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An Agonist of the Protective Factor SIRT1 Improves
Functional Recovery and Promotes Neuronal Survival by
Attenuating Inflammation after Spinal Cord Injury
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Targeting posttraumatic inflammation is crucial for improving locomotor function. SIRT1 has been shown to play a critical role in disease
processes such as hepatic inflammation, rheumatoid arthritis, and acute lung inflammation by regulating inflammation. However, the
role of SIRT1 in spinal cord injury (SCI) is unknown. We hypothesized that SIRT1 plays an important role in improving locomotor
function after SCI by regulating neuroinflammation. In this study, we investigate the effect of SIRT1 in SCI using pharmacological
intervention (SRT1720) and the Mx1-Cre/loxP recombination system to knock out target genes. First, we found that SIRT1 expression at
the injured lesion site of wild-type (WT) mice (C57BL/6) decreased 4 h after SCI and lasted for 3 d. Moreover, administration of SRT1720,
an agonist of SIRT1, to WT mice significantly improved functional recovery for up to 28 d after injury by reducing the levels of proin-
flammatory cytokines, the number of M1 macrophages, the number of macrophages/microglia, and the accumulation of perivascular
macrophages. In contrast, administration of SRT1720 to SIRT1 knock-out (KO) mice did not improve locomotor recovery or attenuate
inflammation. Furthermore, SIRT1 KO mice exhibited worse locomotor recovery, increased levels of inflammatory cytokines, and more
M1 macrophages and perivascular macrophages than those of WT mice after SCI. Together, these findings indicate that SRT1720, an
SIRT1 agonist, can improve functional recovery by attenuating inflammation after SCI. Therefore, SIRT1 is not only a protective factor
but also an anti-inflammatory molecule that exerts beneficial effects on locomotor function after SCI.
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Introduction
Traumatic spinal cord injury (SCI) results from primary damage
to the spinal cord followed by secondary injury (Ambrozaitis et

al., 2005). The primary damage to the spinal cord directly de-
stroys tissues and cannot be ameliorated. However, secondary
damage caused by oxidative stress, free radical generation,
edema, posttraumatic inflammatory reactions, and other pro-
cesses is believed to lead to further tissue damage followed by
permanent impairment of motor function, and this type of dam-Received Sept. 29, 2016; revised Jan. 23, 2017; accepted Jan. 31, 2017.
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Significance Statement

Posttraumatic inflammation plays a central role in regulating the pathogenesis of spinal cord injury (SCI). Here, new data show
that administration of SRT1720, an SIRT1 agonist, to wild-type (WT) mice significantly improved outcomes after SCI, most likely
by reducing the levels of inflammatory cytokines, the number of macrophages/microglia, perivascular macrophages, and M1
macrophages. In contrast, SIRT1 KO mice exhibited worse locomotor recovery than that of WT mice due to aggravated inflam-
mation. Taken together, the results of this study expand upon the previous understanding of the functions and mechanisms of
SIRT1 in neuroinflammation following injury to the CNS, suggesting that SIRT1 plays a critical role in regulating neuroinflam-
mation following CNS injury and may be a novel therapeutic target for post-SCI intervention.
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age can be reduced (Dumont et al., 2001; Hall and Springer, 2004;
Profyris et al., 2004; Fehlings and Baptiste, 2005; Maier and
Schwab, 2006). Posttraumatic inflammation, which includes in-
flammatory cell infiltration, microglia activation, and inflamma-
tory cytokine production, is the major component of secondary
injury and plays a central role in regulating the pathogenesis of
acute and chronic SCIs (Bethea et al., 1998; Bethea, 2000; Conti et
al., 2003; Beattie, 2004). Inflammatory cells promote secondary
damage through the generation of reactive oxygen species and the
release of proinflammatory cytokines. Uncontrolled immune re-
sponses may damage healthy tissue and aggravate secondary
injury. Many studies have shown that regulation of posttraumatic
inflammation is required to maximize functional recovery (Kwon et
al., 2004; Rowland et al., 2008; Courtine et al., 2011; Donnelly et al.,
2011; David et al., 2012a).

Macrophages play central roles in the innate immune re-
sponse and exert distinct tissue repair activities after SCI (David
and Kroner, 2011). Postinjury tissue repair involves regulation of
the balance between two major populations of macrophages:
proinflammatory type I (M1) and anti-inflammatory type II
(M2) macrophages (Shechter et al., 2013). Whether macrophages
aggravate secondary injury or promote wound repair predomi-
nantly depends on whether the cells are induced to differentiate
into M1 or M2 macrophages (Cheng et al., 1996; Kuo et al., 2007,
2011; Shechter et al., 2013). M1 macrophages, which produce
high levels of nitric oxide and proinflammatory cytokines, such as
IL-1�, IL-6, and TNF-�, frequently induce cytotoxic processes
and are correlated with the severity of disease progression in SCI
(Busch et al., 2009). In contrast, M2 macrophages, which pro-
duce anti-inflammatory cytokines, such as IL-4, IL-10, and IL-13,
exhibit anti-inflammatory activities, scavenge debris, promote
angiogenesis, and are involved in tissue remodeling and repair
(Kigerl et al., 2009). In addition, decreasing hematogenous mac-
rophage accumulation at the site of SCI is neuroprotective and
facilitates recovery (Popovich et al., 1999). Reducing the number
of M1 macrophages and perivascular macrophages or inducing
M2 macrophages following acute SCI has been reported to en-
hance tissue repair and improve locomotor recovery. (Gordon,
2003; Mantovani et al., 2004; Schwartz and Yoles, 2006; Kigerl et
al., 2009; Cassetta et al., 2011; David and Kroner, 2011; Shechter
et al., 2013).

SIRT1, a member of the Sirtuin family, is a highly conserved
nicotinamide adenine dinucleotide– dependent class III protein
deacetylase. SIRT1 has been shown to play a critical role in regu-
lating various metabolic and pathophysiological processes, such
as inflammation, apoptosis, stress resistance, differentiation, and
aging (Bordone and Guarente, 2005; He et al., 2010; Busch et al.,
2012; Lim et al., 2012; Xie et al., 2013; Shinozaki et al., 2014). In
addition, SIRT1 is directly implicated in the modulation of in-
flammatory responses by deacetylation of histones and critical
transcription factors, such as nuclear factor � B, resulting in the
transcriptional repression of various genes related to inflamma-
tion (Yeung et al., 2004; Kauppinen et al., 2013). However, to
our knowledge, the protective and anti-inflammatory effects of
SIRT1 in SCI have not been studied. We hypothesize that SIRT1
plays a critical role in protecting against proinflammatory re-
sponses in SCI and may represent a potential novel therapeutic
target for treating SCI.

Materials and Methods
Animals. The Cre/loxP recombination system was used to generate
SIRT1 knock-out (KO) mice as described previously (Siegel et al., 2004).
Mx1-Cre (JAK 003556) transgenic mice and SIRT1 floxed mice (JAK

008041) were obtained from The Jackson Laboratory. Four hundred
micrograms of poly(deoxyinosinic/deoxycytidylic) acid (pI-pC; Sigma-
Aldrich) were injected into the animals three times every 3 d to activate
Mx1-Cre in vivo. Mx1-Cre � SIRT1 loxP/loxP mice that had received three
injections of 400 mg of poly pI-pC were referred to as SIRT1 KO mice.
Eight- to 10-week-old female mice (C57BL/6) weighing 20 –25 g were
used in the present study. All animal experiments were conducted ac-
cording to the NIH Guide for the Care and Use of Laboratory Animals and
the institutional guidelines of the Shanghai Jiaotong University School of
Medicine.

