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A B S T R A C T

Sirtuin1 (Sirt1) and Sirtuin3 (Sirt3) are two well-characterized members of the silent information regulator 2
(Sir2) family of proteins. Both Sirt1 and Sirt3 have been shown to play vital roles in resistance to cellular stress,
but the interaction between these two sirtuins has not been fully determined. In this study, we investigated the
role of Sirt1-Sirt3 axis in blood-brain barrier (BBB) permeability after ischemia in vitro. Human brain micro-
vascular endothelial cells and astrocytes were co-cultured to model the BBB in vitro and oxygen and glucose
deprivation (OGD) was performed to mimic ischemia. The results of transepithelial electrical resistance (TEER)
showed that suppression of Sirt1 via siRNA or salermide significantly decreased BBB permeability, whereas Sirt3
knockdown increased BBB permeability. In addition, Sirt1 was shown to regulate Sirt3 expression after OGD
through inhibiting the AMPK-PGC1 pathway. Application of the AMPK inhibitor compound C partially prevented
the effects of Sirt1-Sirt3 axis on BBB permeability after OGD. The results of flow cytometry and cytochrome c
release demonstrated that Sirt1 and Sirt3 exert opposite effects on OGD-induced apoptosis. Furthermore, sup-
pression of Sirt1 was shown to attenuate mitochondrial reactive oxygen species (ROS) generation, which con-
tribute to the Sirt1-Sirt3 axis-induced regulation of BBB permeability and cell damage. In summary, these
findings demonstrate that the Sirt1-Sirt3 axis might act as an important modulator in BBB physiology, and could
be a therapeutic target for ischemic stroke via regulating mitochondrial ROS generation.

1. Introduction

Stroke is a leading cause of morbidity and mortality worldwide,
claiming around 129,000 lives every year [1]. The blood-brain barrier
(BBB) is formed by endothelial cells that are interconnected by tight
junctions and adherens junctions. It is part of the neurovascular unit
(NVU) and serves as an anatomical and functional barrier between the
blood and the brain to maintain an optimal environment for neuronal
network [2]. The BBB dysfunction has been demonstrated to play an
important role in the pathophysiology of many neuronal disorders in-
cluding stroke. However, the molecular mechanisms underlying the
regulation of BBB permeability after ischemic stroke are not fully de-
termined.

Sirtuins are the human and murine homologs of the silent in-
formation regulator 2 (Sir2) first discovered in Saccharomyces cerevi-
siae [3]. They belong to class III histone deacetylases that are depen-
dent on nicotinamide adenine dinucleotide (NAD+) for their activity.

Seven mammalian sirtuins homologs (Sirt1-7) have been identified and
they are localized to the nucleus (Sirt1, Sirt6, and Sirt7), mitochondria
(Sirt3, Sirt4, and Sirt5), or cytoplasm (Sirt2) [4,5]. It now appears clear
that these sirtuins deacetylate various substrates, such as transcription
factors, metabolic enzymes and histones, to control many biological
processes including metabolism, cell growth, apoptosis, autophagy and
genetic control of ageing [6]. Sirt1 is the most widely studied sirtuin
and expressed at a high level in the brain compared to other organs [7].
It was shown that inhibition of Sirt1 activity protects against neuronal
injury through mitochondrial associated anti-apoptotic pathways [8,9].
Sirt3 resides primarily in the mitochondria and has been identified as a
responsive deacetylase that regulates metabolism and oxidative stress
[10]. Our previous studies showed that Sirt3 attenuates hydrogen
peroxide-induced oxidative stress via preservation of mitochondrial
function [11,12]. However, the interaction between Sirt1 and Sirt3
under ischemic stroke has not been fully determined.

The present study investigated the existence and function of a Sirt1-
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Sirt3 axis in an in vitro ischemic stroke model induced by oxygen and
glucose deprivation (OGD). Human brain microvascular endothelial cell
and astrocyte co-cultures were used to mimic the BBB in vitro. In ad-
dition, we also determined the role of AMPK-PGC1 pathway and mi-
tochondrial ROS generation in the interaction between Sirt1 and Sirt3,
and investigated their effects on BBB permeability by measuring
transepithelial electrical resistance (TEER).

