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Downregulation of hippocampal SIRT6 activates AKT/
CRMP2 signaling and ameliorates chronic stress-induced
depression-like behavior in mice
Wang Li1, Xin Liu1 and Hui Qiao1

Sirtuin 6 (SIRT6) has been reported to play a key role in cognitive function and mood regulation, yet its role in mood disorders is not
completely understood. Here, we confirmed that knockdown of hippocampal SIRT6 alleviated depression-like behaviors induced by
chronic unpredictable stress (CUS) in mice. Our in vitro data showed that SIRT6 negatively regulated protein kinase B (AKT)
signaling by deacetylating histone 3 at Lys9 and Lys56. Knockdown of SIRT6 significantly increased AKT phosphorylation activity,
while decreased collapsin response mediator protein 2 (CRMP2) phosphorylation activity. Furthermore, pharmacologic inhibition of
SIRT6 by ferulic acid (FA) (40 or 80mg· kg−1 per day, i.g.) could activate AKT/CRMP2 pathway in vitro, which has been proved to
exert an antidepressant-like effect on CUS-induced depressive models. In conclusion, our study suggested that hippocampal SIRT6
contributes to the performance of depression-like behaviors by suppressing AKT/CRMP2 signaling, and FA ameliorates CUS-induced
depression-like behaviors in mice as a potential pharmacologic inhibitor of SIRT6.
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INTRODUCTION
Major depression is a highly prevalent psychiatric disorder with
causing severe burden on the family and society [1]. Stress plays
an important role in the pathophysiology and pathogenesis of
major depression disorder (MDD) [2–4]. However, the current
understanding of the etiology of MDD is incomplete and
the mechanisms remain largely unknown. Due to the intricate
mechanism of depression, many clinical antidepressants are
inefficient.
Sirtuins (SIRTs) are a family of nicotinamide adenine dinucleo-

tide (NAD+)-dependent deacetylases that regulates many cellular
physiological processes, including metabolism, autophagy, differ-
entiation and development [5]. SIRTs have recently been
implicated in mood disorders in mice and human [6]. SIRT1 and
SIRT2 mRNA were significantly down-regulated in depressive
disorders [7, 8]. Inhibition of SIRT1 led to an increase
in depression-like behaviors. Conversely, SIRT1 activation pre-
vented depressive phenotypes elicited by chronic stress [9].
However, other evidence has shown the opposite results. SIRT1
overexpression increased stress vulnerability in mice, and brain-
specific SIRT1 knockout mice showed less depressive phenotypes
[10]. Furthermore, pharmacologic and genetic inhibition of SIRT2
blocked the development of depressive and anxiety behaviors
[11, 12]. Nevertheless, overexpression of hippocampal
SIRT2 protected against the chronic unpredictable stress (CUS)-
induced depression-like behaviors [13]. Recent evidence has
suggested the involvement of SIRT6 in the pathophysiology of

mood disorders [14, 15], providing a potential mechanism
underlying depression.
Studies revealed that up-regulation of SIRT6 activity led to

depression-like behaviors in rat models by blocking AKT/GSK-3β
signaling [15]. AKT is the key molecule activated downstream of
the phosphatidylinositide-3 kinase (PI3K) signaling, and its
dysregulation plays important roles in the pathogenesis of many
psychiatric diseases [16]. Such as, AKT2-knockout mice displayed
increased anxiety behavior [17]. Glycogen synthase kinase 3β
(GSK-3β) is a ubiquitous protein kinase having a pivotal role in
neurodevelopment and is identified as a downstream target of the
PI3K/AKT signaling cascade [18]. Several studies showed that GSK-
3β has been implicated in depression and other neuropsycho-
pathies. An increase in GSK-3β activity was prone to develop
depression [19]. Conversely, inhibition of GSK-3β activity exhibited
antidepressant action in mice [20]. The PI3K/AKT pathway could
facilitate GSK-3β phosphorylation to repress GSK-3β activity
and thus participated in regulation of depression. However, the
function and role of SIRT6/AKT/GSK-3β in depression has not been
studied sufficiently, such as how the SIRT6 interacted with AKT,
and more in vivo confirmation of its involvement.
Collapsin response mediator protein 2 (CRMP2) is a

microtubule-associated protein that is highly expressed in specific
regions in the developing and adult nervous systems [21].
Increasing evidence suggests that CRMP2 has been implicated
in various neurological and psychiatric disorders, such as
schizophrenia [22], ischemia [23, 24] and Alzheimer’s disease
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[25–27]. Remarkably, loss of brain-specific CRMP2 leads to
neuronal development deficits and behavioral impairments in
mice [22, 28]. In addition, other evidence illustrated that CRMP2
function is robustly regulated by post-translational modification,
[21, 29–33] such as phosporylation, glycosylation, proteolysis, and
SUMOylation. Especially phosphorylation of CRMP2 has been
studied extensively. It has been shown that CRMP2 was
phosphorylated by activated GSK-3β at Thr514 [24, 29]. Impor-
tantly, excessive CRMP2 phosphorylation results in dendritic
development abnormalities and axonal injury [24, 34], whereas
dephosphorylated or non-phosphorylated CRMP2 fosters axonal
regeneration and microtubule formation [35, 36]. These findings
indicated that CRMP2 plays an important role in neuronal
development and maturation. However, the precise mechanism
by which AKT/GSK-3β/CRMP2 pathway regulates neuronal plasti-
city and behaviors remains to be determined.
In this study, our in vivo and in vitro data comprehensively

explained the function and mechanism of SIRT6 in response to
chronic stress and antidepressants.