Generation of the Mx1-Cre SIRT1 KO mice. The conditional targeted
SIRT1 mutant mice (SIRT1co/co mice) carry an insertion mutation of the
neomycin-resistant gene and loxp sequences in the SIRT1 gene flanking
exon 4 that encodes a conserved Sir2 motif. The mutation does not affect the
expression of SIRT1 in SIRT1co/co mice. To convert the SIRT1 co allele into
the SIRT1 KO allele, SIRT1co/co mice were crossed with Mx1-Cre trans-
genic mice to generate SIRT1 heterozygotes carrying the Mx1-Cre�
SIRT1�/loxp mice. The Cre recombinase is under the control of the Mx1
promoter. This promoter is silent in healthy mice, but can be induced to high
levels of transcription by administration of interferon �, interferon �, or
synthetic double-stranded RNA (such as poly I:C). When combined with a
mutant carrying a gene that has been flanked by loxP recognition sites, the
expression of Cre recombinase causes the flanked gene to be removed. The
breeding of Mx1-Cre� SIRT1�/loxp male mice and Mx1-Cre� SIRT1�/
loxp female mice resulted in Mx1-Cre� SIRT1loxp/loxp (SIRT1 KO) mice.
A PCR-based genotyping method was established to identify the wild-type
and SIRT1 KO of the SIRT1 gene using two primers (forward primer, 5�-
GGTTGACTTTAGGTCTTGTCTG-3�; reverse primer, 5�-CGTCCCTTG
TAATGTTTCCC-3�) and using Cre primers (forward primer, 5�-ACCT-
GAAGATGTTCGCGATTATCT-3�; reverse primer, 5�-ACCGTCAG
TACGTGAGATATCTT-3�) and the following thermocycler conditions:
step 1, 95°C, 10 min; step 2, 95°C, 15s; step 3, 62°C, 60s; step 4, repeat steps 2
and 3 a total of 40 times.

Surgical procedure. The mice were anesthetized with 1% pentobarbital.
A clinically relevant moderate spinal cord contusion injury (60 kdyn
force) was performed at the T10/T11 level using an Infinite Horizons
Impactor (Precision Scientific) as described previously (Pomeshchik et
al., 2014). This model was selected because it results in bilateral injury
and paralysis and is also optimal for conclusive evaluation of the effects of
therapeutic treatments. The bladder was manually expressed twice daily
for �1 week until the mice regained normal bladder function. Mice that
underwent a laminectomy without impact served as sham controls. An-
imals that were contused in a nonsymmetrical manner were excluded
from the experimental analyses.

SRT1720 treatment. SRT1720 (Selleck, catalog #S1129), an SIRT1 ag-
onist, was diluted in 3% dimethyl sulfoxide (DMSO) in sterile PBS before
intraperitoneal administration. The mice were randomly divided into the
SRT1720 and vehicle groups. Immediately after SCI was induced,
SRT1720 (100 mg/kg) or vehicle was injected intraperitoneally once daily
for 7 d. The control and sham mice were similarly injected with 3%
DMSO in PBS.

Functional assessment. Hindlimb motor function recovery was as-
sessed using the Basso Mouse Scale (BMS; Basso et al., 2006) by two raters

Table 1. Real-time PCR primer sequences

Gene Forward primer (5�–3�) Reverse primer (5�–3�)

INOS CGCTTGGGTCTTGTTCACT TCTTTCAGGTCACTTTGGTA
CD86 ATCAAGGACATGGGCTCGTA GAAGTTGGCGATCACTGACA
Arginase1 GCTTGCTTCGGAACTCAAC CGCATTCACAGTCACTTA GG
CD206 CAAAAACTGACTGGGCTTCC GCCCTTGATTCCAAAGAGTG
CCR2 GAGGTCTCGGTTGGGTTG TA CACTGTCTTTGAGGCTTGTT
CXCL10 TCTCCATCACTCCCCTTT AC TTCGGCAGTTACTTTTGTCT
IL-6 CCAATGCTCTCCTAACAGAT TGTCCACAAACTGATATGCT
TNF-� GTACAAGGAGAACCAAGCAA CCGTCTTTCATTACACAGGA
IL-1� TTCAGGCAGGCAGTATCA GTCACACACCAGCAGGTTAT
IL-10 ACATACTGCTAACCGACTCC CCACTGCCTTGCTCTTATT
GAPDH TCAACAGCAACTCCCACTCTTCCA ACCCTGTTGCTGTAGCCGTATTCA
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who were blinded to the experimental groups. The BMS is a sensitive,
valid, and reliable scale that assesses the degree of hindlimb functional
recovery after SCI. The scale ranges from zero points (no ankle move-
ment) to nine points (complete functional recovery) and includes assess-
ment of ankle movement, plantar placement, weight support, stepping,
coordination, paw position, and trunk stability. Locomotor activity was
monitored by placing the mouse in an open field for 4 min and then
recording the BMS scores for the right and left hindlimbs. Animals ex-
hibiting a difference of more than points between the two hindlimbs were
excluded from the experimental analysis. Motor function was assessed
24 h after injury, followed by weekly assessment for 4 weeks.

Tissue collection. After terminal anesthesia with 1% pentobarbital, the
mice were transcardially perfused with heparinized (2500 IU/L) saline.
The spleen, liver, kidney, and a 10 mm piece of spinal cord centered at the
lesion epicenter were dissected, snap-frozen in liquid nitrogen and stored
at �80°C until further processing.

Quantitative real-time reverse transcription-PCR. TRIzol reagent (Invitro-
gen) was used to isolate RNA from the spinal cords and bone marrow-
derived macrophages (BMDMs) of the animals according to the
manufacturer’s instructions. Total RNA concentration and purity were de-
termined from the 260/280 ratios of the optical density obtained from each
sample (NanoDrop 1000, PeqLap). Complementary DNA was synthesized
from 1 �g of total RNA using a TaKaRa reverse transcription (RT) kit and
random hexanucleotide primers (BioTNT). The expression levels of the tar-
get genes were measured in a mixture consisting of 0.5 �l of the reversed-

transcribed cDNAs, 2.5 �l of RNase-free water (Invitrogen), 5 �l of 2�
SensiMix SYBR and fluorescein (Bioline), and 2 �l of primers (10 pmol/�l).
Quantitative real-time RT-PCR analysis was performed using the MyIQ
detection system (Bio-Rad). Relative expression levels were calculated using
the ��CT method. The data are expressed as the target gene level relative to
that of a reference gene (GAPDH). The values for the sham animals were set
to 100%. The data of interest are presented as relative expression. All real-
time RT-PCR primer sequences are listed in Table 1.

