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A B S T R A C T   

Disruption of the blood-spinal cord barrier (BSCB) leads to inflammatory cell infiltration and neural cell death, 
thus, contributing to poor functional recovery after spinal cord injury (SCI). Previous studies have suggested that 
Sirtuin 1 (SIRT1), an NAD+-dependent class III histone deacetylase, is abundantly expressed in endothelial cells 
and promotes endothelial homeostasis. However, the role of SIRT1 in BSCB function after SCI remains poorly 
defined. Here, we report that SIRT1 is highly expressed in spinal cord endothelial cells, and its expression 
significantly decreases after SCI. Using endothelial cell-specific SIRT1 knockout mice, we observed that endo
thelial cell-specific knockout of SIRT1 aggravated BSCB disruption, thus, resulting in widespread inflammation, 
neural cell death and poor functional recovery after SCI. In contrast, activation of SIRT1 by the agonist SRT1720 
had beneficial effects. In vitro, knockdown of SIRT1 exacerbated IL-1β-induced endothelial barrier disruption in 
bEnd.3 cells, whereas overexpression of SIRT1 was protective. Using RNA-seq and IP/MS analysis, we identified 
p66Shc, a redox protein, as the potential target of SIRT1. Further studies demonstrated that SIRT1 interacts with 
and deacetylates p66Shc, thereby attenuating oxidative stress and protecting endothelial barrier function. 
Overall, our results indicate that SIRT1 decreases endothelial ROS production and attenuates BSCB disruption by 
deacetylating p66Shc after SCI, and suggest that SIRT1 activation has potential as a therapeutic approach to 
promote functional recovery against BSCB disruption following SCI.   

1. Introduction 

Spinal cord injury (SCI) usually leads to devastating motor and 
neurological disabilities [1]. Analogous to the function of the 
blood-brain barrier (BBB), the blood-spinal cord barrier (BSCB), 
composed of nonfenestrated endothelial cells, basement membrane, 
pericytes and astrocytic end foot processes, separates the parenchyma of 
the spinal cord from the peripheral circulation and is essential for 
maintaining internal environmental homeostasis in the spinal cord [2]. 
Mechanical forces during SCI directly damage spinal cord tissue, 
including the BSCB [3]. Disruption of the BSCB allows serum proteins, 

many of which are detrimental to neurons and glia, to enter the spinal 
cord, and also promotes infiltration of peripheral immune cells, which 
participate in the inflammatory response and release inflammatory 
factors, including tumor necrosis factor-α (TNF-α) and interleukin 
(IL)-1β. The inflammatory response in turn may further compromise 
BSCB integrity, thereby leading to irreversible functional disabilities 
[4]. Therefore, attenuating BSCB disruption should be considered a 
potential target for therapeutic intervention after SCI. 

Unlike the peripheral circulation, highly evolved and complex tight 
junctions (TJs) are found between adjacent endothelial cells of the BBB/ 
BSCB, thus, severely restricting the paracellular permeability and 
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forming the structural basis of the BBB/BSCB [5,6]. TJs are composed of 
TJ proteins, including zonula occludens 1 (ZO-1), occludin and clau
din5—transmembrane proteins whose expression is closely associated 
with BBB/BSCB permeability [7]. TJ proteins decrease in rodent models 
after SCI, thus compromising the integrity of the BSCB [3]. Moreover, 
strategies to prevent BSCB disruption by attenuating the degradation of 
TJ proteins can improve locomotor function after SCI [8]. 

Sirtuin 1 (SIRT1), the closest mammalian homolog of silent infor
mation regulator 2 (Sir2), is an NAD+-dependent class III histone 
deacetylase [9,10]. Previous studies have shown that SIRT1 is abun
dantly expressed in endothelial cells, and regulates aging, inflammation, 
apoptosis and autophagy of endothelial cells by deacetylating histones 
and nonhistone proteins, thus playing important roles in diabetes, 
atherosclerosis, and other cardiovascular diseases [11] [–] [14]. 
Furthermore, increasing evidence suggests that decreased SIRT1 
expression in cerebrovascular endothelial cells results in increased BBB 
permeability, which is associated with ischemic stroke, subarachnoid 
hemorrhage and Alzheimer’s disease [15] [–] [17]. Moreover, the 
activation of SIRT1 by melatonin attenuates sepsis-induced BBB 
disruption [18]. However, the role of SIRT1 in the function of the BSCB 
and whether SIRT1 might promote functional recovery by attenuating 
BSCB disruption after SCI have not been elucidated. 

In the present study, we examined the effects of SIRT1 on BSCB 
function, both in vivo and in vitro. We show that endothelial SIRT1 
attenuates degradation of TJs and protects the BSCB, thus decreasing 
inflammatory cell infiltration and neural cell death, and promoting 
motor function recovery after SCI. We further demonstrate that the 
protective effect of SIRT1 is mediated at least partly by attenuation of 
oxidative stress through deacetylation of p66Shc. Our results reveal that 
targeting SIRT1 may be a promising treatment for SCI. 

2. Materials and methods 

2.1. Animals and treatments 

All animal experiments were previously approved by the Animals 
Committee of Nanjing Medical University. The animals were cultivated 
under a 12-h-light-dark cycle at room temperature and given ad libitum 
access to food and water. SIRT1flox/flox and Tie2-Cre mice (C57BL/6J 
background) were both acquired from Cyagen Biosciences (Cyagen 
Biosciences, Guangzhou, China). Endothelial cell-specific knockout of 
SIRT1 was achieved by interbreeding SIRT1flox/flox mice with Tie2-Cre 
transgenic mice [19,20]. We crossed 8–10 week-old SIRT1flox/flox mice 
(control) and Tie2-Cre SIRT1flox/flox mice (SIRT1 CKO) for experiments. 
To investigate the effect of knockdown of endothelial SIRT1 on BSCB, 
mice were divided into two groups: SIRT1flox/flox mice group and SIRT1 
CKO mice group (n = 6 animals per group for EB extravasation, Western 
blot, immunostaining and transmission electron microscopy, n = 12 
animals per group for functional behavioral assessment). Wild-type 
C57BL/6J mice (8–10 weeks of age) were obtained from the Animal 
Center of Nanjing Medical University. SRT1720 (Selleck, USA), a se
lective SIRT1 agonist, was dissolved in 1% dimethyl sulfoxide (DMSO). 
The vehicle treatment comprised 1% DMSO. To investigate the effect of 
SRT1720 on BSCB, wild-type C57BL/6J mice were randomly divided 
into two groups: vehicle group and SRT1720 group (n = 6 animals per 
group for EB extravasation, Western blot, immunostaining and trans
mission electron microscopy, n = 12 animals per group for functional 
behavioral assessment). The wild-type C57BL/6J mice in the two group 
were intrathecally injected with 5 μL vehicle (vehicle group) or 1 μg/5 
μL (50 μg/kg) SRT1720 (SRT1720 group) 1 h after SCI and for three 
consecutive days, as described previously. 

2.2. SCI model 

The SCI model was generated in 8–10 week-old mice, as described 
previously [21]. After the mice were anesthetized by isoflurane 

inhalation, laminectomy was performed to expose the spinal cord at 
T10. Subsequently, a spinal cord impactor (RWD, China) was used to 
induce SCI by dropping a rod (weighing 5 g) onto the spinal cord from a 
height of 6.5 cm. Sham-operated control mice underwent T10 lam
inectomy without SCI. After injury, the muscle layers and skin were 
sutured. The mice were placed on a warming blanket and maintained at 
37 ◦C until they were fully awake. During recovery, mice were given 
antibiotics (penicillin, 32000 U/20 g) for 3 d, and their bladders were 
manually emptied twice daily until bladder function returned. 

2.3. Endothelial cell isolation and flow cytometry 

Isolation of vascular endothelial cells of the spinal cord was per
formed as described previously with some modifications [22]. The spi
nal cords of a group of five mice were used in each isolation. Briefly, 
after mice were sacrificed, a 10-mm length of T10 spinal cord segment 
containing the lesion site was removed and transferred to a 10-cm Petri 
dish filled with cold PBS on ice. The tissues were minced and incubated 
with collagenase/dispase for 45 min at 37 ◦C. Subsequently, myelin and 
debris were removed by centrifugation through Percoll. Cell pellets were 
resuspended and stained with PE/Cy7-labeled anti-CD31 (Thermo 
Fisher Scientific, USA) for 20 min at room temperature. Finally, CD31+

endothelial cells were analyzed and sorted with a flow cytometer 
(Beckman Coulter, USA). Unstained controls were used to set up laser 
parameters and gating for samples. For RNA extraction, the sorted cells 
were immediately lysed for quantitative real-time PCR (qRT-PCR). 