2. Materials and methods

2.1. In vitro BBB model

The in vitro BBB model was established as previously described
[13]. Human brain microvascular endothelial cells (Catalog number
#1000) and human astrocytes (Catalog number #1800) were pur-
chased from ScienCell (Carlsbad, CA, USA) and co-cultured in the en-
dothelial cell and astrocyte medium. Human astrocytes were seeded on
the outside of collagen-coated 0.4 µm pore PTFE membrane transwell
inserts directed upside down and allowed to adhere to the membrane
overnight. Human brain microvascular endothelial cells were seeded on
the inside of the insert and cells were grown to confluence to create a
contact co-culture model.

2.2. Short interfering RNA (siRNA) and transfection

The specific siRNA targeted Sirt1 (Si-Sirt1, sc-40986), Sirt3 (Si-
Sirt3, sc-61555), PGC1 (Si-PGC1, sc-38884) and control siRNA (Si-
Control, sc-37007), which should not knock down any known proteins,
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The above siRNA molecules were transfected with Lipofectamine 2000
(Invitrogen, CA, USA) in for 48 h. After transfection, the cells were
treated with OGD and subjected to various measurements.

2.3. Measurement of BBB permeability

TEER was determined as a marker of co-culture integrity and as a
measure of paracellular permeability. The resistance across the mem-
brane was measured using STX2 electrodes linked to an EVOM2 re-
sistance meter (World Precision Instruments, Hertfordshire, UK). Three
readings were taken per insert and the average value was used. A
baseline TEER reading was taken (i.e. 0 h) and the percentage change
from this value was calculated for subsequent readings.

2.4. OGD

The OGD protocol was used to mimic ischemia in vitro. Briefly,
culture medium was removed and rinsed with PBS for three times. Cells
were placed into a specialized, humidified chamber containing 5% CO2,
95% N2 at 37 °C with glucose-free RPMI medium (Invitrogen, CA, USA),
which was pre-gassed with N2/CO2 (95%/5%) to remove residual
oxygen. After 2 h challenge, TEER was read and the RPMI medium was
replaced with the cells’ normal medium. The cells were maintained for
further 22 h at 37 °C in a humidified 5% CO2 incubator to generate
reperfusion, and the permeability of the BBB was assessed throughout
the reperfusion period.

2.5. Flow cytometry

Cells were harvested 24 h after OGD as described. Cells were wa-
shed twice with ice-cold PBS and re-suspended in binding buffer. The
cell suspension was transferred into a tube and double-stained with
Annexin V-FITC and propidium iodide (PI) at room temperature in the
dark for 15 min, according to the Annexin V apoptosis detection kit
instructions (Roche Applied Bioscience, Indianapolis, IN, USA). The
percentage of apoptotic cells was quantified by flow cytometry at
530 nm and 600 nm to measure green Annexin V-FITC and red PI

fluorescence respectively (FACSCalibur, BD Biosciences, San Jose, CA,
USA). Further differentiation between early and late apoptosis was
studied by Annexin V and PI staining in different quadrants: AV+/PI+,
the late phase apoptotic cells and AV+/PI−, the early phase apoptotic
cells.

2.6. Subcellular fractionation for cytoplasm and mitochondria

Cells were washed with ice-cold PBS for three times and lysed with a
lysis buffer containing protease inhibitors. The cell lysate was cen-
trifuged for 10 min at 750g at 4 °C, and the pellets containing the nuclei
and unbroken cells were discarded. The supernatant was then cen-
trifuged at 15 000g for 15 min. The resulting supernatant was removed
and used as the cytosolic fraction. The pellet fraction containing mi-
tochondria was further incubated with PBS containing 0.5% Trition X-
100 for 10 min at 4 °C. After centrifugation at 16 000g for 10 min, the
supernatant was collected as mitochondrial fraction.