Cell culture. BMDMs were extracted from the femurs and tibias of 8- to
10-week-old female C57BL/6 mice and SIRT1 KO mice as described
previously (Gensel et al., 2009) and plated at a density of 1 � 10 6 cells/ml
in differentiation medium (DMEM supplemented with 1% penicillin/
streptomycin, 10% FBS, and 10% of the supernatant from sL929 cells).
The supernatant collected from L929 cells contains macrophage colony-
stimulating factor, which promotes differentiation of bone marrow cells
into macrophages (Burgess et al., 1985). BMDMs were allowed to differ-
entiate for 7 d in culture. On day 7, the cells were replated in 12-well
plates at a density of 1 � 10 6 cells/ml and cultured in differentiation
medium without L929 supernatant. On day 8, the cells were stimulated to
differentiate into M1 macrophages using lipopolysaccharide (LPS; 10
ng/ml; Sigma-Aldrich) plus IFN-� (10 ng/ml; Sigma-Aldrich) or into M2
macrophages using IL-4 (10 ng/ml; Sigma-Aldrich). SRT1720 (1 ng/ml;
Selleck) was added at the time of stimulation. Twenty-four hours after
incubation, RNA was isolated from the stimulated macrophages, and the

Figure 1. Confirmation of SIRT1 KO by PCR and SIRT1 protein expression in various tissues and inflammatory cells in SIRT1 KO mice and WT mice. A, B, DNA samples from the tails of WT mice and
SIRT1 KO mice were used to show that the 750 bp 2-loxP allele-specific PCR product (lanes 1 to 14) and the 324 bp cre-specific PCR product (lanes 16 to 21) were detected only in Mx1-Cre �

SIRT1 loxP/loxP mice (SIRT1 KO), while in WT mice, only the 550 bp PCR product was amplified (lane 15). C, D, Western blotting: SIRT1 expression in various tissues from SIRT1 KO mice and WT mice.
In SIRT1 KO mice, SIRT1 protein exhibited significant reductions in the liver and spleen (both� 85%) and in the kidney (	48%), while there was minimal reduction in the spinal cords (�5%, p �
0.05 compared with WT). E, F, SIRT1 expression was identified in various inflammatory cells by WB. The SIRT1 KO mice exhibited substantial reductions in the expression of SIRT1 protein in
macrophages, neutrophils, DCs, and T and B cells (all � 85%, p 
 0.001 compared with WT). ***p 
 0.001. The data are presented as the mean � SEM (n � 4/group).
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expression of cytokines, M1 markers, and M2 markers was examined
using RT-PCR.

Western blotting analysis. The frozen spinal cord, spleen, liver, and
kidney tissues and various inflammatory cells were homogenized in lysis
buffer (15 mM HEPES, pH 7.9, 0.25 M sucrose, 60 mM KCl, 10 mM NaCl,
1 mM ethylene glycol tetraacetic acid, 1 mM phenylmethylsulfonyl fluo-
ride, and 2 mM NaF) to extract the proteins. The following antibodies
were used for Western blotting (WB): acetylated NF-�B p65 (Cell Sig-
naling Technology, RRID: AB_823580), NF-�B p65 (Cell Signaling
Technology, RRID: AB_10859369), phospho-NF-�B p65 (Cell Signaling
Technology, RRID: AB_331284), �-actin (Cell Signaling Technology,
RRID: AB_2223172), iNOS (Cell Signaling Technology, RRID: AB_
1078202), CD86 (Abcam, RRID: AB_869050), and SIRT1 (Cell Signaling
Technology, RRID: AB_1196631). All antibodies were obtained from
Cell Signaling Technology. The bands were visualized using an enhanced
chemiluminescence substrate (Pierce). The MultiGauge image analysis
program (version 3.0, Fujifilm) was used for band densitometry.

Detection of TNF-�, IL-1�, IL-6, and IL-10 in the spinal cord using
ELISAs. Samples were collected at three time points and immediately
homogenized in extraction buffer [20 mM Tris, pH 7.4 (Sigma-Aldrich)
containing 150 mM NaCl (Sigma-Aldrich), 1 mM EDTA (Sigma-Aldrich),
2 mM 2-N-morpholinoethanesulfonic acid (Sigma-Aldrich), and one
complete protease inhibitor tablet (Roche)]. The cytokine levels in the
mouse spinal cords were measured using ELISAs specific for TNF-�,
IL-1�, IL-6, and IL-10 according to the manufacturer’s instructions. The
content in each sample was obtained from a total length of 10 mm cen-
tered around the injured area (Amin et al., 2014).

In vitro migration assay. BMDM migration assays were conducted in
transwell migration assay chambers (BD Life Sciences) following the
addition of CCL2 (Sigma-Aldrich) to the lower chamber. SRT1720 (1
ng/ml; Selleck) and 1% DMSO were added, and 24 h after stimulation,
BMDM migration assays were conducted.

Histology. Following perfusion with 4% paraformaldehyde (PFA), the
spinal cords were postfixed in 4% PFA at 4°C for 21 h followed by cryopro-
tection in 10% sucrose for 24 h and in 20% sucrose for an additional 24 h. A
10 mm piece of the spinal cord centered at the lesion epicenter (or respective

area in the sham-operated animals) was embedded in Tissue-Tek OCT
Compound (Sakura Finetek), frozen on liquid-nitrogen-supercooled iso-
pentane, and stored at �80°C, and serial, transverse 20 �m cryostat sections
were cut (Leica). All histological studies were performed in a blinded fashion.
The frozen sections were processed for immunofluorescence staining with
primary antibodies against ionized calcium-binding adapter SIRT1 (1:200;
Cell Signaling Technology, RRID: AB_1196631), molecule 1 (Iba-1; 1:250;
Abcam, catalog #ab178847), NeuN (1:200; Merck Millipore, RRID:
AB_2571567), TUNEL (1:250; Abcam, catalog #ab66110), CD68 (1:200; Ab-
cam; RRID: AB_869007), CD86 (1:200; Abcam, RRID: AB_869050); CD163
(1:200; Abcam, catalog #ab182422), or CD3 (1:200; Cell Signaling Technol-
ogy, RRID: AB_10706943). On the following day, the appropriate Alexa
Fluor-conjugated secondary antibodies (all from Cell Signaling Technology)
were applied, and after the sections were washed and air dried, they were
mounted using Vectashield mounting media with DAPI (Vector Laborato-
ries) or subsequently processed for double-staining with compatible anti-
bodies. The spinal cord sections were photographed using a digital camera
(Color View 12 or F-view; SoftImaging Systems) attached to an Olympus
AX70 microscope, and the fluorescence intensities were quantified with Im-
agePro Plus (Media Cybernetics) or ImageJ (W. Rasband, National Insti-
tutes of Health, Bethesda, MD) software by a researcher who was blinded to
the treatment groups.

Myeloperoxidase activity. Myeloperoxidase (MPO; Abcam, catalog
#ab155458) activity, an indicator of polymorphonuclear leukocyte
(PMN) accumulation, was determined 24 h after SCI as described previ-
ously (Mullane et al., 1985). Spinal cord tissues were obtained at the
specified times after SCI and weighed. Each piece was homogenized in a
solution containing 0.5% (w/v) hexadecyltrimethyl-ammonium bro-
mide dissolved in 10 mM potassium phosphate buffer, pH 7, and centri-
fuged for 30 min at 20,000 � g at 4°C. An aliquot of the supernatant was
subsequently allowed to react with a solution containing 1.6 mM tetram-
ethylbenzidine and 0.1 mM H2O2. The rate of change in the absorbance
was spectrophotometrically measured at 650 nm. MPO activity is defined
as the quantity of enzyme that degraded 1 �mol of peroxide per minute
at 37°C and is expressed in international units per gram of wet tissue.