2.4. Evaluation of BSCB permeability 

The permeability of the BSCB was examined with Evans blue (EB) 
dye extravasation, as described previously [23]. EB (2%, 0.2 ml; 
Aladdin, China) was administered via tail vein injection. One hour later, 
the mice were anesthetized and killed by intracardiac perfusion with 
saline and 4% paraformaldehyde (PFA). A 10-mm length of T10 spinal 
cord segment containing the lesion site was dissected and stored in 4% 
PFA. For qualitative examination of EB extravasation, the spinal cord 
tissues were cut into 14 μm thick transverse sections with a cryostat. The 
fluorescence of EB was observed with a fluorescence microscope (Leica, 
Germany) 1 mm caudal to the lesion epicenter in transverse sections, 
and the relative fluorescence intensity was quantitatively analyzed in 
ImageJ software (National Institutes of Health, USA). 

The content of EB in the spinal cord tissues was quantified as 
described previously [24]. Briefly, the mice were killed and perfused 
with saline. A 10-mm length of T10 spinal cord segment containing the 
lesion site was extracted and weighed, then homogenized in 50% tri
chloroacetic acid solution. After centrifugation at 12,000×g for 20 min, 
supernatants were collected, and the fluorescence was measured with a 
spectrophotometer (BioTek, USA) at 620 nm excitation and 680 nm 
emission. EB content was quantified as μg dye/g tissue with a standard 
curve. 

2.5. Functional behavioral assessment 

All mice were acclimated to an open-field environment for 1 h before 
functional behavioral assessment (n = 12 animals per group). The data 
were collected by two trained investigators who were blinded to the 
experiment design. The ten-point (0–9) Basso Mouse Scale (BMS) score 
was used to assess the motor recovery of the injured mice. The test was 
performed before the surgical procedures and on days 1, 3, 7, 14, 21 and 
28 after injury. Footprint analysis was performed as previously 
described [25]. The forelimbs and hindlimbs of the mice were painted 
with blue and red dyes, respectively, to record the walking pattern. The 
stride lengths and widths were examined and analyzed only when the 
mice ran at constant velocity. 
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2.6. Immunofluorescence staining 

The mice were anesthetized and killed by intracardiac perfusion with 
saline and 4% PFA (n = 6 animals per group). A 10-mm length of T10 
spinal cord segment containing the lesion site was dissected and fixed 
overnight in 4% PFA. The spinal cord samples were dehydrated in 20% 
and 30% sucrose solutions overnight. Subsequently, the frozen tissues 
were embedded in OCT and serially sectioned into 14 μm slices with a 
Leica CM1860 cryostat. For spinal cord immunofluorescence staining, 
the frozen sections were blocked with 5% goat serum for 1 h and incu
bated at 4 ◦C overnight with the following primary antibodies: anti- 
SIRT1 (1:200, Abcam), anti-CD31 (1:200, Santa Cruz Biotechnology; 
1:200, BD), anti-GFAP (1:1000, Abcam), anti-F4/80 (1:200, Abcam), 
anti-NeuN (1:200, Abcam), anti-Olig2 (1:200, Abcam), anti-ZO-1 
(1:200, Invitrogen), anti-claudin5 (1:200, Invitrogen) and anti-8- 
OHdG (1:200, bioss). On the next day, the slides were rinsed with PBS 
and incubated with secondary antibodies (Alexa Fluor 488, Alexa Fluor, 
594; 1:200; Jackson ImmunoResearch) at room temperature for 1 h. 
After being rinsed with PBS, the sections were counterstained with 
DAPI. The images were captured with a fluorescence microscope (Leica, 
Germany). 

2.7. Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to examine BSCB 
ultrastructure. Briefly, spinal cord tissues containing the lesion core 
were removed, cut into 1 × 1 × 1 mm3 blocks and fixed in 2.5% 
glutaraldehyde followed by 2% osmium tetroxide. After fixation, ultra
thin sections were cut with a Leica ultramicrotome and placed on copper 
grids, then stained with uranyl acetate and lead citrate. The ultrastruc
tures of vessel endothelium and tight junctions were examined with 
TEM (Hitachi HT7800). 

2.8. Cell culture 

Mouse brain microvascular endothelial cells (bEnd.3 cells) and 
HEK293T cells were obtained from the Type Culture Collection of the 
Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM 
(Gibco, USA) supplemented with 10% FBS (Gibco, USA) and 1% 
penicillin-streptomycin (Gibco, USA). The incubator was set to 5% CO2 
at 37 ◦C. The bEnd.3 cells were passaged every 2–3 days until 80–90% 
confluence was reached. 

2.9. Transepithelial electrical resistance measurement 

Transepithelial electrical resistance (TEER) values were measured to 
reflect the integrity of the endothelial monolayer in vitro, as previously 
described [26]. The bEnd.3 cells were seeded into the upper “apical” 
chamber of Transwell inserts (Millipore, USA) and allowed to reach 
confluence. TEER values were measured with a Millicell ERS-Volt-Ohm 
Meter (Millipore, USA). The TEER values were normalized to the area of 
the culture inserts and are reported as Ω⋅cm2. 

2.10. Paracellular permeability measurement 

The paracellular permeability was measured based on diffusion of 
FITC-dextran (70 kDa; Sigma Aldrich, USA) across the bEnd.3 cell 
monolayer, as previously described [27]. The bEnd.3 cells were seeded 
in the upper chambers of Transwell inserts (Millipore, USA) and allowed 
to reach confluence. Then FITC-dextran (1 mg/mL) was added to the 
upper chamber and incubated at 37 ◦C for 60 min. Subsequently, 100 μL 
of medium was collected from the basal chamber, and the fluorescence 
intensity was measured with a fluorescence spectrophotometer (BioTek, 
USA) at 485 nm (excitation) and 525 nm (emission) wavelengths. 

2.11. RNA extraction and quantitative real-time PCR 

Total RNA of cells or tissues was extracted with an E.Z.N.A. Total 
RNA Kit (Omega Bio-tek, USA) according to the manufacturer’s proto
col. Reverse transcription was performed with a Reverse Transcription 
kit (Vazyme, China). The resultant cDNA was diluted tenfold in distilled 
RNase Free dH2O and stored at − 20 ◦C. Then qRT-PCR was performed 
on a Light Cycler 2.0 instrument with a ChamQ SYBR qPCR Master Mix 
Kit (Vazyme, China) with a Step One Plus Real-Time PCR Detection 
System (Applied Biosystems, USA). Relative expression of target mRNAs 
was normalized to GAPDH expression. Gene expression was quantified 
with a modification of the 2− ΔΔCt method. The sequences of the primers 
used were as follows: SIRT1 forward 5′-TCGGCTACCGAGGTCCATA-3′

and reverse 5′-ACAATCTGCCACAGCGTCAT-3′; ZO-1 forward 5′- 
GATAGTTTGGCAGCAAGAGATGGTA-3′ and reverse 5′-AGGTCAGG
GACGTTCAGTAAGGTAG-3′; occludin forward 5′-CCTTCTGCTTCATC 
GCTTCCTTA-3′ and reverse 5′-CGTCGGGTTCACTCCCATTAT-3′; clau
din5 forward 5′-AGTTAAGGCACGGGTAGCAC-3′ and reverse 5′- 
GTACTTCTGTGACACCGGCA-3′; and GAPDH forward 5′-TGAACGG
GAAGCTCACTGG-3′ and reverse 5′-GCTTCACCACCTTCTTGATGTC-3′. 