MATERIALS AND METHODS
Regents and antibodies
Resveratrol (Cat#R5010) were obtained from Sigma. OSS_128167
(Cat#HY-107454) was purchased from MedChemExpress (MCE,
shanghai, China). LY294002 (Cat#S1737) was brought from
Beyotime Biotechnology (Shanghai, China). Ferulic acid
(Cat#IF0050) was purchased from Solarbio Life Sciences (Beijing,
China). Anti-acetylated-lysine (Cat#9441), anti-H3K56ac (Cat#4243),
anti-H3K9ac (Cat#9649), anti-IgG (Cat#2729 S), anti-SIRT6
(Cat#12486S), anti-phospho-AKT (Ser473) (Cat#4060), anti-AKT
(Cat#9272) and anti-CRMP2 (Cat#9393) antibodies were obtained
from Cell Signaling Technology. Anti-H3K56ac (Cat#1710259) and
anti-H3K4me3 (Cat#2717639) antibodies were purchased from
Millipore. Anti-Myc (Cat#TA150121) and anti-GFP (Cat#TA150041)
antibodies were provided by Origene. Anti-phospho-CRMP2
(Thr514) (Cat#ab62478) was purchased from Abcam. Anti-GAPDH
(Cat#TA-08) and horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Cat#ZB2301/2305) were brought from ZSGB-
Bio (Beijing, China). Secondary fluorescence antibodies
(DyLight488, Cat#23220; DyLight594, Cat#23420) were brought
from Abbkine (Wuhan, China).

Animals and chronic stress
Male 8-week-old C57BL/6 (20–22 g) mice were purchased from the
Vital River Laboratory Animal Technology (Beijing, China). They were
housed in a 12-h light/dark cycle standard conditions (temperature,
22 ± 2 °C; humidity, 40%–50%) with free access to food and water.
All experiments were conducted following the National Institutes of
Health (NIH) guidelines and approved protocols from the Shaanxi
Normal University Animal Care Committee.
After 2 weeks, mice were randomly divided into two groups

(n= 12 per group): control group and chronic unpredictable stress
(CUS) group. We selected eight different mild stressors as
described previously [2]. The different types of mild stressor used
are detailed in the Table 1. CUS procedure was performed as
described in Fig. 1a. Mice were subjected daily for 21 days to two
different mild stressors accordingly to a random schedule to avoid
any kind of habituation. Mice were subjected to the first stressor
for 6 h each day, and then subjected to the second stressor.
Control mice were left undisturbed in their home cages, except for
behavioral tests.

Behavioral evaluation
For the sucrose preference test (SPT), mice were given a free
choice between two bottles, containing either 2% sucrose solution
or water for 24 h. After 12 h, the position of the bottles was
switched. The consumption of water and sucrose solution was

calculated to estimate the total preference for sucrose by
weighing the bottles. For the forced swim test (FST), mice were
placed individually into a vertical glass cylinder (height 25 cm,
diameter 12 cm), which was filled with 12-cm deep water at 23 °C.
In each test session, animals were placed in the cylinder for 5 min
and videotaped. For the tail suspension test (TST), mice were
suspended by its tail with tape (50 cm above the floor), and period
of cumulative immobility during 5min was videotaped by an
investigator. The experimenter was blinded to the experimental
conditions for analysis of the behavioral tests.

FA treatment
Male C57BL/6 mice were randomly divided into four groups (n=
10 per group): control group, CUS group, and CUS+ FA group (40
or 80 mg· kg−1 per day, intragastric (i.g.)). Mice were administered
FA for 14 days consecutive after the 15-day CUS as schematized in
Fig. 6a. The doses were selected on the basis of previously
published reports [37].

Cell culture and transfection
Human HEK293T and mouse neuroblastoma HT-22 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone, Cat#SH30022) containing 10% fetal bovine serum (BI,
Cat#abs972), 100 U· mL−1 penicillin and 100mg· mL−1 streptomy-
cin (Hyclone, Cat#SV30010) in a humidified incubator at 37 °C with
5% CO2. Cells were plated into a 6-well and cultured overnight,
and then transfection was carried out using Lipo8000 reagent
(Beyotime, Cat#C0533).