Figure 2. Decreased expression of SIRT1 protein in the injured spinal cords during the early stages of SCI. A, C, Western blotting. SIRT1 expression was decreased until 3 d after injury.
B, D, Immunofluorescence: SIRT1 expression at the lesion epicenter 8 h after SCI. *p 
 0.05; **p 
 0.01 (after injury vs WT). The data are presented as the mean � SEM (n � 4/group).
Scale bar, 200 �m.
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Isolation of inflammatory cells in mice. For
isolation of neutrophils, �0.6 ml peripheral
blood was collected from each mouse in tubes
containing EDTA (1.8 mg of EDTA per millili-
ter of blood) and diluted with 0.6 ml Roswell
Park Memorial Institute 1640 medium (RPMI)
(dilution 1:1). Then, 0.6 ml density gradient
solution was carefully and slowly added to the
bottom of the tube without mixing the phases.
The density gradient solution was incubated at
room temperature. The blood should separate
into four distinct phases from top to bottom:
platelets and plasma, mononuclear cells
(white ring), density gradient solution, and
granulocytes and erythrocytes. The upper
red-blood-cell-poor neutrophil layer (Hirz and
Dumontet, 2016) was collected. To isolate mac-
rophages, we injected 1 ml 3.8% Brewer thiogly-
colate medium into the peritoneal cavity of each
mouse. After 3 d, the abdomen of each mouse
was washed with 70% ethanol, and 5 ml cold
DPBS was injected into the peritoneal cavity us-
ing a 5 ml syringe attached to a 20 gauge needle.
The needle was removed, and the peritoneal fluid
was dispensed into a 50 ml conical centrifuge
tube. The samples were centrifuged for 10 min at
400 � g in a refrigerated centrifuge. The superna-
tant was discarded, and the cell pellet was resus-
pended in RPMI 1640. The cells were counted
with a hemocytometer, and the cell density was
adjusted to 1 � 106 cells/ml. The phenotypes of
�1 � 106 cells from each mouse were character-
ized by flow cytometry using antibodies against
F4/80 (BD Biosciences, catalog #565853), a sur-
face antigen expressed on macrophages (Layoun
et al., 2015). Different dendritic cell (DC) subsets
and lymphocytes reside in the spleen. For isola-
tion of DCs and lymphocytes, fresh spleens were
obtained from the mice, and clumps of spleen
tissue were plunged into a 50 ml centrifuge tube
filled with ice-cold sterile HBSS. The spleens were
each placed in a 35 mm Petri dish, and the organs
were minced into pieces using scissors. One mil-
liliter of 37°C 2� digestion medium was added to
the cell suspension, and the suspension was incu-
bated in a 37°C water bath to thoroughly dissoci-
ate the tissues. One spleen typically yielded up to
60–100 � 106 cells after digestion. The pheno-
types of the isolated cells were characterized by
flow cytometry using antibodies against CD3
(BD Biosciences, RRID: AB_2034003), B220 (BD
Biosciences, RRID: AB_394620), and CD11c
(BD Biosciences, RRID: AB_395060) surface an-
tigens, which are expressed on T cells, B cells, and
DCs, respectively (Tassone and Fidler, 2012; Tav-
ernier et al., 2015).

Statistical analyses. All data are presented as the mean � SEM. Un-
paired t tests were used to compare the means between two treatment
groups. One-way ANOVA followed by Tukey’s post hoc test was used for
multiple comparisons. Behavioral data were analyzed using repeated
measures two-way ANOVA followed by Bonferroni’s post hoc test. All
statistical analyses were performed in GraphPad Prism software for Win-
dows, version 5.03.

Results
Specificity and induction efficacy of the Mx1-Cre SIRT1 KO
in vivo and in vitro
According to previous studies, the use of Mx1-Cre transgenic
mice has been limited to mediating gene inactivation in the liver

and immune system where recombination efficiency is high and
the extent of Mx1-Cre-induced targeted gene deletion is less in
CNS (Kühn et al., 1995; Lam et al., 1997; Lam and Rajewsky 1998;
Rohlmann et al., 1998; Radtke et al., 1999; Alonzi et al., 2001).
Therefore, we used Mx1-Cre-mediated SIRT1 KO mice to inves-
tigate the beneficial effects of targeting SIRT1 in injured spinal
cords, with particular emphasis on targeting the immunomodu-
latory function of SIRT1. To demonstrate whether the LoxP-
flanked exon 2 of SIRT1 gene can be efficiently deleted in vivo, a
Mx1-cre inducible transgenic line and Poly I:C system were used
to delete the SIRT1 gene as described in Materials and Methods.
The deletion of SIRT1 in Mx1-Cre-mediated SIRT1 KO mice was

Figure 3. Expression of SIRT1 protein in mouse neurons, macrophages/microglia, oligodendrocytes, and astrocytes after SCI.
A, SIRT1 expression in neurons (NeuN�) of WT and SIRT1 KO mice 3 d after SCI ( p � 0.05). B, SIRT1 expression in macrophages/
microglia (CD68�) of WT and SIRT1 KO mice 3 d after SCI ( p 
 0.0001, n � 3). C, D, SIRT1 expression in oligodendrocytes and
astrocytes of injured spinal cords from WT 3 d after SCI. Scale bars: 100 �m.
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confirmed by PCR analysis. The 750 bp 2-loxP allele-specific PCR
product and the 324 bp cre-specific PCR product were observed
in SIRT1 KO mice. However, only the 550 bp PCR product was
amplified in WT mice (Fig. 1A). To confirm that the deletion of
SIRT1 exon2 results in deficiency of SIRT1 expression, we exam-
ined the expression of SIRT1 in the spinal cords and other tissues
and in inflammatory cells of SIRT1 KO mice. The current study
used WB to assess the reduction in SIRT1 expression in the SIRT1
KO mice compared with that in WT mice. The SIRT1 KO mice
exhibited substantial reductions in SIRT1 protein expression in
macrophages, neutrophils, DCs, and T and B cells in the liver and
spleen (all �85%, p 
 0.001 compared with WT). However,
there was minimal reduction in the SIRT1 protein expression in
the spinal cords of the SIRT1 KO group (�5%, p � 0.05 com-
pared with WT; Fig. 1B,C). These findings are consistent with
those of a previous study (Kühn et al., 1995). Based on these
results, the Mx1-Cre-mediated SIRT1 KO mice may be used to
further investigate the role of SIRT1 in inflammatory cells follow-
ing SCI. Thus, we hypothesized that SIRT1 KO mice would ex-
hibit worse motor function than that of WT mice primarily due
to the effect of targeting SIRT1 in inflammatory cells.

SIRT1 expression in mice after SCI
The role and expression of SIRT1 in SCI have not been studied.
To elucidate the mechanism of SIRT1 in SCI, we used WB and
immunofluorescence to examine the expression of SIRT1 protein
in the spinal cords of mice after SCI. WB was performed on spinal
cord protein extracts from WT and injured WT mice at various
time points after injury. Our data showed that SIRT1 began to
decline 4 h after SCI, and the minimum levels were observed at
8 h postinjury (hpi). SIRT1 expression returned to the WT level
by the third day (Fig. 2A,B). Decreased SIRT1 expression was
observed 8 h after SCI using immunofluorescence, and this result
was consistent with the WB data (Fig. 2C,D).