2.7. Measurement of mitochondrial ROS

Mitochondrial superoxide production was measured using the
MitoSOX Red Kit (Invitrogen, Carlsbad, CA, USA). Briefly, mitochondria
were isolated and 20 μg of mitochondria in 50 μl of respiration buffer
was loaded into 96-well plate. One hundred microliters of ice cold re-
spiration buffer was supplemented with 2 μMMitoSOX, 5 μM antimycin
A and 4 μM ADP. Fifty micromoles salermide or 1 μM FeTCCP was
added into indicated wells before loading into the FLUOstar Omega
Microplate Reader. The basal level of fluorescence intensity was mea-
sured at 355 nm and 590 nm and fluorescence intensity was measured
at 5-min intervals.

2.8. Western blot analysis

Equivalent amounts of protein (40 μg per lane) were loaded and
separated by 10% SDS-PAGE gels, and transferred to polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked with 5%
skimmed milk solution in tris-buffered saline with 0.1% Triton X-100
(TBST) for 1 h, and then incubated overnight at 4 °C with the primary
Sirt1 (1:1000), Sirt3 (1:1000), p-AMPK (1:400), AMPK (1:600), PGC1
(1:600), cytochrome c (1:800), 3-NT (1:800), COX V (1:600), Tubulin
(1:1000) or β-actin (1:1000) antibody dilutions in TBST. After that the
membranes were washed and incubated with secondary antibody for
1 h at room temperature. Immunoreactivity was detected with Super
Signal West Pico Chemiluminescent Substrate (Thermo Scientific,
Rockford, IL, USA). Image J (Scion Corporation) was used to quantify
the optical density of each band.

2.9. Statistical analysis

Statistical analysis was performed using SPSS 16.0, a statistical
software package. Statistical evaluation of the data was performed by
one-way analysis of variance (ANOVA) followed by Bonferroni's mul-
tiple comparisons. A value of p<0.05 was considered statistically
significant.

3. Results

3.1. Sirt1 and Sirt3 exert opposite effects on BBB permeability

To investigate the role of Sirt1 and Sirt3 in our model, the expres-
sion of Sirt1 was inhibited by Si-Sirt1 transfection or salermide treat-
ment, while the expression of Sirt3 was suppressed by Si-Sirt3 trans-
fection. The results of western blot showed that both Si-Sirt1 and
salermide significantly decreased Sirt1 expression, and the Sirt3 level in
Si-Sirt3 group was lower than that in Si-control group (Figs. 1A-C). As
shown in Fig. 1D, the BBB permeability in vitro was detected by
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measuring TEER. The results showed that Sirt1 knockdown significantly
increased TEER, whereas Si-Sirt3 decreased TEER compared with Si-
control (Fig. 1E). In addition, treatment with salermide also decreased
BBB permeability as evidenced by increased TEER (Fig. 1F).

3.2. Sirt1 regulates Sirt3 expression through AMPK-PGC1 pathway after
OGD

Next, we performed OGD to mimic ischemia in vitro, and detected
the expression of Sirt1 and Sirt3 by western blot (Fig. 2A). We found
that the expression of Sirt1 and Sirt3 were both significantly increased
by OGD (Fig. 2B). The expression of Sirt3 after OGD was further in-
creased by Si-Sirt1 and salermide (Fig. 2C), whereas Si-Sirt3 had no
effect on Sirt1 expression after OGD (Fig. 2B). As shown in Fig. 2D, we
also detected the expression of AMPK and PGC1. The results showed
that the expression of PGC1 and phosphorylation of AMPK were de-
creased by OGD, but increased by salermide (Fig. 2E). Blocking AMPK
activity using compound C significantly decreased AMPK phosphor-
ylation and PGC1 expression (Fig. 2F). To further investigate the me-
chanisms underlying Sirt1-induced inhibition on Sirt3 expression, we
used compound C to inhibit AMPK activity after OGD and Sirt1 sup-
pression. The results showed that Sirt1 blockage-induced increase in
Sirt3 expression after OGD was partially reversed by compound C
(Fig. 2G). In addition, knockdown of PGC1 expression using Si-PGC1
significantly decreased Sirt3 expression in OGD-treated cells (Fig. 2H).