2.12. Western blot assays 

Total proteins of cells or tissues were extracted with RIPA lysis buffer 
(Beyotime, China) supplemented with PMSF. After centrifugation at 
12000×g for 15 min at 4 ◦C, the supernatants were collected, and the 
protein concentration was quantified with a BCA protein assay kit 
(Beyotime, China). Equal amounts of proteins were separated with so
dium dodecyl sulfate polyacrylamide gel electrophoresis gels and sub
sequently transferred to PVDF membranes. The membranes were then 
blocked in PBST containing 5% BSA for 1.5 h at room temperature, then 
incubated overnight at 4 ◦C with primary antibodies against ZO-1 
(1:500, Invitrogen), occludin (1:1000, Proteintech), claudin5 (1:1000, 
Invitrogen), β-tubulin (1:1000, Proteintech), β-actin (1:1000, Abmart), 
p66Shc (1:1000, BD), p-p66Shc (1:1000, Santa Cruz), Ac-lysine (1:1000, 
Santa Cruz), p65 (1:1000, CST) and Ac-p65 (1:1000, Abcam). After 
washing with TBST and incubation with horseradish peroxidase (HRP)- 
conjugated corresponding secondary antibodies (1:10000, Proteintech) 
for 1 h, the protein bands were developed with enhanced chem
iluminescence (ECL) detection reagents (Millipore, USA). The immu
noreactive bands were visualized with a Tanon 4600SF System (Tanon, 
China), and the results were quantified in ImageJ software. 

2.13. Transfection of siRNA and plasmids 

All siRNAs were custom-synthesized by RiboBio Co., Ltd. (Guangz
hou, China). The siRNA duplexes were dissolved in RNase-free water. 
bEnd.3 cells were transfected with 10 nM SIRT1 small interfering RNA 
(si-SIRT1), si-p66Shc or siRNA negative control (si-NC) for 48 h with 
Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific, 
USA) according to the manufacturer’s instructions. Specific silencing 
was confirmed by qRT-PCR and western blotting. 

Full-length sequences for SIRT1 and p66Shc were cloned into the 
EcoRI and NotI sites of the Flag or His tagged pcDNA3.1 vector (Thermo 
Fisher Scientific, USA). qRT-PCR was used to clone cDNAs for SIRT1 
(1–737 aa), SIRT1 N (1–250 aa), SIRT1 ΔC (1–480 aa), SIRT1 ΔN 
(223–737 aa), p66Shc (1–579 aa), p66Shc (1–155 aa), p66Shc (156–579 
aa), p66Shc (340–579 aa) and p66ShcK81R into the corresponding 
vectors. bEnd.3 cells or HEK293T cells were transfected with Lipofect
amine 2000 reagent (Thermo Fisher Scientific, USA) according to the 
manufacturer’s instructions. 

2.14. Immunoprecipitation 

The cells were rinsed with ice-cold PBS and lysed for 30 min in 
immunoprecipitation (IP) lysis buffer (Beyotime, China) at 4 ◦C. After 
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centrifugation at 12,000×g for 20 min, the supernatant was extracted, 
then incubated with the indicated antibodies and Protein A/G magnetic 
beads (Thermo Fisher Scientific, USA) at 4 ◦C overnight with slow 
rotation. After conjugation, the beads were washed with ice-cold IP-lysis 
buffer three times. Subsequently, input and immunoprecipitates were 
subjected to western blotting. 

2.15. Immunoprecipitation coupled with mass spectrometry 

Whole cell protein lysates were extracted from bEnd.3 cells after 
treatment with 10 ng/ml IL-1β for 24 h, and IP was performed with the 
indicated antibodies and Protein A/G magnetic beads (Thermo Fisher 
Scientific, USA), as described above. The extracted immunoprecipitates 
were evaluated with an Easy-nLC 1000 mass spectrometer (Thermo 
Fisher Scientific, USA). 

2.16. Detection of intracellular ROS, mitochondrial ROS and 
mitochondrial membrane potential 

The intracellular reactive oxygen species (ROS) levels in bEnd.3 cells 
were detected via 2′,7′-dichlorofluorsecein-diacetate (DCFH-DA) with a 
ROS Assay Kit (Beyotime, China) according to the manufacturer’s in
structions. Cell fluorescence was measured with flow cytometry (Beck
man Coulter, USA). Data were analyzed in FlowJo software (Version 
10.6.1). Mitochondrial ROS were detected with MitoSOX™ Red Mito
chondrial Superoxide Indicator (Invitrogen, USA) according to the 
manufacturer’s instructions. The cells were observed under a confocal 
microscope (Leica, Germany). The mitochondrial membrane potential 
was detected with a JC-1 Assay Kit (Beyotime, China) followed by flow 
cytometry analysis according to the manufacturer’s instructions. The 
aggregate-to-monomer (red/green) fluorescence intensity ratio was 
used to quantify the mitochondrial potential. 

2.17. Statistical analyses 

Data are presented as the mean ± standard deviation. All experi
ments were performed at least three times. Statistical analyses ware 

performed in GraphPad Prism 7.0 (GraphPad Software Inc., USA). Un
paired two-tailed Student’s t-tests were used for analyses of two groups, 
and ANOVA followed by the Tukey’s post hoc test was used for analyses 
of more than two groups. A value of P < 0.05 was considered statistically 
significant. 

3. Results 

3.1. BSCB is disrupted after SCI 

To systematically examine the changes in BSCB integrity, we 
generated contusion SCI in wild-type C57BL/6J mice, then visualized 
BSCB permeability through EB extravasation at 8 h, 1 d, 3 d, 7 d and 14 
d after SCI. As shown in Fig. 1A, the EB extravasation significantly 
increased as early as 8 h after injury and returned to nearly normal by 14 
days postinjury. Similarly, the fluorescence intensity of EB indicated 
that the BSCB permeability significantly increased at 8 h after SCI, 
peaked at 1 d, and was nearly restored by 14 d (Fig. 1B and C), thereby 
indicating the disruption of the BSCB after SCI, and nearly re-established 
BSCB function at 14 days postinjury. Quantification of EB content in 
clarified spinal cord lysates validated the results (Fig. 1D). Disruption of 
the BSCB is known to be associated with degradation and decreased 
expression of endothelial TJ proteins after SCI. We then performed 
western blotting to examine the expression of TJ proteins (ZO-1, 
occludin and claudin5), which are required for normal BSCB integrity. 
The expression of TJ proteins was significantly lower in mice after SCI 
than in sham-operated control mice (Fig. 1E–H), thus indicating that TJs 
were compromised after SCI. Together, these results indicated that the 
BSCB is disrupted in early stages of SCI and is subsequently re- 
established. 

3.2. SIRT1 expression decreases in spinal cord endothelial cells after SCI 
in vivo 

Next, we used qRT-PCR and western blotting to examine the 
expression of SIRT1 in the spinal cord in wild-type C57BL/6J mice at 
different stages after SCI. Compared with sham-operated mice, SIRT1 

Fig. 1. The BSCB is disrupted, and TJ protein expression is decreased after SCI. For evaluation of BSCB permeability, 2% Evans blue dye was intravenously injected 
via the tail vein. (A) Representative images of spinal cords, showing EB extravasation in sham-operated mice, and at 8 h, 1 d, 3 d, 7 d and 14 d after SCI in mice (n = 6 
animals per group). (B) Immunofluorescence images of EB extravasation at a position 1 mm caudal to the lesion epicenter in the transverse sections of the spinal cord 
in sham-operated mice, and at 8 h, 1 d, 3 d, 7 d and 14 d after SCI in mice (n = 6 animals per group). (C) Quantification of EB fluorescence intensity for each group (n 
= 6 animals per group). (D) A 10-mm length of spinal cord containing the lesion site was extracted. Quantification of EB content by spectrophotometry in sham- 
operated mice, and at 8 h, 1 d, 3 d, 7 d and 14 d after SCI in mice (n = 6 animals per group). (E) Representative immunoblots of the TJ proteins ZO-1, occludin 
and claudin5 in the spinal cord in sham-operated mice, and at 8 h, 1 d, 3 d, 7 d and 14 d after SCI in mice (n = 6 animals per group). (F–H) Quantification of the 
expression of TJ proteins (n = 6 animals per group). *P < 0.05; ns, not significant; compared with the sham-operated group. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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mRNA expression and protein levels significantly decreased in early 
stages of SCI, then were gradually restored (Fig. 2A–C). The decreased 
expression of SIRT1 was roughly consistent with the disruption of the 
BSCB after SCI, thereby suggesting that SIRT1 may be involved in SCI- 
induced BSCB disruption. Previous studies have shown that SIRT1 is 
highly expressed in endothelial cells [12]. According to the brainrnaseq. 
org online database, SIRT1 may be highly expressed in endothelial cells 
of the spinal cord (Fig. S1A). We then performed immunofluorescence to 
examine the expression of SIRT1 in endothelial cells (CD31+) and other 
spinal cord cell types, including astrocytes (GFAP+), neurons (NeuN+), 
oligodendrocytes (Olig2+) and microglia (Iba1+). Immunofluorescence 
indicated that SIRT1 was expressed mainly in endothelial cells and 
neurons, but not astrocytes, oligodendrocytes and microglia (Fig. 2D). 
These results demonstrated that SIRT1 is highly expressed in endothelial 
cells of the spinal cord, which are major components of the BSCB. 