SIRT1 expression in specific cell types of injured spinal cords
from WT mice and SIRT1 KO mice 3 d after SCI
Next, we used double-labeling immunofluorescence to monitor
SIRT1 expression in neurons and macrophages/microglia in the
spinal cord at 3 d after SCI. NeuN and CD68 are immunological
markers for neurons and macrophages/microglia, respectively.
Approximately 97 and 93% of neurons (NeuN�) in the WT and
SIRT1 KO mice, respectively, expressed SIRT1 3 d after SCI (p �
0.05; Fig. 3A). Moreover, 71.2% of the macrophages/microglia in

Figure 4. Administration of the SIRT1 agonist SRT1720 improved locomotor recovery in WT mice after SCI, whereas SIRT1 KO mice exhibited worse motor function than WT mice after SCI
(n � 8/group). A–C, Functional recovery was assessed in eight groups on days 1, 3, 7, 14, 21, and 28 after injury. Compared with WT mice, the SIRT1 KO mice exhibited worse BMS scores. The
locomotor function of the WT mice in the SRT1720-treated group was significantly improved compared to that of the WT mice in the DMSO-treated group. There were no time course differences
between the BMS scores of the SRT1720-treated SIRT1 KO mice and the DMSO-treated SIRT1 KO mice. D, The dot plot indicates the BMS scores assigned to the individual mice from each mouse line
at 14 d after SCI. *p 
 0.05; **p 
 0.01 (repeated measures two-way ANOVA).
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the WT mice expressed SIRT1. However, only 3% of the macro-
phages/microglia in the SIRT1 KO mice expressed SIRT1 (p 

0.0001; Fig. 3B). In WT mice, no SIRT1 expression was found in
astrocytes and oligodendrocytes of injured spinal cords after SCI
(Fig. 3C,D).

Locomotor recovery after SCI
To study the effect of SIRT1 on the recovery of motor function
after SCI, we divided the experimental mice into eight groups:
wild-type sham, SIRT1 KO sham, WT (SCI), SIRT1 KO (SCI),
WT�SRT1720 (SCI), WT�DMSO (SCI), SIRT1 KO�SRT1720
(SCI), and SIRT1 KO�DMSO (SCI) (n � 8/group). We used the
BMS to assess hindlimb locomotor motor function after SCI. In
the SCI mice, locomotor function was abolished immediately
after the contusion-induced SCI and was then assessed for 28 d
following injury. We found that on days 14, 21, and 28, the aver-
age BMS scores of the various groups exhibited significant differ-
ences, as follows: WT versus SIRT1 KO, 2.75 � 0.17 versus 1.94 �
0.15, 3.000 � 0.27 versus 2.10 � 0.21, and 3.125 � 0.25 versus
2.23 � 0.16, respectively; WT�DMSO versus WT�SRT1720,
2.5 � 0.19 versus 3.7 � 0.34, 3.0 � 0.20 versus 3.95 � 0.21, and
3.06 � 0.18 versus 4.04 � 0.23, respectively (mean � SEM; Fig.
4A,B). However, there were no significant differences between the
DMSO-treated SIRT1 KO mice and the SRT1720-treated SIRT1 KO
mice (Fig. 4C). The mean BMS locomotor scores of the individual
mice were assessed on day 14 after SCI (Fig. 4D). Based on these
results, SIRT1 promotes locomotor recovery after SCI, and the ad-
ministration of 100 mg/kg SRT1720 improves motor behavior after
SCI.

Time course of inflammatory cytokine expression after SCI
To evaluate the effects of SIRT1 targeting on the expression of
cytokines in the contused spinal cord during the early stage of
SCI, we assessed the protein levels of four cytokines in injured
spinal cords harvested 4, 12, and 24 h after SCI. At 4 hpi, the levels
of three cytokines (TNF-�, IL-6, and IL-1�) were significantly
reduced in the SRT1720-treated WT mice compared with those
of the DMSO-treated WT mice. However, TNF-� levels were
increased in the SIRT1 KO mice compared with those of the WT
mice. At 12 hpi, the levels of these three cytokines (TNF-�, IL-6,
and IL-1�) were significantly decreased in the SRT1720-treated
mice, whereas IL-10 levels were increased compared with those of
the DMSO-treated WT mice. In the SIRT1 KO mice, TNF-� and
IL-6 levels were increased compared with those in the WT mice.
At 24 hpi, the levels of three cytokines (TNF-�, IL-6, and IL-1�)
remained decreased in the SRT1720-treated WT mice compared
with those of the DMSO-treated WT animals. In the SIRT1 KO
mice, TNF-�, IL-6, and IL-1� levels were increased compared
with those of the WT mice. However, there were no differences in
the levels of the four cytokines between the SRT1720-treated
SIRT1 KO mice and the DMSO-treated SIRT1 KO mice at any of
the investigated time points (Fig. 5). Together, these data dem-
onstrate that targeting SIRT1 regulates the expression of inflam-
matory cytokines during the early stage of SCI.

Inflammatory cells in the injured spinal cord
Leukocytes (neutrophils, macrophages, and T cells) assemble in
the epicenter of injured spinal cords, where they not only partic-
ipate in inflammatory SCI-induced events but are also involved

Figure 5. Administration of an SIRT1 agonist, SRT1720, decreased proinflammatory cytokine expression in WT mice during the early stages after injury, while SIRT1 KO mice showed an increase
in proinflammatory cytokine expression compared with WT mice. A–D, The time course of TNF-�, IL-10, IL-6, and IL-1� protein expressions at 4, 12, and 24 hpi was analyzed by ELISA. *p 
 0.05;
**p 
 0.01. The data are presented as the mean � SEM (n � 4 – 6/group).
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in limiting and repairing pathological damage, thereby imparting
an anti-inflammatory effect (Fleming et al., 2006; Zhang and
Gensel, 2014). To further explore the effects of targeting SIRT1
on macrophage, neutrophil, and T cell infiltration into injured
spinal cord tissue after SCI, we used immunohistochemistry and
immunofluorescence to analyze the inflammatory cells in the
injured spinal cord tissue. CD163 is a marker for perivascular
macrophages (Borda et al., 2008; Hawkes and McLaurin, 2009),
and Iba-1 is a marker for macrophage/microglia (Hawkes and
McLaurin, 2009). To identify the mechanism underlying func-
tional outcomes, we assessed the numbers of macrophages/mi-
croglia, perivascular macrophages, and lymphocytes in all eight
groups at 14 d after injury. The results indicated that the number

of perivascular macrophages was significantly increased in the
SIRT1 KO mice compared with WT mice. In contrast, the num-
ber of perivascular macrophages in the WT mice was significantly
decreased following SRT1720 administration. However, no sig-
nificant effect was observed in the SIRT1 KO mice following
SRT1720 administration. A significant decrease in the number of
macrophages/microglia was observed in SRT1720-treated WT
mice compared with that in the DMSO-treated WT mice (Fig.
6A,B,D–F). The levels of CD3, a marker for T cells, were exam-
ined 14 d after injury, and the levels of MPO activity, as an indi-
cator of PMN accumulation, were determined 24 h after SCI, as
described previously (Mullane et al., 1985). However, there was
no significant difference among the six groups in the number of

Figure 6. Fewer peripheral blood macrophages and macrophages/microglia were detected after the administration of the SIRT1 agonist SRT1720 to WT mice at 14 d after injury. There was a
significant difference in the number of macrophages/microglia between SIRT1 KO mice and WT mice. A, D, Macrophage infiltration. Spinal cord tissues were analyzed via immunohistochemistry
using an anti-CD163 antibody (perivascular macrophages). More perivascular macrophages were detected in KO mice compared with WT mice, while they were reduced in SRT1720-treated mice
compared with DMSO-treated mice at the lesion epicenter 14 d after SCI. B, E, Macrophages/microglia in spinal cord tissues were analyzed via immunofluorescence using an anti-Iba-1 antibody. A
significant reduction in the number of macrophages/microglia and perivascular macrophages was observed in the WT mice following SRT1720 treatment; a substantially greater increase in the
number of perivascular macrophages was observed in the SIRT1 KO mice compared with that in the WT mice at the lesion epicenter 14 d after SCI. C, F, The number of infiltrated CD3� T cells at the
lesion epicenter was analyzed at 14 d after injury using immunohistochemistry and was not significantly different in any of the groups. G, MPO staining and activity were not significantly different
in any of the groups. *p 
 0.05; **p 
 0.01. The bars represent the mean � SEM (n � 4/group). Scale bars: 100 �m.