Primary neurons
Primary hippocampal neurons were prepared from E17.5-E18.5
mouse brains as previously described [38]. After the pregnant
mouse was killed in a chamber filled with carbon dioxide (RWD
Life science, Shenzhen, China; Cat#R-51031), the embryos were
immediately removed, and the brains were placed in ice-cold
isotonic buffer (137 mM NaCl, 5 mM KCl, 0.2 mM NaH2PO4, 0.2 mM
KH2PO4, 5.5 mM glucose, and 6mM sucrose, pH 7.4). Following
washes, the hippocampuses were extracted and minced, digested
in papaya (Solarbio, Beijing, China; Cat#G8430) and DNA enzymes
(Solarbio, Beijing, China; Cat#D8070), and resuspended in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin. The
DMEM was exchanged 24 h later for Neurobasal medium (Gibco,
Cat#1967789) supplemented with GlutaMAX (Gibco, Cat#1919082)
and B27 supplement (Life Technologies, Cat#12587-010).

Plasmids constructs
Human SIRT6 cDNA was inserted into a pcDNA3.0-Flag or
pcDNA4-HisMax vector. SIRT6 H133Y vector was generated by
the site-directed mutagenesis kit (YEASEN, Shanghai, China; Cat

Table 1. The different types of mild stressor used were described

Stressor Details

Altered light-dark cycle (aLD) Alternated 30min of ON/OFF light
during the last 3 h of the light phase

Cage tilting (CT) Room temperature for 12 h

Restraint stress (RS) 3 h in a 15 cm × 5 cm cylinder

Cage exchange (CE) Mice placed in the empty cage of
other mice for 3 h

Overcrowding (Ov) 10 mice for 12 h in a 25 cm× 14 cm ×
19 cm

Altered bedding (aB) Sawdust with 21 °C water for 3 h

Food and water
deprivation (FWD)

12 h

Rotating bar (RB) Position of the cage on a rotating bar
for 3 h

Downregulation of SIRT6 activates AKT/CRMP2 signaling
W Li et al.

1558

Acta Pharmacologica Sinica (2020) 41:1557 – 1567

https://www.ccdc.cam.ac.uk/1710259
https://www.ccdc.cam.ac.uk/2717639
https://www.ccdc.cam.ac.uk/1967789
https://www.ccdc.cam.ac.uk/1919082


No. 11003) according to the protocol. Human histone H3B cDNA
was cloned into a pCMV-Myc vector. H3K9R and H3K56R vectors
were constructed by the MutanBEST kit (Takara; Code No. R401).
The wild-type and mutant of SIRT6 and H3B were verified by
sequencing (Tsingke, Xi’an, China).

RNA interference and lentiviral purification
Human SIRT6 short hairpin RNA (shRNA) (5′-GCCTCTGACT
TGCTGTGTTGT-3′), mouse SIRT6 shRNA (5′-GGTCATTGTCAACCTG
CAACC-3′), human AKT1 shRNA (5′-GGACAAGGACGGGCACATTAA-
3′) and non-targeting shRNA were synthesized by Tsingke, and
then inserted into a pGreenPuro vector. To generate expressing
SIRT6 shRNA lentivirues, HEK293T cells were cotransfected by
expression vector with packaging vectors psPAX2 and pMD2.G.
After incubation for 48 h, cells supernatant was harvested and
purified by ultracentrifugation. The titers of LV-shCtrl and LV-
shSIRT6 were measured as 5.7 × 108 TU/mL and 6.5 × 108 TU/mL,
respectively.

SIRT6 deacetylase activity assay
The deacetylase activity of SIRT6 was measured using a SIRT6
Activity Assay Kit (Abcam, Cat#ab156068) according to manufac-
turer’s instructions. Briefly, the reaction compound mixture
contained SIRT6 assay buffer, 0.1 mM fluoro-substrate peptide,
0.1 mM fluoro-deacetylated peptide, 8 mM NAD, 200 μM FA, and
1.5 µg recombinant SIRT6 setting the final reaction volume of
50 µL. The mixture was incubated for 50 min at room temperature.
The fluorescence intensity was measured using a microtiter plate
fluorometer at 1–2min intervals at Ex/Em= 480–500 nm/520–540
nm. All tests were performed in triplicate.

Stereotaxic surgery
Male C57BL/6 mice were randomly divided into three groups (n=
12 per group): the control group, CUS+ LV-shCtrl and CUS+ LV-
shSIRT6. Mice induced by 21-day CUS were anesthetized
intraperitoneally with 2% sodium pentobarbital (50 mg· kg−1,
(i.p.)) and placed in a stereotaxic apparatus. A total volume of
1 μL of lentivirus expressing a GFP protein was bilaterally injected
into the hippocampus (AP, −2.0 mm; ML, ±1.5 mm; DV, −1.5 mm)
at 0.1 μL/min [39]. After microinjection was completed, mice
recovered on a heating pad upon revival. Mice were allowed to
recover for 14 days before behavioral experiments. Successful
transduction in the hippocampus was determined by immunos-
taining with GFP antibody.