We then examined the change in SIRT1 in spinal cord endothelial 
cells after SCI. Co-immunostaining of SIRT1 with CD31+ indicated that 
the expression of SIRT1 was significantly lower in endothelial cells in 
mice at 3 d after SCI than in sham-operated mice (Fig. 2E and F). To 
further validate the decreased expression of SIRT1 in endothelial cells of 
the spinal cord after SCI, we used flow cytometry to isolate endothelial 
cells of the spinal cord, then extracted RNA (Figs. S1B and C). qRT-PCR 
confirmed that SIRT1 expression significantly decreased in endothelial 
cells at 3 d after SCI (Fig. 2G). Together, these results suggested that 
SIRT1 expression significantly decreases in endothelial cells of the spinal 
cord after SCI, thus indicating that SIRT1 may play a crucial role in BSCB 
function after SCI. 

3.3. Knockout of endothelial SIRT1 exacerbates disruption of the BSCB 
and impairs functional recovery after SCI 

To investigate the role of SIRT1 in the BSCB after SCI in vivo, we 

crossed Tie2-Cre mice with SIRT1flox/flox mice to specifically delete 
SIRT1 in endothelial cells (Tie2-Cre:SIRT1flox/flox, denoted SIRT1 KO 
mice hereafter) (Fig. S2A). Western blotting indicated that SIRT1 was 
successfully knocked out in the spinal cords and brain regions, including 
the cortex and cerebellum (Fig. S2B). Immunofluorescence further 
demonstrated that SIRT1 was knocked out in the endothelial cells of the 
spinal cord (Fig. S2C). No significant difference in body weight was 
observed between SIRT1fl/fl and SIRT1 CKO mice (Fig. S2D). BSCB 
integrity was normal in both SIRT1fl/fl and SIRT1 CKO mice without SCI 
(Figs. S2E and F). Moreover, no significant difference was observed in 
the density of blood vessels in spinal cords between SIRT1fl/fl and SIRT1 
CKO mice (Figs. S2G and H). Both SIRT1fl/fl and SIRT1 CKO mice 
showed maximum BMS scores of 9 (Fig. S2I). Footprint analysis also 
demonstrated that the motor functions were normal in both SIRT1fl/fl 

and SIRT1 CKO mice (Fig. S2J-L). Collectively, these results demon
strated that SIRT1 knockout in endothelial cells did not alter the normal 
development of microvasculature in the spinal cord or motor function in 
mice without SCI. 

EB extravasation was significantly greater in SIRT1 CKO mice at 3 
d after SCI than in SIRT1fl/fl mice, thus indicating that knockout of 
endothelial SIRT1 exacerbated BSCB disruption after SCI in vivo 
(Fig. 3A–D). The SIRT1 CKO mice showed significantly greater sec
ondary hemorrhage than SIRT1fl/fl mice, on the basis of examination of 
homogenates of injured spinal cord tissues (Fig. 3E). Co-immunostaining 
of ZO-1 with CD31 indicated that the fluorescence intensity of vascular 
ZO-1 was significantly diminished in SIRT1 CKO mice (Fig. 3F and G). 
Western blotting further demonstrated that the expression of TJ proteins 
was markedly lower in SIRT1 CKO mice than SIRT1fl/fl mice (Fig. 3H). 
TEM showed that the gap of TJs between two endothelial cells was more 
apparent, and the length of TJs was shorter, in SIRT1 CKO mice than 
SIRT1fl/fl mice (Fig. 3I–K), thus confirming that knockout of endothelial 
SIRT1 exacerbated damage to TJs and BSCB. These results indicated that 

Fig. 2. SIRT1 expression decreases in endothelial cells of the spinal cord after SCI. (A) Western blot analysis of SIRT1 expression in the spinal cord in sham-operated 
mice, and at 8 h, 1 d, 3 d, 7 d and 14 d after SCI in mice (n = 6 animals per group). (B) Quantification of relative levels of SIRT1 protein (n = 6 animals per group). (C) 
qRT-PCR analysis of the mRNA level of SIRT1 in the spinal cord in sham-operated mice, and at 8 h, 1 d, 3 d, 7 d and 14 d after SCI in mice (n = 6 animals per group). 
(D) Double immunostaining images of spinal cord sections, showing that SIRT1 is expressed mainly in endothelial cells (CD31+, white arrows) and neurons (NeuN+, 
white arrows), but is not expressed in astrocytes (GFAP+), oligodendrocytes (Olig2+) and microglia (Iba1+). (E) Representative immunofluorescence images of 
SIRT1 (red) and CD31+ (green), showing lower SIRT1 expression in endothelial cells of the spinal cord in mice at 3 d after SCI than in sham-operated mice (n = 6 
animals per group). (F) Quantification of SIRT1 expression (n = 6 animals per group). (G) qRT-PCR analysis of the mRNA level of SIRT1 in isolated endothelial cells 
of the spinal cord, showing lower SIRT1 expression in endothelial cells of the spinal cord in mice at 3 d after SCI than in sham-operated mice (n = 3 independent 
experiments). *P < 0.05; ns, not significant; compared with the sham-operated group. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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the knockout of SIRT1 in endothelial cells of the spinal cord resulted in 
greater BSCB vulnerability to pathological conditions after SCI. 

SCI-induced BSCB disruption has been found to increase inflamma
tory cell infiltration, thus contributing to subsequent neural cell death 
and permanent neurological disability [28]. Immunostaining of F4/80 
(a macrophage marker) showed significantly elevated inflammatory cell 
infiltration in SIRT1 CKO mice at 7 d after SCI (Fig. 3L and M). To assess 
neural cell death, we used NeuN to label neurons and examine the 
number of neurons around the lesion core. As shown in Fig. 3L, N, 
significantly fewer neurons were observed around the lesion core in 
SIRT1 CKO mice than SIRT1fl/fl mice at 7 d after SCI. To assess behav
ioral function after SCI, we performed several behavioral tests, including 
BMS scoring and footprint analysis. SIRT1 CKO mice showed signifi
cantly poorer behavioral recovery, in terms of walking, hindlimb 
movement and hind paw placement, than SIRT1fl/fl mice over the course 
of 4 weeks after SCI, as quantified by the BMS scores (Fig. 3O). Similarly, 
footprint analysis also indicated that SIRT1 CKO mice had poorer gait 
recovery and more limited motor coordination than SIRT1fl/fl mice 
(Fig. 3P–R). Together, these results demonstrated that endothelial 
cell-specific knockout of SIRT1 aggravates BSCB disruption, thus 
resulting in inflammatory cell infiltration, neural cell death and poor 
functional recovery in mice after SCI. 

3.4. Activation of SIRT1 protects the BSCB and promotes functional 
recovery after SCI 

To further examine the effects of SIRT1 on the BSCB after SCI, we 
performed intrathecal injection of SRT1720, a selective agonist of 
SIRT1, to activate SIRT1 in the spinal cord after SCI. As shown in 
Fig. 4A–E, treatment with SRT1720, compared with vehicle alone, 
significantly alleviated the EB extravasation and hemorrhage. Further
more, immunofluorescence and western blotting demonstrated that 
treatment with SRT1720 attenuated the loss of TJ proteins after SCI 
(Fig. 4F–H). TEM further confirmed that treatment with SRT1720 pre
served TJs after SCI (Fig. 4I–K). Treatment with SRT1720 also decreased 
inflammatory cell infiltration and neural cell death, thus significantly 
improving behavioral function after SCI (Fig. 4L–R). These results sug
gested that activation of SIRT1 by intrathecal injection of SRT1720 
protects the BSCB and promotes functional recovery in vivo after SCI, 
thus, confirming a critical role of SIRT1 in protecting the function of the 
BSCB. 