Chen, Ji et al. • SRT1720 Improves Functional Recovery after SCI J. Neurosci., March 15, 2017 • 37(11):2916 –2930 • 2923



infiltrated neutrophils and CD3� T cells (Fig. 6C,F,G). These
findings suggest that activating SIRT1 may decrease the number
of macrophages/microglia and the accumulation of perivascular
macrophages after SCI, which has been reported to inhibit axon
extension and induce neurotoxicity, while SIRT1 KO promotes
the accumulation of perivascular macrophages after injury.

Macrophage polarization in the injured spinal cord
Furthermore, we investigated the effect of targeting SIRT1 on
macrophage polarization after SCI via RT-PCR, WB, and double-
labeling immunofluorescence. Macrophages were divided into
M1 and M2 populations. M1 markers included iNOS and CD86,
and M2 markers included Arginase1 and CD206. As shown in
Figure 7, A and B, the RT-PCR and WB data collected 14 d after
injury indicated that the expression of the M1 markers iNOS and
CD86 was significantly decreased in the SRT1720-treated group
of WT mice compared with that in the DMSO-treated group of
WT mice, whereas the expression of M2 markers did not exhibit
a significant difference. In contrast, the SIRT1 KO mice exhibited
an increase in the M1 markers iNOS and CD86 compared with

those of the WT mice. However, there was no significant differ-
ence in the macrophage populations in the SRT1720-treated
SIRT1 KO mice and the DMSO-treated SIRT1 KO mice. The
quantification of M1 macrophages (CD86�) in the injured spi-
nal cord as revealed by double-labeling immunofluorescence was
consistent with WB at 14 d after SCI (Fig. 7C,D). These results
suggest that activating SIRT1 reduces the number of M1 macro-
phages in the injured spinal cord, while SIRT1 KO leads to the
opposite result.

Apoptosis and neuronal survival in mice with SCI
As the augmentation of detrimental inflammation ultimately ac-
tivates inflammatory mediators and affects neuronal survival, cell
apoptosis, and functional behavior (David et al., 2012b), we an-
alyzed the number of apoptotic cells in all groups after SCI using
TUNEL staining. Apoptosis was quantified at 14 d after injury
(n � 4/group). Compared with the WT group, a significant in-
crease in the number of TUNEL-positive cells was observed in the
SIRT1 KO group 14 d after SCI. Administration of SRT1720 to
the WT mice significantly decreased the number of apoptotic

Figure 7. The administration of the SIRT1 agonist SR1720 to WT mice reduced the population of M1 macrophages in the injured spinal cord, while SIRT1 KO mice showed an increase in M1
macrophages after injury compared to WT mice. A, RT-PCR of M1 markers (iNOS and CD86) and M2 markers (Arginase1 and CD206) at 14 d after injury. B, WB was performed to further assess the M1
markers iNOS and CD86 at 14 d after SCI. Administration of SRT1720 induced a reduction in the expression of the M1 markers iNOS ( p � 0.054) and CD86 ( p � 0.041). SIRT1 KO mice showed
increased expression of the M1 markers iNOS ( p � 0.019) and CD86 ( p � 0.0011) compared with WT mice. C, D, Double-labeling immunofluorescence showing CD86-potitive macrophages (M1)
14 d after SCI.*p 
 0.05; **p 
 0.01. The data are presented as the mean � SEM (n � 4/group). Scale bar, 50 �m.
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cells compared with that of the DMSO-treated group (Fig. 8A,B).
In addition, the SRT1720-treated WT mice exhibited a significant
increase in the number of neurons at the lesion epicenter at 28 d
after SCI compared with that of the DMSO-treated WT mice as
measured via NeuN immunoreactivity. However, the SIRT1 KO
mice exhibited a significant decrease in the number of neurons at
the lesion epicenter compared with that of the WT mice at 28 d
after SCI (Fig. 8C,D).

SIRT1 and NF-�B expression in SRT1720-treated mice at 24 h
after SCI
To reveal the mechanism of SIRT1 regulation of inflammatory
cytokines after SCI, we used WB to detect the expression of SIRT1
and its downstream target 24 h after SCI. Our results showed that
SRT1720 administration induced a significant increase in the ex-
pression of SIRT1 and a decrease in its downstream target acetyl-
NF-�B p65. However, there was no difference in the total NF-�B
levels and phospho-NF-�B p65 levels in SRT1720-treated WT
mice and DMSO-treated WT mice (Fig. 9A,B).

SIRT1 regulates macrophage polarization, migration and
inflammatory gene expression
As reported previously, macrophages, which accumulate at the
injury site, are primarily derived from bone marrow (Wang et al.,
2015). Therefore, to study the effects of SIRT1 on macrophages,
we isolated and cultured mouse BMDMs. Cells were cultured in
media with 10% of the supernatant from sL929 cells for 7 d. Next,
we directly analyzed the effects of genetic inhibition or chemical
activation of SIRT1 on macrophage migration and polarization
using an in vitro chemotaxis assay and RT-PCR to examine the
mechanisms underlying the increased macrophage infiltration,

changes in macrophage polarization, and increased inflamma-
tion in the spinal cord after SCI. When CCL2 was used as a
chemoattractant, BMDMs from the SIRT1 KO mice exhibited
increased migration compared with that of BMDMs from WT
mice. However, when BMDMs from the WT mice were treated
with SRT1720, an SIRT1 activator, CCL2-mediated macrophage
migration was suppressed (Fig. 10A,B). Furthermore, the ex-
pression of M1 markers, M2 markers, chemotaxis receptors, and
chemokine and inflammatory genes was analyzed using RT-PCR.
As shown in Figure 10, the relative expression levels of the
chemokine genes CCR2 and CXCL10; the proinflammatory
genes TNF-�, IL-6, and IL-1�; and the M1 marker gene iNOS
were significantly increased in M1 macrophages from the SIRT1
KO mice compared with those from the WT mouse macro-
phages. In contrast, SRT1720 treatment decreased the expression
of CCR2 and CXCL10, TNF-�, IL-6, iNOS, and CD86 mRNAs in
M1 BMDMs from WT mice (Fig. 10C). Together, these results
indicated that SIRT1 regulated macrophage migration via CCR2
and CXCL10, M1 activation, and secretion of inflammatory cy-
tokines in vitro.

Discussion
The purpose of this study was to investigate the beneficial effects
of targeting SIRT1 in injured spinal cords, with particular em-
phasis on targeting the immunomodulatory function of SIRT1.
Moreover, we attempted to elucidate the mechanism by which
SRT1720, an SIRT1 agonist, protects mice against SCI.