Quantitative real-time PCR analysis
Total RNA was extracted using the RNAiso Reagent according to
the manufacturer’s instructions (TaKaRa, Cat#9108). The synthesis
of cDNA library was reversed using the PrimeScript RT Master Mix
(TaKaRa, Cat#RR036). Quantitative real-time PCR analysis was
performed using the TB Green qPCR Master Mix (TaKaRa,
Cat#RR430). GAPDH was used as an internal control for the
normalization. All primers used in this study were shown as
follows: SIRT6, 5′-ATGTCCCAAGTGTAAGACGCAGTA-3′ and 5′-CT
CATCAGCGAGCATCAGGTC-3′; GAPDH, 5′-CATCTTGGGCTACACTG
AGGACC-3′ and 5′-TCATACCAGGAAATGAGCTTGACA-3′.

Western blotting assay
Total proteins of tissue and cells were extracted by RIPA lysis buffer
containing protease inhibitor. In all, 30 μg proteins were separated
by SDS-PAGE and transferred to PVDF membranes (Millipore,
Cat#IPVH00010). The membrane was blocked with 5% non-fat milk
and incubated with individual primary antibody SIRT6 (1:1000)
phospho-AKT/AKT (1:1000) phospho-CRMP2/CRMP2 (1:1000) GAPDH
(1:5000) for 1 h at room temperature. Then blots were incubated
with the indicated HRP-conjugated secondary antibodies for 1 h at
room temperature. All blots were visualized with the SuperSignal
West Pico Substrate (Betyotime, Cat#D3308-1).

Immunofluorescence staining
Hippocampal sections were fixed with 4% paraformaldehyde and
were permeabilized with 0.5% Triton X-100 in phosphate buffered
saline (PBS), and then blocked with 2% bovine serum albumin
(BSA, Albumin, Cat#180728) at room temperature. The sections
were incubated overnight with primary antibodies of phospho-
AKT (1:200) and phospho-CRMP2 (1:100) at 4 °C. Next, the sections
were incubated with secondary fluorescence antibodies for 1 h at
room temperature, and then stained using 5 μg· mL−1 DAPI (Cell
Signaling, Cat#4083 S) for 5 min. Fluorescence images were
captured under a ZEISS microscope (Germany).

Immunoprecipitation assay
Cells were extracted by the immunoprecipitation lysis buffer
(ThermoFisher; Cat#87787). In total, 500 μg proteins were pre-
cleared with protein A/G beads (Santa Cruze Biotechnology;
Cat#sc-2003) for 1 h at 4 °C. After incubated with 5 μg anti-SIRT6,
anti-AKT, and anti-IgG respectively overnight at 4 °C, protein A/G
beads were then added and incubated for 3 h at 4 °C. After cold
PBS washing, the immunoprecipitates were suspended and
loaded into SDS-PAGE for immunoblotting analysis with the
anti-AKT and anti-acetylated-lysine (1:1000) antibody, respectively.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was performed
according to the standard procedures [40]. Briefly, HEK293T cells
were washed and crosslinked with 1% formaldehyde for 10min at
room temperature. Then genomic DNA was lysed, sonicated and
quantified. In all, 50 μg DNA was precleared for 1 h with protein A/G
beads, and incubated with 5 μg anti-SIRT6, anti-H3K56 and anti-
H3K56 respectively overnight at 4 °C. Next, immunoprecipitated
complexes were bound to protein A/G beads for 3 h at 4 °C and
washed successively. Genomic DNA was purified by the EasyPure
Genomic DNA kit (Transgen Biotech, Beijing, China; Cat#EE101)
according to the protocol. GAPDH was used as negative control
[41]. Immunoprecipitated DNA was carried out using specific
primers for AKT1 promoter (human AKT1 promoter: forward, 5′-TG
CTGGCCTGGTGTATACG-3′; reverse, 5′-CAGAGGGCTGGACTCAAAG
AC-3′ and mouse AKT promoter: forward, 5′-ATTTCCATCCTGGGC
GATAGC-3′; reverse, 5′-CCAGAAGCCCGACTTGATAGTAAC-3′).

Statistical analysis
The data were expressed as the mean ± SEM. The behavioral data
were performed with the investigator blind to the experimental
groups. Differences among multiple groups were analyzed with
one-way ANOVA followed by Dunnett’s post hoc test. Comparisons
between two groups were performed using unpaired Student’s
t-test. Values P < 0.05 was considered statistically significant. All
data were analyzed by GraphPad Prism 7.0 software.