3.5. SIRT1 attenuates IL-1β-induced disruption of the BSCB in vitro 

SCI provokes an inflammatory response that results in further tissue 
damage, including disruption of the BSCB [29]. The proinflammatory 
cytokines IL-1β and TNFα were up-regulated immediately after SCI 

(Fig. S3). Among many proinflammatory cytokines, IL-1β is a key 
instigator mediating neuroinflammation after SCI; this cytokine is 
secreted mainly by microglia, astrocytes and blood-derived inflamma
tory cells after SCI. To further examine the role of SIRT1 in the BSCB, we 
treated monolayers of bEnd.3 cells (an immortalized mouse brain 
endothelial cell line) in vitro with IL-1β, as previously described [30]. 
Western blotting and qRT-PCR showed that the expression of SIRT1 and 
TJ proteins significantly decreased in a dose-dependent manner after 
treatment with IL-1β (0–50 ng/ml) for 24 h (Figs. S4A–I). Moreover, 
TEER assays and diffusion of FITC-dextran assays were used to evaluate 
the paracellular permeability in vitro. Treatment with IL-1β significantly 
decreased the TEER values and increased permeability to FITC-dextran 
in bEnd.3 cells (Figs. S4J and K). These results suggested that IL-1β 
decreases SIRT1 expression and disrupts the endothelial barrier in vitro. 
A dose of 10 ng/ml was chosen for subsequent experiments. 

Next, bEnd.3 cells were transfected with si-SIRT1 or SIRT1 over
expression plasmid (SIRT1). qRT-PCR and western blotting confirmed 
the success of transfection (Figs. S5A–F). With TEER assays and diffusion 
of FITC-dextran assays, we demonstrated that knockdown of SIRT1 
exacerbated the IL-1β-induced disruption of endothelial permeability 
(Fig. 5A and B). Western blotting indicated that knockdown of SIRT1 
resulted in significantly lower expression of TJ proteins than that in the 
control group (Fig. 5C). Immunofluorescence staining also confirmed 
that knockdown of SIRT1 significantly decreased the expression of ZO-1 
and claudin5 (Fig. 5D–F). In contrast, overexpression of SIRT1 attenu
ated IL-1β-induced endothelial hyperpermeability (Fig. 5G and H). 
Western blotting and immunofluorescence staining further demon
strated that the decrease in TJ proteins after IL-1β treatment was 
significantly rescued by overexpression of SIRT1 (Fig. 5I-L). Together, 
these results suggested that SIRT1 attenuates IL-1β-induced endothelial 
barrier disruption in vitro and consequently may have a potential role in 
the maintenance of BSCB function after SCI. 

3.6. Endothelial SIRT1 attenuates oxidative stress 

To determine the mechanism through which SIRT1 regulates BSCB 
function, we performed transcriptomic analysis via high-throughput 
RNA sequencing (RNA-Seq) on three biological replicates of bEnd.3 
cells transfected with control vector or SIRT1-overexpression plasmid 
after IL-1β treatment (Fig. 6A). The differentially expressed genes 
(DEGs) in this study were defined as genes with fold changes >2 and p <
0.05. As shown in Fig. 6B via a volcano plot, 613 DEGs were upregulated 
and 456 DEGs were downregulated in the SIRT1 group compared with 
the vector group. As expected, GO analysis based on DEGs indicated that 
SIRT1 was associated with increased expression of some DEGs associ
ated with cell-cell junctions and tight junctions (Fig. 6C), thus, indi
cating that upregulation of SIRT1 is beneficial to endothelial barrier 

Fig. 3. Knockout of endothelial SIRT1 exacerbates disruption of the BSCB and impairs functional recovery after SCI. (A) Representative images of the spinal cord, 
showing EB extravasation at 3 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 6 animals per group). The spinal cords showed significantly greater EB extravasation 
in SIRT1 CKO mice than SIRT1fl/fl mice at 3 d after SCI. (B) Immunofluorescence images of EB extravasation 1 mm caudal to the lesion epicenter in the transverse 
sections of the spinal cord at 3 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 6 animals per group). (C) Quantification of EB fluorescence intensity for each group 
(n = 6 animals per group). (D) Quantification of EB content by spectrophotometry in the spinal cord at 3 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 6 animals 
per group). (E) Representative images of homogenized spinal cords, showing tissue blood at 3 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 6 animals per group). 
(F) Representative immunofluorescence images of ZO-1 (green) and CD31 (red) in the spinal cord at 3 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 6 animals per 
group). Images of selected regions are shown at higher magnification. Sections from SIRT1 CKO mice showed significantly lower endothelial ZO-1 expression than 
those from SIRT1fl/fl mice at 3 d after SCI. (G) Quantification of endothelial ZO-1 expression (n = 6 animals per group). (H) Representative immunoblots of the TJ 
proteins ZO-1, occludin and claudin5 in the spinal cord at 3 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 6 animals per group). (I) Representative TEM images of 
TJ ultrastructure in the spinal cord at 3 d after SCI in SIRT1fl/fl and SIRT1 CKO mice. Images of selected regions are shown at higher magnification. Red squares and 
red arrows indicate the TJs (n = 6 animals per group). (J, K) Quantification of the width and length of TJs (n = 6 animals per group). (L) Representative immu
nofluorescence images of NeuN (green) and F4/80 (red) in the spinal cord at 7 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 6 animals per group). The sections 
from SIRT1 CKO mice showed significantly greater inflammatory cell infiltration and fewer neurons than those from SIRT1fl/fl mice at 7 d after SCI. (M) Quanti
fication of the area of F4/80+ inflammatory cells (n = 6 animals per group). (N) Quantification of the number of NeuN+ neurons (n = 6 animals per group). (O) BMS 
scores during 28 days of recovery after SCI in SIRT1fl/fl and SIRT1 CKO mice (n = 12 animals per group). SIRT1 CKO mice showed significantly poorer behavioral 
recovery than SIRT1fl/fl mice over the course of 28 days after SCI. (P) Representative images of footprint analysis at 28 d after SCI in SIRT1fl/fl and SIRT1 CKO mice (n 
= 12 animals per group). (Q, R) Quantification analysis of stride length and width (n = 12 animals per group). *P < 0.05 compared with the SIRT1fl/fl group. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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function. We also found that leukocyte chemotaxis, oxidative stress, 
regulation of ROS, and inflammatory responses were involved (Fig. 6C). 
Oxidative stress is caused by an imbalance between oxidants and anti
oxidants, thereby leading to excessive production of intracellular and 
mitochondrial ROS; this response has been demonstrated to be a major 
mechanism contributing to BBB/BSCB disruption [31]. As shown in 
Figs. S6A–F, the IL-1β-induced disruption of endothelial permeability 
and loss of TJ proteins was ameliorated by treatment with N-ace
tyl-cysteine (NAC), a ROS scavenger, thus, suggesting the critical role of 
ROS in endothelial barrier disruption, as previously reported. 

We then examined whether SIRT1 might regulate oxidative stress in 
endothelial cells of the spinal cord after SCI. Immunofluorescence 
staining of 8-OHdG was performed to detect endothelial oxidative stress 
in vivo after SCI. Endothelial 8-OHdG was significantly higher in SIRT1 
CKO mice than SIRT1fl/fl mice (Fig. 6D and E), whereas intrathecal in
jection of SRT1720 attenuated endothelial oxidative stress (Fig. 6 L, M), 
thus, indicating that SIRT1 decreased oxidative stress in the endothelial 
cells of the spinal cord after SCI. We further examined the effect of SIRT1 
on oxidative stress in bEnd.3 cells in vitro. Treatment with IL-1β 
increased the production of intracellular ROS (as detected with DCFH- 
DA) and mitochondrial ROS (as detected with MitoSOX Red). Knock
down of SIRT1 significantly aggravated these effects (Fig. 6F–I), whereas 
overexpression of SIRT1 reversed them (Fig. 6N–Q). We also evaluated 
mitochondrial function with JC-1. Treatment with IL-1β decreased the 
mitochondrial potential of bEnd.3 cells, and knockdown of SIRT1 
further aggravated the effect (Fig. 6J and K), whereas SIRT1 over
expression restored the mitochondrial potential (Fig. 6R and S). 
Together, these results revealed that endothelial SIRT1 attenuates 
oxidative stress, thereby protecting BSCB function after SCI. 