In this study, SIRT1 induced significant changes in several
measures of recovery in mice subjected to moderate SCI. We
established Mx1-Cre-mediated SIRT1 KO mice and adminis-
tered a potent SIRT1 activator, SRT1720, to the WT and SIRT1

Figure 8. More apoptotic cells and worse neuronal survival were detected in the SIRT1 KO mice after injury; less apoptosis and better neuronal survival were observed after administration of an
SIRT1 agonist (SRT1720) compared to those of the WT mice (n � 4/group). A, B, The number of apoptotic nuclei in the six groups was assessed using immunohistochemistry at 14 d after SCI. TUNEL
staining was used to evaluate apoptosis in all groups. Representative microscopic images of spinal cord sections obtained 14 d after SCI are shown. C, D, NeuN-positive cells at the lesion epicenter
represent the neurons observed in the eight groups 28 d after SCI. The data are presented as the mean � SEM. *p 
 0.05; **p 
 0.01.
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KO mice to target SIRT1. The SIRT1 KO mice were suitable for
investigating the effects of SIRT1 on inflammatory cells because
the efficiency of Mx1-Cre-mediated gene KO differs across vari-
ous tissues and cells. As shown in Figure 1, the majority of SIRT1
protein expression was knocked out in inflammatory cells, but
very little was knocked out in the spinal cord of SIRT1 KO mice.
We revealed that the decreased SIRT1 expression in the epicenter
of the injured spinal cord began 4 hpi and persisted for 3 d after
SCI. SRT1720 was thought to be a potent and efficient selective
SIRT1 activator identified in a small molecule screen for SIRT1 ago-
nists (Milne et al., 2007; Chauhan et al., 2011). Our study showed
that following SRT1720 administration to the WT mice, better re-
covery at the functional and cellular levels was observed for 4 weeks
after SCI; this recovery included increased BMS scores, reduced lev-
els of inflammatory cytokines, and reduced inflammatory cell pres-
ence for 14 d after injury. In contrast, administration of SRT1720 to
the SIRT1 KO mice had no effect on functional recovery and did not
attenuate inflammation. Interestingly, the SIRT1 KO mice exhibited
severe inhibition of locomotor recovery and a detrimental inflam-
matory response compared with those of the WT mice. It is known
that SRT1720 interacts directly with SIRT1 and triggers SIRT1-
catalyzed deacetylation via an allosteric mechanism (Dai et al., 2010;
Kulkarni et al., 2016). Activation of SIRT1 expression by SIRT1 ac-
tivating compounds is dependent on structural features of the sub-
strate (Miller, 1999; Dai et al., 2010; Pacholec et al., 2010; Kulkarni et
al., 2016). Thus, we concluded that SRT1720, an SIRT1 agonist,
improved locomotor recovery primarily due to the effects of SIRT1
on posttraumatic inflammation after SCI.

Inflammatory cytokines are important components of post-
traumatic inflammation and play critical roles in functional re-
covery (Popovich et al., 1997; Guízar-Sahagún et al., 2004;
Allison and Ditor, 2015). Proinflammatory cytokines, such as
TNF-�, IL-6, and IL-1�, have been reported to induce necrotic
and apoptotic cell death and decrease locomotor function after
SCI, while suppression of these cytokines promotes neuronal sur-
vival and attenuates the severity of SCI (Sharma et al., 2003;
Ledesma et al., 2004; Allan et al., 2005; Nakamura et al., 2005;
Simi et al., 2007; Sheikpranbabu et al., 2009; Tolosa et al., 2011;
Burke et al., 2014; Lin et al., 2016; Amini Pishva et al., 2016). Our
results showed that following SRT1720 administration to WT
mice, there was a significant reduction in the levels of proinflam-
matory cytokines, including TNF-�, IL-6 and IL-1�, in the early
postinjury stages and that the SIRT1 KO mice exhibited increased
levels of these inflammatory cytokines compared with those of
WT mice (Fig. 5). In contrast, there were no differences in the
production of proinflammatory cytokines between the SRT1720-
SIRT1 KO mice and the DMSO-SIRT1 KO mice. Together, these
results suggest that SIRT1 affects the recovery of motor function
after SCI partially by controlling inflammatory cytokine produc-
tion. The SIRT1 protein is directly associated with the RelA/p65
subunit of NF-�B and deacetylates the Lys310 residue of RelA/
p65, a site that is critical for NF-�B transcriptional activity (Chen
et al., 2002). Previous studies have also demonstrated that SIRT1
regulates inflammatory cytokine production by deacetylating the
Lys310 residue of RelA/p65 (Zhu et al., 2011; Moon et al., 2013).
Thus, we analyzed NF-�B and acetylated-NF-�B via WB, and our
results showed that SRT1720 administration inhibited the acety-
lation of Lys310 in RelA/p65, a site that is critical for NF-�B
activity, in vivo, whereas it did not influence total NF-�B
expression (Fig. 9). Therefore, we conclude that SIRT1 activa-
tion attenuated inflammation by suppressing NF-�B activa-
tion, the transcription of which regulates the expressions of
IL-1�, IL-6, and TNF-�.

Following this alteration in inflammatory cytokines, we iden-
tified a significant reduction in the number of macrophages/mi-
croglia and perivascular macrophages after administration of
SRT1720 to the WT mice. Interestingly, we found that the SIRT1
KO mice exhibited increases in perivascular macrophages com-
pared with those of the WT mice at 14 d after injury. Previous
studies have shown that macrophages/microglia play pivotal
roles in traumatic SCI and in the progression of certain CNS
diseases, including multiple sclerosis, Alzheimer’s disease, and
Parkinson’s disease (Akiyama, 1994; Kurkowska-Jastrzebska et
al., 1999; Howell et al., 2010). Popovich reported that decreased
macrophage accumulation at the SCI site is neuroprotective and
facilitates locomotor recovery (Popovich et al., 1999). Our data
revealed that SIRT1 could regulate macrophage infiltration and
macrophage accumulation in vivo, which may explain the ob-
served locomotor recovery after injury.

To further explore the mechanism of macrophage infiltration,
we analyzed the expression of chemokine, chemokine receptor,
and inflammatory cytokine genes in BMDMs via RT-PCR to ob-
tain a better understanding of the role of SIRT1 in macrophage
migration. We found that the levels of CCR2, CXCL10, TNF-�,
IL-6, and IL-1� mRNAs increased in the SIRT1 KO macrophages
compared with those of the WT macrophages. However,
SRT1720 administration to WT BMDMs decreased the mRNA
levels of CCR2, CXCL10, TNF-�, and IL-6. CCR2 is an important
chemokine receptor in CNS injury. Hsieh et al. (2014), Ka et al.
(2015), and Morganti et al. (2015) reported that increased CCR2
expression may directly trigger the recruitment of macrophages

Figure 9. Analysis of the expression of SIRT1 and its downstream target via WB. A, The
SRT1720- and DMSO-treated groups were examined by WB at 24 hpi. B, Upregulation of SIRT1
( p � 0.012) by SRT1720 induced a reduction in acetyl-NF-�B p65 ( p � 0.023). The data are
presented as the mean � SEM. *p 
 0.05; **p 
 0.01 (n � 4/group). Bars represent the
mean � SEM.
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to the CNS and that decreased expression impaired macrophage
infiltration into the CNS. Our results support and complement a
previous study in mice showing that SIRT1 regulates macrophage
infiltration via CCR2. Moreover, several studies have reported
that CXCL10, a member of the �(C-X-C) subfamily and an es-
tablished T cell and macrophage chemoattractant, contributes to
macrophage migration (Luster and Leder, 1993; Vogel et al.,
2014). Thus, we concluded that SIRT1 plays an important role in
macrophage infiltration via CCR2 and CXCL10 after SCI. Fur-
thermore, the downregulation of proinflammatory cytokines
that typically function as potent attractants for monocytes/mac-
rophages may reduce macrophage infiltration following SCI.