RESULTS
Chronic stress increases the mRNA and protein level of
hippocampal SIRT6
Chronic stress has been reported to produce depression-like behavior
in mice [2, 9]. As shown in Fig. 1b, C57BL/6 mice were subjected to a
3-week period of CUS. We then assessed depressive phenotypes
using the SPT, FST and TST (Fig. 1c–e). CUS-induced mice showed a
deficit in nature reward in the SPT (Fig. 1c) and an increase in the
immobility time in the FST and TST compared with control mice
(Fig. 1d, e). We investigated whether chronic stress alters the mRNA
and protein level of SIRT6 in the hippocampus. Real-time PCR analysis
showed that compared with control mice, the mRNA expression of
SIRT6 was significantly increased in the whole hippocampus of CUS
mice (Fig. 1f). In addition, we separated CA1-CA3 and DG areas from
the hippocampus and separately checked the expression of SIRT6
(Fig. 1g). Western blotting confirmed that CUS significantly increased
SIRT6 protein level than those of control mice (Fig. 1h).
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Knockdown of hippocampal SIRT6 attenuates depression-like
behaviors
To directly testify whether SIRT6 up-regulation is involved in
depression-like behaviors, mice were bilaterally microinjected with
LV-shSIRT6 or LV-shCtrl into hippocampal CA1-CA3 area after 21-
day CUS (Fig. 2a). We examined the efficiency of lentivirus
expressing GFP by histological observation (Fig. 2b). Western
blotting showed that the protein level of SIRT6 was decreased
in CA1-CA3 area in LV-shSIRT6 mice, but no significant difference
in DG area (Fig. 2c, d). LV-shSIRT6 mice showed significant
preference in the SPT compared with LV-shCtrl mice (Fig. 2e). In
the FST and TST, the immobility time of the LV-shSIRT6 mice was
markedly decreased (Fig. 2f, g). Our data indicated that knock-
down of SIRT6 in hippocampus could alleviate depression-like
behaviors induced by CUS, suggesting a direct link between
hippocampal SIRT6 up-regulation and depression-like behavior.

AKT is a potential downstream target of SIRT6
Several studies have revealed an involvement of SIRT6 in the
regulation of AKT/GSK-3β signaling [15, 41], proteins known to be
associated with antidepressant action in rodent models. To
elucidate the mechanism by which SIRT6 regulates AKT signaling,
we firstly checked the interaction of SIRT6 and AKT using
immunoprecipition assay. However, immunoprecipitation assay
showed that SIRT6 could not coprecipitate with AKT (Fig. 3a).

To exclude off-target effect, SIRT6 shRNA was used to assess the
effect of AKT acetylation. Consistently, SIRT6 shRNA failed to affect
AKT acetylation level directly (Fig. 3b). Considering that SIRT6 is a
nuclear histone deacetylase, and directly regulate various proteins
expression by deacetylating H3K9 and H3K56 [42], we performed
ChIP assay to examine whether SIRT6 regulates AKT signaling at
the level of chromatin. As we expected, after transfection of His-
SIRT6, we confirmed that SIRT6 could bind to the promoter of
AKT1 (Fig. 3c). Furthermore, we found that overexpression of SIRT6
led to a decrease of H3K9 and H3K56 acetylation in the promoter
of down-regulated AKT1 signaling (Fig. 3d). In addition, immuno-
precipitation assay confirmed that acetylation of wild-type
histones was reduced by SIRT6, while acetylation of H3K9R and
H3K56R mutants was not decreased (Fig. 3e). These data
demonstrated that SIRT6 directly suppresses AKT signaling by
deacetylating H3K9 and H3K56 (Fig. 3f, g).

Genetic suppression of SIRT6 triggers AKT/CRMP2 signaling
CRMP2 is a potential downstream target of AKT/GSK-3β signaling
[29, 43], and we found that CRMP2 was also involved in the
downstream signaling pathway of SIRT6. LV-shSIRT6 significantly
increased AKT phosphorylation activity in HEK293T cells, whereas
reduced CRMP2 phosphorylation activity (Fig. 4a). Conversely,
LV-shAKT1 significantly reversed the phosphorylation activity of
CRMP2 (Fig. 4b). To further characterize the potential role of SIRT6

Fig. 1 Chronic stress leads to an increase in mRNA and protein level of hippocampal SIRT6. a Time course and design of CUS. b Experimental
timeline is shown for in vivo CUS-induced mice model. c–e SPT, FST, and TST were performed on the 21th day. The data are expressed as
mean ± SEM (n= 12 per group). *P < 0.05, **P < 0.01 compared with CON. f Quantitative real-time PCR analysis of SIRT6 mRNA expression in
the hippocampus. The data are expressed as mean ± SEM (n= 12 per group). ***P < 0.001 compared with CON. g Western blotting analysis
showed that CUS increased the protein level of SIRT6 in hippocampal CA1-CA3 and DG area. h Quantitative analysis of SIRT6 protein level
using Image J software. The data are expressed as mean ± SEM (n= 3 per group). ***P < 0.001 compared with CON
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in regulating AKT/CRMP2 signaling, HEK293T cells were trans-
fected with SIRT6 H133Y encoding a catalytically inactive mutant
of SIRT6 [42]. As shown in Fig. 4c, overexpression of SIRT6 H133Y
could remarkably elevate phosphorylation activity of AKT and
supress phosphorylation activity of CRMP2. In order to consolidate
the in vitro SIRT6/AKT/CRMP2 pathway, primary hippocampal
neurons were infected for 48 h with LV-shSIRT6 and LV-shCtrl,
respectively. Knockdown of SIRT6 could also activate AKT/CRMP2
pathway in primary hippocampal neurons (Fig. 4d). Taken
together, our results confirmed that SIRT6 potently blocks AKT/
CRMP2 signaling.