3.7. SIRT1 interacts with p66Shc 

To further investigate the mechanism underlying the regulation of 
BSCB function by SIRT1, we used IP coupled with mass spectrometry 
(IP/MS) to identify which proteins bind SIRT1. IP/MS identified p66Shc 
as a putative SIRT1 interacting protein (Fig. S7). Interestingly, p66Shc is 
a major regulator of ROS, in agreement with the above results indicating 
that SIRT1 regulates oxidative stress. Next, we performed co-IP analysis 
to confirm the IP/MS results. As shown in Fig. 7A, IP of endogenous 
SIRT1 co-precipitated p66Shc in bEnd.3 cells treated with IL-1β. The 
reverse experiment also confirmed that SIRT1 was precipitated by 
p66Shc (Fig. 7B). We further performed a co-IP analysis with epitope- 
tagged proteins in 293T cells. As expected, the Flag-labeled SIRT1 and 
His-labeled p66Shc co-precipitated efficiently in HEK 293T cells 
(Fig. 7C). These results indicated that SIRT1 interacts with p66Shc both 

in bEnd.3 cells and in transiently transfected HEK-293 cells. Next, we 
studied which domains of SIRT1 and p66Shc contribute to the interac
tion with each other. We used Flag-labeled SIRT1 fragments and His- 
labeled p66Shc fragments to detect the binding region in HEK 293T 
cells (Fig. 7D). The C terminus of SIRT1 was found to be responsible for 
its interaction with p66Shc, because deletion of the C terminus 
completely abolished SIRT1/p66Shc interaction, whereas deletion of 
the N terminus did not affect their interaction (Fig. 7E). Similarly, the 
collagen homology (CH) 2 domain of p66Shc was responsible for its 
interaction with SIRT1 (Fig. 7F). 

3.8. Endothelial SIRT1 decreases acetylation and phosphorylation of 
p66Shc 

SIRT1 regulates the activity of proteins through deacetylation on 
lysine residues. Because SIRT1 interacts with p66Shc in bEnd.3 cells, we 
next investigated whether acetylation of p66Shc might be regulated by 
SIRT1 in endothelial cells of the spinal cord after SCI. First, we used p65, 
a well characterized target of SIRT1 deacetylation, to validate the 
acetylation activity of SIRT1 [32,33]. The increased or decreased acet
ylation levels of p65 were consistent with the diminished or elevated 
SIRT1 activity after knockout of SIRT1 or treatment with SRT1720 
(Figs. S8A–D). Subsequently, western blotting showed that the acetyla
tion level of p66Shc was greater in SIRT1 CKO mice than SIRT1fl/fl mice 
(Fig. 8A), whereas the acetylation level of p66Shc was lower after 
intrathecal injection of SRT1720 than vehicle control (Figs. S9A and B). 
Previous studies have reported that phosphorylation of p66Shc is 
essential for p66Shc-mediated ROS production, and a dynamic interplay 
exists among post-translational modifications [34]. As expected, in 
parallel to acetylation, the phosphorylation of p66Shc was also elevated 
in SIRT1 CKO mice (Fig. 8A), whereas the phosphorylation of p66Shc 
decreased after intrathecal injection of SRT1720 (Figs. S9A and C). The 
acetylation and phosphorylation levels of p66Shc were also examined in 
vitro. As shown in Fig. 8B and Figs. S9D–F, treatment with IL-1β 
significantly increased the acetylation and phosphorylation levels of 
p66Shc in bEnd.3 cells. The acetylation and phosphorylation increased 
to a greater extent with SIRT1 knockdown (Fig. 8B); in contrast, the 
acetylation and phosphorylation of p66Shc significantly decreased after 
SIRT1 overexpression (Figs. S9D–F). Together, these results showed that 
endothelial SIRT1 limits the acetylation and phosphorylation of p66Shc 
in vitro and in vivo. 

Fig. 4. Activation of SIRT1 protects the BSCB and promotes functional recovery after SCI. Vehicle or SRT1720 (50 μg/kg) was intrathecally injected into wild-type 
C57BL/6J mice 1 h after SCI and continued for 3 consecutive days. (A) Representative images of spinal cords, showing EB extravasation at 3 d after SCI in mice 
treated with vehicle or SRT1720 (n = 6 animals per group). The spinal cords from the mice treated with SRT1720, compared with vehicle, showed significantly less 
EB extravasation 3 d after SCI. (B) Immunofluorescence images of EB extravasation 1 mm caudal to the lesion epicenter in the transverse sections of the spinal cord at 
3 d after SCI in mice treated with vehicle or SRT1720 (n = 6 animals per group). (C) Quantification of EB fluorescence intensity for each group (n = 6 animals per 
group). (D) Quantification of EB content by spectrophotometry in the spinal cord at 3 d after SCI in mice treated with vehicle or SRT1720 (n = 6 animals per group). 
(E) Representative images of homogenized spinal cords, showing tissue blood at 3 d after SCI in mice treated with vehicle or SRT1720 (n = 6 animals per group). (F) 
Representative immunofluorescence images of ZO-1 (green) and CD31 (red) in the spinal cord at 3 d after SCI in mice treated with vehicle or SRT1720 (n = 6 animals 
per group). Images of selected regions are shown at higher magnification. The sections from mice treated with SRT1720 compared with vehicle control showed 
significantly greater endothelial ZO-1 expression at 3 d after SCI. (G) Quantification of endothelial ZO-1 expression (n = 6 animals per group). (H) Representative 
immunoblots of the TJ proteins ZO-1, occludin and claudin5 in the spinal cord at 3 d after SCI in mice treated with vehicle or SRT1720 (n = 6 animals per group). (I) 
Representative TEM images of TJ ultrastructure in the spinal cord at 3 d after SCI in mice treated with vehicle or SRT1720. Images of selected regions are shown at 
higher magnification. Red squares and red arrows indicate the TJs (n = 6 animals per group). (J, K) Quantification of the width and length of TJs (n = 6 animals per 
group). (L) Representative immunofluorescence images of NeuN (green) and F4/80 (red) in the spinal cord at 7 d after SCI in mice treated with vehicle or SRT1720 
(n = 6 animals per group). The sections from the mice treated with SRT1720, compared with vehicle control, showed significantly less inflammatory cell infiltration 
and more neurons at 7 d after SCI. (M) Quantification of the area of F4/80+ inflammatory cells (n = 6 animals per group). (N) Quantification of the number of NeuN+

neurons (n = 6 animals per group). (O) BMS scores during 28 days of recovery after SCI in mice treated with vehicle or SRT1720 (n = 12 animals per group). The 
mice treated with SRT1720, compared with vehicle control, showed better behavioral recovery over the course of 28 days after SCI. (P) Representative images of 
footprint analysis at 28 d after SCI in mice treated with vehicle or SRT1720 (n = 12 animals per group). (Q, R) Quantification analysis of stride length and width (n =
12 animals per group). *P < 0.05 compared with the vehicle control group. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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3.9. Endothelial SIRT1 attenuates oxidative stress and endothelial 
disruption via p66Shc 

Next, we investigated whether endothelial SIRT1 might mediate the 
decreased ROS production and attenuation of BSCB disruption in a 
p66Shc-dependent manner. First, we found that SIRT1 knockdown 
increased ROS and decreased TJ proteins, similarly to the descriptions 
above, whereas p66Shc knockdown decreased ROS levels and restored 
TJ proteins (Fig. 8C, E-H). However, simultaneous knockdown of SIRT1 
and p66Shc did not reverse the beneficial effects of p66Shc knockdown 
alone, thereby indicating that the increased oxidative stress caused by 
SIRT1 knockdown was mediated by p66Shc (Fig. 8C, E-H). Previous 
studies have identified lysine 81 as the target of p66Shc acetylation [34]. 
Subsequently, we created a p66Shc mutant that with a nonacetylatable 
lysine 81 (K81R). In p66ShcWT, SRIT1 overexpression decreased ROS 

levels and restored TJ proteins, whereas this effect was lost in the 
p66ShcK81R mutant (Fig. 8D, I-L), thus, further indicating that SIRT1 
regulates oxidative stress and endothelial barrier function by deacety
lating p66Shc. Collectively, these results demonstrated that SIRT1 reg
ulates oxidative stress and endothelial barrier function via p66Shc. 