3.3. Sirt1-Sirt3 axis contributes to OGD-induced hyperpermeability

We measured TEER in OGD-injured cells up to 24 h, and the results
showed that exposing the cells to 2 h OGD increased permeability as
shown by a reduction in TEER of approximately 42% (Fig. 3A). Sirt1

knockdown significantly increased TEER after OGD, whereas Si-Sirt3
decreased TEER compared with that in Si-control transfected and OGD-
injured cells (Fig. 3B). As shown in Fig. 3C, a similar result was also
observed after salermide treatment. To investigate the role of AMPK-
PGC1 pathway, cells were treated with Si-Sirt1 or salermide in the
presence or absence of compound C (Fig. 3D). The results showed that
both Si-Sirt1- and salermide-induced increase in TEER were sig-
nificantly attenuated by compound C (Figs. 3E and 3F).

3.4. Sirt1-Sirt3 mediates OGD-induced cellular damage in the BBB model

To determine whether the Sirt1-Sirt3 axis-induced regulation on
BBB permeability was associated with cell injury, we detected apoptosis
by flow cytometry (Fig. 4A). The results showed that OGD significantly
increased both early and late apoptotic cell death, which were atte-
nuated by Si-Sirt1 and salermide, but further increased by Si-Sirt3
transfection. In addition, we also detected the levels of cytochrome c
protein in mitochondrial and cytosolic fraction by western blot
(Fig. 4B). We found that Sirt1 suppression using Si-Sirt1 or salermide
markedly decreased cytosolic cytochrome c and increased mitochon-
drial cytochrome c after OGD. In contrast, knockdown of Sirt3 sig-
nificantly increased OGD-induced cytochrome c release, indicating a
protective role of Sirt3 in our in vitro BBB model.

3.5. Mitochondrial ROS generation is involved in Sirt1-Sirt3 axis-induced
regulation of BBB permeability and cellular damage

To investigate the potential role of ROS generation in our in vitro
model, DHE probe was used to detected intracellular ROS levels
(Fig. 5A). Increased levels of ROS were observed in OGD-treated cells,
whereas both salermide and compound C significantly alleviated ROS

Fig. 1. Sirt1 and Sirt3 exert opposite effects on BBB permeability. Cells were transfected with Si-Sirt1, Si-Sirt3 or Si-control for 48 h, or treated with salermide (50 μM) for 24 h, and the
expression of Sirt1 and Sirt3 was detected by western blot (A) and calculated (B and C). The effects of Si-Sirt1 and Sirt3 on BBB permeability were shown in D and E, and the effect of
salermide on BBB permeability was shown in F. Data are shown as mean± SEM. *p<0.05 vs. Control. #p<0.05 vs. Si-control.
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Fig. 2. Sirt1 regulates Sirt3 expression through AMPK-PGC1 pathway after OGD. Cells were transfected with siRNA for 48 h or pretreated with salermide (50 μM) for 30 min, and exposed
to OGD. The expression of Sirt1 and Sirt3 was detected by western blot (A) and calculated (B and C). Cells were pretreated with salermide (50 μM) or compound C (5 μM) for 30 min and
exposed to OGD. The expression of Sirt1 and Sirt3 was detected by western blot (D) and calculated (E and F). Cells were transfected with siRNA for 48 h with or without compound C, or
pretreated with salermide (50 μM) for 30 min with or without compound C, and exposed to OGD. The expression of Sirt3 was detected by western blot (G). Cells were transfected with Si-
control or Si-PGC1 for 48 h and exposed to OGD. The expression of Sirt3 was detected by western blot (H). Data are shown as mean± SEM. *p<0.05 vs. Control. #p<0.05 vs. OGD.
& p<0.05 vs. Si-control. $p<0.05.