Pharmacologic inhibition of SIRT6 activates AKT/CRMP2 signaling
We further investigated the effect of pharmacologic inhibition of
SIRT6 on AKT/CRMP2 signaling. SIRT6 inhibitor OSS_128167
effectively promoted AKT phosphorylation and inhibited CRMP2
phosphorylation in primary neurons (Fig. 5a). Simultaneously, the
phosphorylation activity of CRMP2 was significantly reversed by

PI3K inhibitor LY294002 (Fig. 5a). Ferulic acid (FA) has been proved
to exert an antidepressant-like effect on chronic stress-induced
mouse model [44, 45]. However, the mechanism of its antide-
pressant effect is not clear. The relationship between FA and SIRT6
has not been investigated. Occasionally we found that it seems
that FA has the same effect as OSS_128167. FA significantly
increased AKT phosphorylation and decreased CRMP2 phosphor-
ylation as effective as OSS_128167 (Fig. 5b). Then we strictly
examined the effect of FA on the regulation of SIRT6 in primary
neurons in a concentration-dependent manner. SIRT6 expression
was significantly decreased by FA treatment at the concentration
of 50–400 μM (Fig. 5c). Simultaneously, FA activated AKT/
CRMP2 signaling pathway (Fig. 5c). Our data further showed that
activation of SIRT6 by resveratrol treatment on primary neurons
was attenuated by FA (Fig. 5d), and the inhibition of AKT/
CRMP2 signaling by resveratrol was also buffered by FA (Fig. 5d).
Using HT-22 cells, a commonly used hippocampus-like cell model
system, we can see that AKT/CRMP2 signaling activated by FA was

Fig. 2 Knockdown of hippocampal SIRT6 prevents CUS-induced depression-like behaviors. a Experimental timeline was shown for in vivo
lentiviral-mediated SIRT6 knockdown studies. After 21 days of chronic stress, mice were microinjected for 14 days with LV-shCtrl or LV-shSIRT6
into the hippocampus. b Corresponding images of lentiviral infection in the hippocampus. Scale bar, 200 μm. c, d Representative blots of SIRT6
detected by Western blotting with tissues from the hippocampal CA1-CA3 and DG area. The data are expressed as mean ± SEM (n= 3 per group).
***P < 0.001 compared with LV-Ctrl. n.s. no significant difference. e–g Knockdown of hippocampal SIRT6 ameliorated CUS-induced depression-
like behaviors, including SPT (F2, 33= 8.902, P= 0.0008), FST (F2, 33= 11.69, P= 0.0001), and TST (F2, 33= 7.938, P= 0.0015). The data are expressed
as mean ± SEM (n= 12 per group). ##P < 0.01, ###P < 0.001 compared with CON; **P < 0.01, ***P < 0.001 compared with LV-shCtrl+CUS
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largely abrogated by overexpression of SIRT6 (Fig. 5e). To seek
direct evidence for pharmacologic inhibition of SIRT6 by FA, we
tested whether FA has an important effect on SIRT6 deacetylase
activity and its substrates. As shown in Supplementary Fig. S1A,
SIRT6 deacetylase activity was down-regulated by FA in dose-
dependent manner. In addition, we checked the expression of
SIRT6 enzyme substrates using Western blotting analysis. FA
significantly increased the expression of H3K56ac and H3K9ac by
inhibiting SIRT6 deacetylase activity (Supplementary Fig. S1B, C).
These results indicated that FA is a potential pharmacologic
inhibitor of SIRT6, and AKT/CRMP2 signaling activated by FA can
be attributed to its ability to block SIRT6 activity.

Pharmacologic inhibition of SIRT6 alleviates CUS-induced
depression-like behaviors in mice
Mice underwent a 21-day chronic stress. From day 15, mice were
given FA (40 or 80 mg· kg−1) for 14 days continuously (Fig. 6a).
Analysis of variance revealed that administration of FA treatment
could reverse the depression-like behaviors induced by CUS
(Fig. 6b–d). We subsequently detected the expressions of proteins

in the hippocampus. Compared with the CUS mice, mice with FA
treatment exhibited reduced protein level of SIRT6 (Fig. 6e, f). In
addition, mice with FA treatment exhibited a remarkable up-
regulation of phosphorylated AKT and downregulation of
phosphorylated CRMP2 compared with CUS mice (Fig. 6e, f).
Consistently, immunostaining analysis showed that FA obviously
increased AKT phosphorylation expression, whereas decreased
CRMP2 phosphorylation expression in the hippocampus (Fig. 6g).
These data indicated that FA treatment protects against CUS-
induced depression-like behaviors by regulating SIRT6/AKT/
CRMP2 signaling pathway.