We also assessed macrophage polarization in the spinal cord
using RT-PCR, WB, and double-labeling immunofluorescence
to further investigate the phenotypes of affected macrophages. As
indicated in previous publications, decreasing M1 macrophage
activation following SCI may be a promising therapeutic strategy.
In transgenic models of SCI, decreasing the number of M1
macrophages led to improved recovery, whereas decreasing the
number of M2 macrophages or increasing the number of M1
macrophages impaired SCI recovery (Popovich et al., 1999;
Schwartz and Yoles, 2006; Donnelly et al., 2011; Shechter et al.,
2013; Bartus et al., 2014; Fenn et al., 2014; Kroner et al., 2014). In

the current study, a decrease in the levels of M1 polarization
markers was observed in the SRT1720-treated WT mice at 14 d
after injury, and the SIRT1 agonist influenced the expression of
the M1 markers CD86 and iNOS. In contrast, the SIRT1 KO mice
exhibited significant increases in CD86 and iNOS levels com-
pared with those of the WT mice. In vitro experiments showed
that macrophages from KO mice were more susceptible to M1
activation and that SRT1720 treatment decreased the mRNA ex-
pression of iNOS and CD86 in M1 BMDMs from WT mice.
Therefore, we conclude that SIRT1 regulates M1 polarization,
which is consistent with a previous study (Ka et al., 2015). How-
ever, the mechanisms by which M1 macrophage differentiation is
associated with SIRT1 remain to be elucidated.

In conclusion, our results reveal that a potent SIRT1-specific
agonist, SRT1720, may have dramatic effects on inflammation,
microglial/macrophage polarization, and the accumulation of
macrophages following SCI. Moreover, these effects signifi-
cantly improve functional recovery after injury. This study is
the first to reveal that SIRT1 is a novel protective factor that
enhances recovery after SCI, and therefore, the SIRT1 agonist
SRT1720 may have great potential for use as a novel therapeu-
tic agent following SCI.

Figure 10. Regulation of macrophage genes by SIRT1. A, B, BMDMs from WT or SIRT1 KO mice were allowed to migrate through porous membranes toward 600 �l of serum-free DMEM
supplemented with CCL2 (1 ng/ml) for 24 h. BMDMs from the WT mice were treated with 15 nM SRT1720 for 24 h, and migration toward the medium described above was determined. The number
of cells in the lower chamber was measured. C, BMDMs were treated with 10 ng/ml LPS and 10 ng/ml IFN-� (for M1 polarization) or 10 ng/ml IL-4 (for M2 polarization). M1 and M2 macrophages
were separately treated with 15 nM SRT1720 for 24 h. The expression levels of M1 markers, M2 markers, chemotaxis receptors, and chemokine and inflammatory genes were analyzed using RT-PCR.
Scale bar, 1 mm. *p 
 0.05; **p 
 0.01. The values are presented as the mean � SEM (n � 3/group).
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Rogers JH, Schneider BL, Muir EM, Bradbury EJ (2014) Large-scale
chondroitin sulfate proteoglycan digestion with chondroitinase gene
therapy leads to reduced pathology and modulates macrophage pheno-
type following spinal cord contusion injury. J Neurosci 34:4822– 4836.
CrossRef Medline

Basso DM, Fisher LC, Anderson AJ, Jakeman LB, McTigue DM, Popovich PG
(2006) Basso mouse scale for locomotion detects differences in recovery
after spinal cord injury in five common mouse strains. J Neurotrauma
23:635– 659. CrossRef Medline

Beattie MS (2004) Inflammation and apoptosis: linked therapeutic targets
in spinal cord injury. Trends Mol Med 10:580 –583. CrossRef Medline

Bethea JR (2000) Spinal cord injury-induced inflammation: a dual-edged
sword. Prog Brain Res 128:33– 42. CrossRef Medline

Bethea JR, Castro M, Keane RW, Lee TT, Dietrich WD, Yezierski RP (1998)
Traumatic spinal cord injury induces nuclear factor-�B activation. J Neu-
rosci 18:3251–3260. Medline

Borda JT, Alvarez X, Mohan M, Ratterree MS, Phillippi-Falkenstein K, Lack-
ner AA, Bunnell BA (2008) Clinical and immunopathologic alterations
in rhesus macaques affected with globoid cell leukodystrophy. Am J
Pathol 172:98 –111. CrossRef Medline

Bordone L, Guarente L (2005) Calorie restriction, SIRT1 and metabolism:
understanding longevity. Nat Rev Mol Cell Biol 6:298 –305. CrossRef
Medline

Burgess AW, Metcalf D, Kozka IJ, Simpson RJ, Vairo G, Hamilton JA, Nice EC
(1985) Purification of two forms of colony-stimulating factor from
mouse L-cell-conditioned medium. J Biol Chem 260:16004 –16011.
Medline

Burke SJ, Lu D, Sparer TE, Karlstad MD, Collier JJ (2014) Transcription of
the gene encoding TNF-� is increased by IL-1� in rat and human islets
and �-cell lines. Mol Immunol 62:54 – 62. CrossRef Medline

Busch F, Mobasheri A, Shayan P, Stahlmann R, Shakibaei M (2012) Sirt-1 is
required for the inhibition of apoptosis and inflammatory responses in
human tenocytes. J Biol Chem 287:25770 –25781. CrossRef Medline

Busch SA, Horn KP, Silver DJ, Silver J (2009) Overcoming macrophage-
mediated axonal dieback following CNS injury. J Neurosci 29:9967–9976.
CrossRef Medline

Cassetta L, Cassol E, Poli G (2011) Macrophage polarization in health and
disease. ScientificWorldJournal 11:2391–2402. CrossRef Medline

Chauhan D, Bandi M, Singh AV, Ray A, Raje N, Richardson P, Anderson KC
(2011) Preclinical evaluation of a novel SIRT1 modulator SRT1720 in
multiple myeloma cells. Br J Haematol 155:588 –598. CrossRef Medline

Chen LF, Mu Y, Greene WC (2002) Acetylation of RelA at discrete sites
regulates distinct nuclear functions of NF-kappaB. EMBO J 21:6539 –
6548. CrossRef Medline

Cheng H, Cao Y, Olson L (1996) Spinal cord repair in adult paraplegic rats:
partial restoration of hind limb function. Science 273:510 –513. CrossRef
Medline

Conti A, Cardali S, Genovese T, Di Paola R, La Rosa G (2003) Role of in-

flammation in the secondary injury following experimental spinal cord
trauma. J Neurosurg Sci 47:89 –94. Medline

Courtine G, van den Brand R, Musienko P (2011) Spinal cord injury: time to
move. Lancet 377:1896 –1898. CrossRef Medline

Dai H, Kustigian L, Carney D, Case A, Considine T, Hubbard BP, Perni RB,
Riera TV, Szczepankiewicz B, Vlasuk GP, Stein RL (2010) SIRT1 activa-
tion by small molecules: kinetic and biophysical evidence for direct inter-
action of enzyme and activator. J Biol Chem 285:32695–32703. CrossRef
Medline

David S, Kroner A (2011) Repertoire of microglial and macrophage re-
sponses after spinal cord injury. Nat Rev Neurosci 12:388 –399. CrossRef
Medline
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