produced decreases in the brain injury 
in the models of PD, HD and cerebral ischemia may result 
from the capacity of SIRT2 inhibition to decrease neuro-
inflammation. Our observations are also consistent with 
the study showing that SIRT2 deficiency led to decreased 
LPS-induced inflammation in bone marrow-derived macro-
phages [47].

Fig. 4  SIRT2 inhibitor AGK2 significantly decreased the LPS-induced 
TUNEL signals in mouse brains. Representative TUNEL images in 
the cortex (a) and hippocampus (b) of mouse brains 24  h after the 
drug administration. a–f stand for the following groups respectively: 
vehicle group, n = 15; 0.5 μmol AGK2 group, n = 5; 1 μmol AGK2 
group, n =  5; LPS group (4 μg per mouse), n =  20; LPS (4 μg per 
mouse) and 0.5 μmol AGK2 co-administration group, n = 15; LPS and 
1 μmol AGK2 co-administration group, n = 15. Neither in the cortex 
(a) or the hippocampus (b), there was significant difference between 
the vehicle group (a) and the AGK2 treatment-only groups (b, c). 
There was a marked increase in the TUNEL-positive signals in the 
LPS group (d), which was blocked by the treatment of both doses of 

AGK2 (e, f). c Quantifications of TUNEL-positive cells in the cortex. 
Intraventricularly injected LPS induced a significant increase in the 
TUNEL-positive cells, which was inhibited by simultaneous admin-
istration of AGK2 (0.5 or 1  μmol per mouse). d Quantifications of 
TUNEL-positive cells in the hippocampus. Intraventricularly injected 
LPS induced a significant increase in the TUNEL-positive cells, which 
was blocked by simultaneous administration of AGK2 (0.5 μmol per 
mouse). e Quantifications of all the TUNEL-positive cells in mouse 
brains. AGK2 (0.5 or 1 μmol per mouse) prevented the LPS-induced 
increase in the TUNEL-positive cells. Error bars indicate the standard 
error of the mean (SEM). *p < 0.05; **p < 0.01. ***p < 0.001 (Color 
figure online)
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Our study has shown that AGK2 can decrease not only 
LPS-induced increase in TUNEL signals—a marker of 
apoptosis-like damage, but also LPS-induced increases in 
the levels of active Caspase-3 and Bax. These studies have 
suggested that SIRT2 also plays a significant role in LPS-
induced cellular apoptosis in the brain. Because it is estab-
lished that LPS-induced neuroinflammation can induce 
brain damage by generating oxidative stress and cytokines 
[25, 50–52, 56], it is reasonable to propose that AGK2 
decreases LPS-induced brain damage by blocking LPS-
induced neuroinflammation.

In summary, our current study has suggested that SIRT2 
plays critical roles in LPS-induced neuroinflammation and 

(50 ng/mL) to induce inflammation. Multiple studies have 
suggested that SIRT2 could produce contrasting roles in cell 
death [53, 54] and oxidative stress [17, 47, 55] under dif-
ferent conditions, suggesting that SIRT2, like calcium, can 
play complex roles in certain biological processes. We pro-
pose that SIRT2 mediates the neuroinflammation induced 
by relatively high concentrations of LPS, while SIRT2 
activity produces an inhibitory effect on the neuroinflam-
mation induced by relatively low concentrations of LPS. 
Future studies are needed to investigate mechanisms under-
lying the complex roles of SIRT2 in biological processes, 
which are of great significance for understand the biological 
functions of SIRT2.

Fig.  5  SIRT2 inhibitor AGK2 blocked the LPS-induced increase 
in the cleaved Caspase-3 signals in mouse brains. a Representative 
immunohistochemical images of cleaved Caspase-3 in mouse brains 
24 h after the drug administration. LPS induced a significant increase 
in cleaved Caspase-3 signals, which was blocked by simultaneous 
administration of AGK2. a–d stand for the following groups, respec-
tively: Vehicle group; LPS (4  μg per mouse) group; LPS (4  μg per 
mouse) and 0.5 μmol AGK2 co-administration group; LPS (4 μg per 
mouse) and 1  μmol AGK2 co-administration group (15–20 mice in 

each group). b Representative Western blot for the cleaved Caspase-3 
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brain damage. SIRT2 may become a new therapeutic tar-
get for decreasing the neuroinflammation in multiple major 
neurological diseases.
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