DISCUSSION
In mammals, SIRT6 is known to be a longevity protein that
regulates cellular and individual growth, development,
and lifespan. Overexpression of SIRT6 could improve health
and extend lifespan in mice [46], whereas ablation of SIRT6
resulted in elevated reactive oxygen species (ROS) levels and
increased vulnerability to oxidative injury [42]. In addition, loss

Fig. 3 SIRT6 negatively regulates AKT signaling. a HEK293T cells were transfected with Flag or Flag-SIRT6 for 48 h, and then
immunoprecipitated with anti-SIRT6. IgG was used as a negative control. b HEK293T cells were transfected with shCtrl or shSIRT6 for 48 h,
cells lysates was immunopreciptated with anti-AKT, acetylated AKT was performed using anti-acetylated-lysine. c ChIP analysis using
anti-SIRT6 to detect SIRT6 at the promoter of AKT in SIRT6 overexpression HEK293T cells. The data are expressed as mean ± SEM (n= 3).
***P < 0.001 compared with His. d ChIP analysis using anti-H3K9ac or anti-H3K56ac to detect histone at the promoter of AKT in SIRT6
overexpression HT-22 cells. The data are expressed as mean ± SEM (n= 4). ***P < 0.001 compared with Myc-H3+ SIRT6. e Immunoprecipita-
tion analysis using anti-Myc to detect acetylated-histone in SIRT6 overexpression HEK293T cells. f, g SIRT6 condensed chromatin and inhibited
AKT signaling by deacetylating H3K9 and H3K56. Conversely, suppression of SIRT6 relaxed chromatin and promoted AKT signaling by
increasing H3K9 and H3K56 acetylation
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of SIRT6 resulted in neuronal development defects [47].
However, the pricise mechanisms by which SIRT6 mediates
depression-like behavior remain to be investigated. In this study,
our results showed that hippocampal SIRT6 expression was
significantly up-regulated in CUS-induced mouse model, con-
sistent with previous studies [15]. And we further confirmed the
involvement of hippocampal SIRT6 in CUS-induced depressive
model using lentivirus-mediated knockdown in vivo. Knock-
down of hippocampal SIRT6 could strongly prevent CUS-
induced depression-like phenotypes. However, another animal
study indicated that chronic stress exposure leads to the
reduction of prefrontal SIRT6 activity in mice, and a SIRT6
activator has an antidepressant-like effect [14]. Thus, SIRT6-
mediated control of depression may rely on the cell type,
genetic background, and brain region.

It is confirmed that the PI3K signaling participates in the
regulation of many neuronal processes, including neuronal
differentiation, dendritic formation, and synaptic plasticity [43].
Increasing evidence showed that the PI3K/AKT signaling has been
discussed to mediate antidepressant effects. Pharmacologic
activation of PI3K/AKT pathway extremely mitigated depression-
like impairments induced by stress [48, 49]. Previous studies
indicated that overexpression of SIRT6 in HEK293T cells depho-
sphorylated AKT and inhibited AKT signaling [50]; and up-
regulation of hippocampal SIRT6 resulted in depressive pheno-
types by blocking AKT/GSK-3β signaling [15]. Consistently, our
results indicated that pharmacological inhibition of SIRT6 strongly
and effectively defeated depressive behaviors through stimulating
AKT signaling. Moreover, our data showed that SIRT6 not only
strongly blocked AKT phosphorylation activity, but also slightly

Fig. 4 Suppression of SIRT6 triggers AKT/CRMP2 signaling. a HEK293T cells were infected with LV-shCtrl or LV-shSIRT6 for 48 h, followed by
Western blotting. **P < 0.01 compared with LV-shCtrl. b HEK293T cells were transfected with shCtrl or shAKT1 for 48 h, followed by Western
blotting. *P < 0.05 ***P < 0.001 compared with LV-shCtrl. c HEK293T cells were transfected with Flag or Flag-SIRT6 H133Y plasmid for 48 h,
followed by Western blotting. *P < 0.05, ***P < 0.001 compared with His. d Primary hippocampal neurons were infected by LV-shSIRT6 or
LV-shCtrl. After 48 h, SIRT6, phospho-AKT and phospho-CRMP2 expression were determined by Western blotting. **P < 0.01 compared with
LV-shCtrl. All data are expressed as mean ± SEM (n= 3)
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decreased total AKT expression. And our further study revealed
that SIRT6 condensed chromatin and inhibited AKT signaling
through its ability to deacetylating H3K9 and H3K56. In line with
our data, SIRT6 completely blocked IGF/AKT signaling in the
development of cardiac hypertrophy [41]. In addition, given that
SIRT6 is the pivotal deacetylase, it is possible whether SIRT6 is
involved in directly deacetylating AKT. However, our present study
showed that SIRT6 directly failed to affect AKT acetylation activity.
To date, a few studies indicated that SIRT1 can be able to directly
deacetylate AKT and alter its phosphorylation activity [51], but
not SIRT6.
Besides, CRMP2 has been well characterized as a target of