Fig. 3. Sirt1-Sirt3 axis contributes to OGD-induced hyperpermeability. The effects of Si-Sirt1 and Si-Sirt3 on BBB permeability after OGD were shown in A and B, and the effect of
salermide on BBB permeability after OGD was shown in C. The effect of compound C on BBB permeability after OGD were shown in D and E, and the effects of salermide and compound C
on BBB permeability after OGD were shown in F. Data are shown as mean± SEM. #p<0.05 vs. Si-control. #p<0.05 vs. Si-Sirt1 + Vehicle. $p<0.05 vs. Control. & p<0.05 vs.
salermide + Vehicle.
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accumulation (Fig. 5B). Similarly, knockdown of Sirt1 expression sig-
nificantly reduced ROS generation after OGD, whereas Si-Sirt3 in-
creased ROS levels in OGD-treated cells (Fig. 5C). When cytoplasm
harvested after OGD were incubated with MitoSOX-loaded normal
mitochondria, an increase in O2•- was found and was partially prevented
by salermide and compound C (Fig. 5D). Next, scavenging of DPPH was
performed, and we found that salermide was not a radical scavenger, as
compared with BHA (Fig. 5E). To further determine whether salermide
directly inhibited intramitochondrial ROS generation, we assayed its
effect on MitoSOX-loaded mitochondria treated with antimycin A. As
shown in Fig. 5F, the increased ROS readout was not altered by sale-
rmide. The results of western blot showed that mitochondrial 3-NT
levels were markedly suppressed by salermide and compound C after
OGD (Fig. 5G).

4. Discussion

Disruption of the BBB and followed cerebral edema are the key
pathogenic events leading to neurological dysfunction and death after
ischemic stroke. In this study, we reported the existence of a Sirt1-Sirt3
axis in the brain microvascular endothelial cell and astrocyte co-

cultures, and demonstrated that Sirt1 regulated Sirt3 expression via the
AMPK-PGC1 pathway after OGD. The activation of Sirt1-Sirt3 axis was
involved in the increased BBB permeability, as measured by transe-
pithelial electrical resistance. In addition, inhibition of Sirt1-Sirt3 cas-
cades could exert protective effects against OGD-induced apoptotic cell
death in our in vitro model.

As the most widely studied sirtuin, Sirt1 modulates multiple
downstream genes and adapts cell metabolism to new requirements in
response to cellular stress [14]. Activation of Sirt1 by gene over-
expression or pharmacological activators has been demonstrated to
exert protective effects against neurodegenerative diseases, but the role
of Sirt1 in ischemic stroke is still a matter of controversy. Sirt1 could
bind to the mitochondrial uncoupling protein 2 (UCP-2) and reduce
UCP-2 transcription, leading to increased mitochondrial oxidative
phosphorylation [15,16]. A previous study showed that Sirt1 atte-
nuated the decrease in Bcl-2 expression and inhibited caspase-3 clea-
vage in OGD-injured neurons [17]. Moreover, Sirt1 was also shown to
mediate the neuroprotective effect of phosphoribosyltransferase
(Nampt), which is a rate-limiting enzyme in the salvage pathway to
synthesize NAD+ in neuronal cells [18]. However, the detrimental ef-
fects of Sirt1 in the brain have also been reported recently. For example,

Fig. 4. Sirt1-Sirt3 mediates OGD-induced cellular damage in the BBB model. Cells were transfected with siRNA for 48 h or pretreated with salermide (50 μM) for 30 min, and exposed to
OGD. The apoptotic cell death was detected by flow cytometry (A), and the levels of cytochrome c protein were detected by western blot (B). Data are shown as mean± SEM. *p<0.05
vs. a. #p<0.05 vs. b. & p<0.05 vs. b.
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inhibition of Sirt1 with nicotinamide or sirtinol, or knockdown of Sirt1
expression protected cultured neurons against oxidative stress [8].
These effects were associated with regulation of IGF-1 and ERK path-
ways. In addition, Sirt1 was also shown to impair transcription of many
protective genes, including grp78 and gadd34, via deacetylating the ER
stress associated transcription factor XBP-1 [19]. Our present data
showed that activation of Sirt1 was associated with increased BBB
permeability in both normal and ischemic conditions in vitro. Im-
portantly, inhibition of Sirt1 with salermide or Si-Sirt1 attenuated
apoptosis, which was measured by flow cytometry and western blot
analysis. All these results indicated that Sirt1 exerted detrimental ef-
fects in the in vitro BBB model.