4. Discussion 

In our study, SIRT1 was highly expressed in endothelial cells of the 
spinal cord, and endothelial SIRT1 was associated with BSCB function 
after SCI. In vivo, endothelial cell-specific knockout of SIRT1 resulted in 
severe disruption of the BSCB, thus resulting in widespread inflamma
tion, neural cell death and poor functional recovery after SCI. In 
contrast, activation of SIRT1 by SRT1720 protected the BSCB and 
attenuated inflammatory cell infiltration, thereby protecting neural cells 

Fig. 5. SIRT1 attenuates IL-1β-induced disruption of the BSCB in vitro. bEnd.3 cells from different groups (si-NC versus si-SIRT1; Vec versus OE) were treated with or 
without 10 ng/ml IL-1β for 24 h. (A, G) TEER assays and (B, H) diffusion of FITC-dextran assays, conducted to evaluate the effect of SIRT1 on barrier function of 
bEnd.3 cells (n = 5 samples per group). Knockdown of SIRT1 exacerbated IL-1β-induced disruption of endothelial permeability, whereas overexpression of SIRT1 
rescued this disruption. (C, I) Expression of the TJ proteins ZO-1, occludin and claudin5, evaluated by western blotting (n = 3 samples per group). Knockdown of 
SIRT1 significantly decreased the expression of TJ proteins, whereas overexpression of SIRT1 rescued this decrease. (D, J) Representative immunofluorescence 
images of the TJ proteins ZO-1 and claudin5 (n = 4 samples per group). (E, F, K, L) Quantification of the fluorescence intensity of ZO-1 and claudin5 (n = 4 samples 
per group). *P < 0.05; ns, not significant. 
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and promoting functional recovery in mice after SCI. Through RNA-seq 
and IP/MS analysis, we identified p66Shc, a ROS production-associated 
protein, as a binding partner and potential intracellular target of SIRT1. 
Endothelial SIRT1 protects the BSCB after SCI by regulating oxidative 

stress at least partly through deacetylation of p66Shc. We provide evi
dence that SIRT1 may be a promising therapeutic target for SCI (Fig. 9). 

The BSCB separates the spinal cord parenchyma from the peripheral 
blood system and plays a crucial role in maintenance 

(caption on next page) 
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microenvironmental homeostasis in the spinal cord. However, SCI re
sults in dramatic alterations in the microvessels and disruption of the 
BSCB, thus, allowing toxic serum proteins and blood-derived leukocytes 
to enter injury sites, and enhancing secondary injury cascades. Patho
physiological cascades develop and further contribute to dysfunction of 
the BSCB and to irreversible functional disabilities [2]. Noble et al. have 
used HRP to examine BSCB permeability after contusive SCI in rats and 
have reported that HRP leakage was maximal at 3 h to 1 day, whereas 
BSCB function was re-established by 14 days after injury [35]. Figley 
et al. have used EB as a marker for BSCB permeability in a 
clip-compression rat model of SCI and have reported that the BSCB was 
disrupted as early as 1 h after injury, maximum permeability was 
observed at 24 h postinjury, and the function of the BSCB was partially 
re-established by 14 days after injury [36]. In our study, we systemati
cally examined the changes in BSCB permeability in mice after SCI 
induced by a dropped weight. In agreement with previous reports, our 
results showed that the BSCB was disrupted as early as 8 h after SCI, was 

maximally disrupted at 1 d and was restored by 14 d postinjury in mice 
(Fig. 1A–D). We further investigated the TJs after SCI, because TJs play 
important roles in maintaining the function of the BBB or BSCB. The 
expression of TJ proteins (ZO-1, occludin and claudin5) was differen
tially downregulated, thus suggesting that TJs are disrupted after SCI 
(Fig. 1E–H). However, dysfunction in endothelial transporters (such as 
caveolae) or loss of specific adherens junctions (such as VE-cadherin) 
can also result in BSCB dysfunction [37,38] but were not further 
investigated in our study. 

Increasing evidence suggests that SIRT1, a master regulator of energy 
metabolism and cellular stress, may be a therapeutic target for neuro
degenerative and cerebrovascular diseases [39,40]. Recently, SIRT1 has 
been shown to have beneficial effects on locomotor function after SCI 
[41,42]. Chen et al. have reported that SIRT1 begins to decrease 4 h after 
SCI, is lowest at 8 h postinjury, and then is restored. Chen et al. have also 
used Mx1-Cre transgenic mice to delete SIRT1 in inflammatory cells and 
have found that SIRT1 CKO mice show exacerbated neuroinflammation 

Fig. 6. Endothelial SIRT1 regulates oxidative stress. (A) bEnd.3 cells from different groups (vector versus SIRT1) were treated with 10 ng/ml IL-1β for 24 h, and RNA- 
Seq was performed. A heat map shows differentially expressed genes between vector control and SIRT1 overexpressing bEnd.3 cells in response to IL-1β. (B) Volcano 
plot of differentially expressed genes between vector control and SIRT1 overexpressing bEnd.3 cells in response to IL-1β. Red and blue dots represent up-regulated 
and down-regulated DEGs, respectively. (C) Representative up-regulated cell component (CC) and down-regulated biological pathway (BP) categories in GO analysis. 
(D, L) Representative immunofluorescence images of 8-OHdG (green) and CD31 (red) in the spinal cord at 3 d after SCI in the indicated groups (n = 6 animals per 
group). Sections from SIRT1 CKO mice showed significantly greater endothelial 8-OHdG than those from SIRT1fl/fl mice at 3 d after SCI. In contrast, the sections from 
SRT1720-treated mice showed significantly less endothelial 8-OHdG than vehicle control-treated mice at 3 d after SCI. (E, M) Quantification of endothelial 8-OHdG 
expression (n = 6 animals per group). (F, N) ROS levels of bEnd.3 cells were detected by flow cytometry in the indicated groups (n = 3 samples per group). 
Knockdown of SIRT1 exacerbated IL-1β-induced production of intracellular ROS, whereas overexpression of SIRT1 rescued this production. (G, O) Quantification of 
ROS levels (n = 3 samples per group). (H, P) Representative immunofluorescence images of MitoSOX in bEnd.3 cells in the indicated groups (n = 3 samples per 
group). (I. Q) Quantification of MitoSOX (n = 3 samples per group). (J, R) Mitochondrial potential of bEnd.3 cells, detected by JC-1 staining in the indicated groups 
(n = 3 samples per group). (K, S) Quantification of mitochondrial potential (n = 3 samples per group). *P < 0.05; ns, not significant. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. SIRT1 interacts with p66Shc. (A) bEnd.3 cells were treated with 10 ng/ml IL-1β for 24 h, and endogenous protein interactions were assessed in whole cell 
lysates from bEnd.3 cells by immunoprecipitation with anti-SIRT1 or anti-IgG, and examined by immunoblotting with anti-p66Shc (n = 3 independent experiments). 
(B) bEnd.3 cells were treated with 10 ng/ml IL-1β for 24 h, and endogenous protein interactions were confirmed in whole cell lysates from bEnd.3 cells by 
immunoprecipitation with anti-p66Shc or anti-IgG, and examined by immunoblotting with anti-SIRT1 (n = 3 independent experiments). (C) Whole cell lysates from 
HEK 293T cells transfected with Flag-tagged SIRT1 and His-tagged p66Shc plasmids were immunoprecipitated with anti-Flag, then immunoblotted with anti-His 
(p66Shc) and anti-Flag (SIRT1) (n = 3 independent experiments). (D) Schematic diagrams of Flag-tagged full-length (FL) SIRT1, His-tagged FL p66Shc and their 
various deletion mutants. (E) HEK 293T cells were co-transfected with His-p66Shc and Flag-tagged FL SIRT1 or its deletion mutants or vectors, and whole cell lysates 
were assessed by immunoprecipitation followed by immunoblotting with anti-His and anti-Flag (n = 3 independent experiments). Red squares indicate immunoblots 
of SIRT1 fragments. (F) HEK 293T cells were co-transfected with Flag-SIRT1 and His-tagged FL p66Shc or its deletion mutants or vectors, and whole cell lysates were 
assessed by immunoprecipitation followed by immunoblotting with anti-Flag and anti-His (n = 3 independent experiments). Red squares indicate immunoblots of 
p66Shc fragments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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and poorer motor function than WT mice [41]. These findings are 
consistent with our results indicating that the expression of SITR1 
significantly decreased in early stages of SCI, and then was gradually 
restored (Fig. 2A–C). However, a difference was observed in that the 
minimum levels occurred at 1 d postinjury, possibly because of the 
different degree of injury. To further investigate the precise role of 
SIRT1 after SCI, further study is necessary to clarify the specific cell 
types in which SIRT1 is expressed in the spinal cord. Chen et al. used 
immunofluorescence to show that SIRT1 is expressed in neurons 
(NeuN+) and macrophages/microglia (CD68+), but not in astrocytes 
(GFAP+) and oligodendrocytes (Olig2+) in the spinal cord in mice [41]. 
Another study has found that SIRT1 is distributed predominantly in 
neurons (NeuN+), but is absent in astrocytes (GFAP+) and microglia 
(Iba1+) in the spinal cord in rats [43]. However, neither study examined 
whether SIRT1 was expressed in microvascular endothelial cells in the 
spinal cord. Our results showed that SIRT1 is highly expressed in 
endothelial cells of the spinal cord, which are a major component of the 
BSCB (Fig. 2D). Based on the in vivo immunostaining and RT-PCR of 
isolated endothelial cells, SIRT1 expression significantly decreased in 