neuronal plasticity and behavioral modulation [22], which
belongs to a downstream molecule of AKT/GSK-3β signaling.
Increasing evidence suggests that CRMP2 is a multifunctional
molecule that regulates various aspects of neuronal develop-
ment, including axon guidance, dendritic morphogenesis and
synaptic plasticity [29]. CRMP2 overexpression effectively
protects against acute axonal degeneration [29]. CRMP2
phosphorylation, an inactive form, led to the impairment of
neuronal plasticity and neural function [21]. Similarly, we found
that an increase of CRMP2 phosphorylation induced by CUS was

correlated with depression-like behavior. Furthermore, our data
showed that AKT1 shRNA and LY294002 resulted in an increase
of CRMP2 phosphorylation activity. Combined with previous
reports [43, 52], CRMP2 activity was regulated by SIRT6/AKT
signaling pathway.
We reported that FA is a small molecule that specifically inhibits

SIRT6 expression dose-dependently. FA is an effective component
extracted from Angelica sinensis (danggui), which has shown
multiple beneficial biological activities [53]. The antidepressant-
like activity of FA has been reported in a few animal models [54].
However, the detailed mechanism of FA on depression is still
unknown. The combination of our in vivo and in vitro data can
comprehensively explain the function and mechanism of FA in
response to chronic stress. Our findings with pharmacological
inhibition of SIRT6 indicated that FA strongly and effectively
activated AKT/CRMP2 signaling pathway, and ameliorated CUS-
induced depression-like behaviors and played a neuroprotective
effect by SIRT6/AKT/CRMP2 pathway (Fig. 7).
Accumulating evidence shows that chronic stress activates the

inflammatory and oxidative stress system, lead to a high risk of
vulnerability to depression. Pharmacological inhibition of PPARγ/
NF-κB/NLRP3 inflammasome axis can modulate the inflammatory

Fig. 5 Pharmacological inhibition of SIRT6 activates AKT/CRMP2 in primary neurons. a Primary hippocampal neurons were treated for 6 h with
respectively 100 μM OSS_128167 and 50 μM LY294002, followed by Western blotting. *P < 0.05, **P < 0.01 compared with negative control
(NC). b Primary neurons were pretreated with OSS_128167 and 200 μM FA, followed by Western blotting. *P < 0.05, **P < 0.01, ***P < 0.001
compared with NC. c Primary neurons were pretreated for 24 h with different concentrations of FA, followed by Western blotting. **P < 0.01,
***P < 0.001 compared with 0 μM. d Primary neurons were incubated for 24 h with FA and 100 μM resveratrol, followed by Western blotting.
*P < 0.05, **P < 0.01, ***P < 0.001 compared with resveratrol (Res). e HT-22 cells were transfected with His-SIRT6, and then incubated with FA,
followed by Western blotting. *P < 0.05 compared with FA+ His. About all data are expressed as mean ± SEM (n= 3)
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response and further have an antidepressant effect [55].
Pharmacological treatment by increasing antioxidant pool relieves
stress-induced behavioral and cognitive impairments in vivo
experiment [56]. In addition, recent evidence shows that FA has
anti-inflammatory, anti-oxidative, and anti-apoptotic properties
[53]. However, whether FA can prevent the inflammasome axis

and oxidative stress to fight against depression remains to be
further investigated.
In conclusion, our in vivo studies confirmed that down-

regulation of hippocampal SIRT6 attenuates CUS-induced depres-
sive phenotypes in mice. The beneficial effect of suppression of
SIRT6 is related to AKT/CRMP2 signaling pathway. In addition, our

Fig. 6 FA attenuates CUS-induced depression-like behaviors in mice as a pharmacological inhibitor of SIRT6. a Experimental procedure for the
CUS-induced mouse model. Mice underwent a 21-day chronic stress. From day 15, mice were administered FA (40 or 80 mg· kg−1) for 14 days.
b–d FA treatment completely prevented CUS-induced depression-like behaviors, including SPT (F3, 35= 8.167, P= 0.0003), FST (F3, 36= 9.859,
P < 0.0001), and TST (F3, 36= 9.907, P= 0.0001). The data are expressed as mean ± SEM. (n= 10 per group). ###P < 0.001 compared with CON
group; *P < 0.05, ***P < 0.001 compared with CUS group. e, f Western blotting analysis of SIRT6, phospho-AKT and phospho-CRMP2 protein
level in the hippocampus. The data are expressed as mean ± SEM (n= 3 per group). #P < 0.05, ##P < 0.01 compared with CON group;
*P < 0.05, **P < 0.01 compared with CUS group. g Immunostaining images showed that pharmacological inhibition of SIRT6 by FA treatment
increased the expression of phospho-AKT and decreased the expression of phospho-CRMP2 in the hippocampus. Scale bar, 100 μm
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study showed that hippocampal SIRT6/AKT/CRMP2 signaling path-
way was involved in the mechanism of antidepressant effect of FA.
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