Sirt3 expression is highest in metabolically active tissues, such as
the brain, heart, liver and skeletal muscle [20–22]. As a mitochondria-
specific sirtuin, Sirt3 directly binds and deacetylates various metabolic
and respiratory enzymes to regulate mitochondrial function. The ben-
eficial effects of Sirt3 under cellular stress conditions have been ex-
tensively studied. Sirt3 regulates subunits of mitochondrial electron
transport chain (ETC) complexes and tricarboxylic acid (TCA) cycle
enzymes to increase production of energy equivalents during caloric
restriction (CR), fasting and exercise [23]. It also deacetylates manga-
nese superoxide dismutase (MnSOD) and isocitrate dehydrogenase 2
(IDH2) and enhances their abilities to scavenge ROS [24,25]. Thus,
Sirt3 was able to inhibit apoptosis by lowering ROS generation and
preventing components of the mitochondrial permeability transition
pore (mPTP) [26,27]. Our previous studies showed that Sirt3 attenuates
hydrogen peroxide-induced oxidative stress through preservation of
mitochondrial function in HT22 cells [11]. We also found that over-
expression of Sirt3 by lentivirus transfection protects cortical neurons
against oxidative stress through regulating mitochondrial calcium and
mitochondrial biogenesis [12]. In line with our results, Sirt3 was re-
cently found to directly deacetylase and stabilize 8-xoguanine-DNA
glycosylase 1 (OGG1) to promote mitochondrial DAN (mtDNA) repair
[28]. More recently, Cheng et al. showed that neurons lacking the

mitochondrial Sirt3 are more vulnerable to oxidative stress and apop-
tosis [29]. In this study, we found that knockdown of Sirt3 aggravated
the OGD-induced BBB disruption and apoptosis, which further con-
firmed the protective role of Sirt3 in our in vitro ischemia model.

Under stress conditions, the expression and activity of Sirt3 can be
regulated by several upstream molecules, among which PGC1 is an
important one. PGC1 activates nuclear transcriptors to upregulate the
expression of nuclear encoded mitochondrial proteins, making it a key
regulator of mitochondrial function [30,31]. Previous studies showed
that PGC1 exert stimulatory effect on Sirt3 promoter and act as an
upstream activator of Sirt3 expression in hepatocytes and muscle cells
[32]. In contrast, Sirt3 could also protect neuronal cells through PGC1-
mediated antioxidative activities [33,34]. Increased levels of PGC1 and
Sirt3 were shown to modulate mitochondrial metabolic activity and
oxidative stress regulator pathway activation, acting as ROS sup-
pressors by increasing the expression and activity of glutathione per-
oxidase (GPX) and superoxide dismutase 2 (SOD2) [35,36]. Our pre-
vious studies also showed that overexpression of Sirt3 protect cortical
neurons against oxidative stress through regulating PGC1-mediated
mitochondrial biogenesis [12]. Thus, we speculated that the activated
PGC1, together with the upregulated Sirt3, inhibited OGD-induced
oxidative stress to preserve the BBB permeability in our in vitro model.
To determine this possibility, we measured cellular ROS generation
using DHE probe and detected mitochondrial ROS by MitoSOX. As ex-
pected, both DHE and MitoSOX fluorescence intensities were sig-
nificantly inhibited by salermide and compound C. This effect could be
due to salermide be a radical or ROS scavenger causing removal of ROS
or it could be due to salermide with generation of ROS by interfering
with ROS precurosors with mitochondria [37]. Further studies de-
monstrated that salermide is not a radical scavenger as compared to
BHA, a well-known antioxidant [38]. Thus, the Sirt1-Sirt3 axis could
preserve the BBB permeability via inhibiting mitochondrial ROS gen-
eration, which might be associated with blocking the interaction of
cytosolic oxidative stress cascades with mitochondria.