endothelial cells of the spinal cord after SCI, thus, indicating that SIRT1 
may play a crucial role in the BSCB after SCI (Fig. 2E–G). In addition, we 
demonstrated that endothelial cell-specific knockout of SIRT1 exacer
bated disruption of the BSCB around the injury center and led to 
widespread inflammation, neural cell death and poor functional recov
ery after SCI (Fig. 3). In contrast, intrathecal injection of an SIRT1 
agonist (SRT1720) protected the barrier function of the BSCB and pro
moted motor function recovery (Fig. 4). We further used loss- and 
gain-of-function experiments to confirm the protective effect of SIRT1 
against IL-1β-induced endothelial barrier disruption in bEnd.3 cells in 
vitro (Fig. 5). 

To determine the mechanism through which SIRT1 regulates BSCB 
function, we performed RNA-Seq and found that oxidative stress might 
be involved. Oxidative stress, a state in which the oxidant-antioxidant 
balance is disturbed, leads to ROS accumulation and plays a key role 
in the pathogenesis of SCI [44]. Mitochondria are the major sources of 
ROS production in most mammalian cells, and excessive ROS production 
can damage macromolecules within mitochondria, and consequently 
impair the electron transport chain and mitochondrial function [45]. 

Fig. 8. Endothelial SIRT1 attenuates oxidative stress and endothelial disruption via p66Shc. (A) The acetylation levels of p66Shc were assessed in lysates from spinal 
cord tissues of SIRT1fl/fl and SIRT1 CKO mice at 3 d after SCI by immunoprecipitation with anti-acetyl-lysine antibody followed by immunoblotting with anti-p66Shc 
antibody. The phosphorylation levels of p66Shc were determined by immunoblotting with anti-p-p66Shc antibody (n = 6 animals per group). The acetylation and 
phosphorylation levels of p66Shc were higher in SIRT1 CKO mice than SIRT1fl/fl mice at 3 d after SCI. (B) bEnd.3 cells from different groups (si-NC versus si-SIRT1) 
were treated with or without 10 ng/ml IL-1β for 24 h. Western blotting analysis was used to detect changes in the acetylation and phosphorylation levels of p66Shc 
(n = 3 samples per group). Knockdown of SIRT1 increased the acetylation and phosphorylation levels of p66Shc. (C) bEnd.3 cells were transfected with si-NC or si- 
SIRT1 or si-p66Shc, then treated with 10 ng/ml IL-1β for 24 h. Western blotting analysis was performed to detect the expression of TJ proteins (n = 3 samples per 
group). (D) bEnd.3 cells were transfected with p66ShcWT or p66ShcK81R or SIRT1 plasmids, then treated with 10 ng/ml IL-1β for 24 h. Western blotting analysis was 
performed to detect the expression of TJ proteins (n = 3 samples per group). (E, F, I, J) Detection and quantification of ROS levels in the bEnd.3 cells in the indicated 
groups by flow cytometry (n = 3 samples per group). (G, H, M, N) Immunofluorescence detection and quantification of MitoSOX in bEnd.3 cells in the indicated 
groups (n = 3 samples per group). *P < 0.05; ns, not significant. 
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The CNS endothelial cells are particularly susceptible to oxidative stress, 
and numerous studies have shown that ROS can lead to BBB/BSCB 
dysfunction [46]. ROS affect BBB/BSCB permeability through a variety 
of mechanisms, including perturbation of TJ proteins [47]. Moreover, 
diminished ROS generation attenuates BBB/BSCB disruption, thus 
further supporting that oxidative stress is a crucial determinant of 
BBB/BSCB permeability [48]. Our results showed that SIRT1 has a 
protective role in BSCB function against oxidative stress after SCI 
(Fig. 6). 

To further determine the underlying mechanism, we performed IP/ 
MS and identified p66Shc as a putative SIRT1-interacting protein in 
microvascular endothelial cells. p66Shc is a redox protein belonging to 
the ShcA adaptor protein family, which has been reported to regulate the 
oxidative stress response in mammalian cells [49]. Unlike the other two 
ShcA isoforms p52Shc and p46Shc, in addition to containing a 
phospho-tyrosine binding domain, CH1 domain and sarcoma homolo
gous type 2 domain, p66Shc contains an extra CH2 domain at N-ter
minus which is essential to the oxidative function of p66Shc [50]. In 
response to a variety of external stimuli, phosphorylation of serine 36 in 

the CH2 domain leads to p66Shc translocation to the mitochondria, 
where it oxidizes cytochrome c and promotes ROS production [51]. 
Similarly to SIRT1, p66Shc is abundantly expressed in endothelial cells, 
and many studies have demonstrated important roles of p66Shc in 
endothelial dysfunction in various diseases, including diabetes, hyper
glycemia, hypertension and aging [52]. Interestingly, SIRT1 has been 
reported to interact with p66Shc and to decrease Ser36 phosphorylation 
via deacetylating p66Shc on lysine 81 in human umbilical vein endo
thelial cells, and SIRT1-mediated deacetylation of p66Shc has a critical 
role in vascular dysfunction in diabetes [34]. Our study demonstrated 
that p66Shc binds the C terminus of SIRT1 through the CH2 domain 
(Fig. 7F). The CH2 domain is positioned at the N-terminal end of p66Shc, 
which contains several crucial serine and threonine residues. Previous 
studies have suggested that the CH2 region of p66Shc can bind many 
proteins [53,54]. The proline-rich motif in the CH2 domain may mediate 
this association. After SCI, endothelial cell-specific knockout of SIRT1 
increased acetylation and phosphorylation of p66Shc, thus increasing 
ROS production and mitochondrial dysfunction, which may be the main 
cause of BSCB disruption. We further demonstrated that both 

Fig. 9. SIRT1 attenuates BSCB disruption after SCI by deacetylating p66Shc. Endothelial SIRT1 decreased ROS production by limiting the acetylation and phos
phorylation of p66Shc, thus attenuating BSCB disruption and inflammatory cell infiltration, protecting neural cells and promoting functional recovery in mice 
after SCI. 
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knockdown of p66Shc and blocking lysine 81 acetylation by a conser
vative mutation to arginine decreased oxidative stress and increased TJ 
protein expression (Fig. 8), thus, suggesting that deacetylation of 
p66Shc on lysine 81 by SIRT1 may be an underlying mechanism 
attenuating BSCB disruption after SCI. 

In conclusion, our findings suggest that endothelial SIRT1, by 
deacetylating p66Shc, decreases ROS production and attenuates BSCB 
disruption after SCI, thereby supporting the therapeutic potential of 
SIRT1 activators for SCI treatment. 
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