Fig. 5. Effects of Sirt1-Sirt3 axis on ROS generation. Cells were treated with salermide (50 μM) or compound C (5 μM) and exposed to OGD. Intracellular ROS generation was detected by
DHE probe (A) and calculated (B). Cells were transfected with siRNA for 48 h and exposed to OGD. ROS levels were measured (C). Mitochondrial superoxide was measured by MitoSOX
up to 60 min after OGD (D). Cells were treated with DPPH (50 μM) with different concentrations of salermide or BHA (5, 10, 50 or 100 μM), and radical scavenging activity was
determined (E). Cells were treated with Antimycin with or without salermide or FeTCCP, and mitochondrial superoxide was determined (F). Cells were treated with salermide or
compound C and exposed to OGD. The expression of 3-NT in isolated mitochondria was detected by western blot (G). Scale bar = 20 µm. Data are shown as mean±SEM. *p<0.05 vs.
Control. #p<0.05 vs. OGD.
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Recently, Sirt1 was demonstrated to play an important role in
human endothelial pathology. Sirt1 significantly decreased in human
endothelial cells after hydrogen peroxide (H2O2) exposure [39]. Sirt1
also reduced the ionomycin-induced ICAM-1 expression and attenuated
the downregulation of thrombomodulin after particulate matter treat-
ment [40,41]. As expected, our results showed that inhibition of Sirt1
was associated with the decreased BBB permeability in our co-cultures
with or without OGD exposure. However, Sirt3 exerted the opposite
effect. Importantly, Sirt1 acted as an upstream inhibitory regulator on
Sirt3 expression in our in vitro model. In line with our results, a recent
study showed that Sirt1-silenced cells show an increased Sirt3 expres-
sion, which was dependent on the presence of SP1 and ZF5 recognition
sequences on Sirt3 promoter [42]. As the link between Sirt1 and Sirt3
are not fully determined, there must exist signaling cascades mediating
the possible Sirt1-Sirt3 crosstalk. As a serine/threonine kinase that
senses energy status in various cells and tissues, AMPK is an important
downstream molecular of Sirt1 to regulate cellular metabolism [43].
Previous studies and our present data also showed that Sirt3 function as
a downstream target of PGC1, which is directly regulated by AMPK and
exerts protective effects under oxidative stress [44–46]. Thus, we used
commercially available inhibitors of Sirt1 and AMPK, salermide and
compound C, to further confirm the involvement of Sirt1-AMPK-PGC1
signaling in the Sirt1-Sirt3 axis. In vitro assays have demonstrated that
50 μM salermide and 5 μM compound C were effective in blocking Sirt1
and AMPK activity, respectively [47]. Our results showed that the ef-
fects of Sirt1 on PGC1 and Sirt3 expression were partially prevented by
both salermide and compound C. In addition, these two inhibitors were
also effective in nullifying Sirt1-induced effects on BBB permeability
and cell apoptosis. All these data strongly suggest that the link between
Sirt1 and Sirt3 in our model is mediated by the AMPK-PGC1 pathway.

5. Conclusion

In summary, this study demonstrated that Sirt1 and Sirt3 exert
opposite effects on BBB permeability in vitro in human cells. After OGD,
Sirt1 inhibited Sirt3 expression through the AMPK-PGC1 pathway,
causing mitochondrial ROS generation, which in turn leads to de-
creased BBB permeability and cell apoptosis. In view of these results,
the Sirt1-Sirt3 axis might be an ideal target to modulate BBB perme-
ability after ischemic stroke.
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