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Vascular dementia (VaD), the second cause of dementia, is caused by chronic cerebral hypoperfusion, producing progressive
damage to cerebral cortex, hippocampus, and white matter. Ligustilide (LIG), one of the main active ingredients of Angelica
sinensis, exerts the neuroprotective effect on neurodegenerative diseases. However, the mechanism remains unclear. An in vivo
model of bilateral common carotid artery occlusion and in vitro model of oxygen glucose deprivation (OGD) were employed
in this study. LIG (20 or 40mg/kg/day) was intragastrically administered to the VaD rats for four weeks. The results of the
Morris water maze test demonstrated that LIG effectively ameliorated learning and memory deficiency in VaD rats. LIG
obviously relieved neuronal oxidative stress damage by increasing the activities of catalase (CAT), superoxide dismutase (SOD),
and glutathione peroxidase (GSH-PX) and decreasing the level of malondialdehyde (MDA) in VaD rats. Nissl staining showed
that LIG increased the number of the Nissl body in VaD rats. After LIG administration, the apoptotic-related protein, Bax, was
decreased and Bcl-2 was increased in the hippocampus of VaD rats. Moreover, the expressions of sirtuin 1 (SIRT1) and
protein disulfide isomerase (PDI) were decreased, binding immunoglobulin protein (BIP) and phospho-inositol-requiring
enzyme-1α (P-IRE1α), X-box binding protein 1 (XBP1s), and C/EBP-homologous protein (CHOP) were increased in VaD rats.
After LIG treatment, these changes were reversed. The immunofluorescence results further showed that LIG upregulated the
expression of SIRT1 and downregulated the expression of P-IRE1α in VaD rats. In addition, in vitro experiment showed that
EX-527 (SIRT1 inhibitor) partly abolished the inhibitory effect of LIG on the IRE1α/XBP1s/CHOP pathway. In conclusion,
these studies indicated that LIG could improve cognitive impairment by regulating the SIRT1/IRE1α/XBP1s/CHOP pathway in
VaD rats.

1. Introduction

Dementia, an irreversible disease, causing a progressive cogni-
tive decline, has become one of the major health problems.
Among them, vascular dementia (VaD) is the second cause
of dementia after Alzheimer’s disease (AD) [1]. Although the
pathological mechanism of VaD is not clear, it seems to be
related to neurovascular unit destruction, cholinergic hypo-
function, oxidative stress, inflammation, blood-brain barrier
breakdown, disruption of Zn homeostasis, and so on [2–4].

Due to the high energy requirements, the brain needs a
continuous and well-regulated blood supply [5]. Chronic
cerebral hypoperfusion causes mitochondrial dysfunction,
which leads to a large amount of reactive oxygen species
(ROS) accumulation in neurons and activate the endoplas-
mic reticulum stress (ER stress) pathway [6, 7]. ER stress is
to maintain cellular homeostasis within the ER by activating
the unfolded protein response (UPR) [8]. However, persis-
tent ER stress activates downstream proteins, such as
caspase-12 and CHOP, which promote cell apoptosis in
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neuron [9]. Some studies have shown that ER stress
occurred in the brain of VaD rats, and inhibiting the ER
stress pathway could improve their cognitive impairment
[10, 11] .

Sirtuin1 (SIRT1), a NAD+-dependent deacetylase, is
thought to participate in the regulation of cellular senescence
and aging [12]. Some studies have shown that increasing the
expression of SIRT1 could improve cognitive impairment in
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Figure 1: LIG improves learning and memory deficiency in VaD rats. (a) Swimming tracks of rats on the first and fifth day in the Morris
water maze test. (b) Escape latency from five consecutive days of the Morris water maze test. (c) Time spent in the target quadrant in the
Morris water maze test. (d) Crossing times of the target platform in the Morris water maze test. (e) Swimming speed of rats in the Morris
water maze test. Data represent mean ± SEM (n = 10 per group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. sham group; #P < 0:05,
##P < 0:01, and ###P < 0:001 vs. VaD group.
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VaD rats by promoting angiogenesis, anti-inflammatory,
antioxidant, and antiapoptosis [13–15]. Interestingly, recent
studies have reported that the activation of SIRT1 could alle-
viate cell damage caused by ER stress [16, 17]. Besides, our
previous study also indicated that SIRT1 could downregulate
the ER stress pathway to exert a neuroprotective effect in
neurodegeneration disease [18].

Angelica sinensis, a commonly used traditional Chinese
medicine, is well known for its hematopoietic, antioxidant,
and immunoregulatory effect [19]. Ligustilide (LIG), one of
the main active ingredients of Angelica sinensis, has been
reported that it can cross the blood-brain barrier [20]. LIG
has been reported to have a number of beneficial effects,
such as anti-inflammatory [21], antioxidant [22], antiapop-
totic [23], angiogenesis-promoting [24], and anticancer
[25] effects. Studies have shown that LIG could improve cog-
nitive impairment and protect against neuron damage in
VaD rats [26–28]. Besides, our previous studies have shown
that LIG can exert a neuroprotective effect in aging mice

[29]. However, whether the SIRT1/ER stress pathway partic-
ipated in the protective effect of LIG on VaD is still unclear.

In this study, an in vivo model of bilateral common
carotid artery occlusion and in vitro model of oxygen glu-
cose deprivation (OGD) were employed to explore the neu-
roprotective effect of LIG in VaD and its potential
mechanism. We found that LIG could reduce 5neuronal
damage and improve cognitive impairment by regulating
the SIRT1/IRE1α/XBP1s/CHOP pathway.

2. Material and Method

2.1. Material. Ligustilide (CAS: 4431-01-0, purity ≥ 98%,
molecular weight: 190.24) was purchased from Chengdu
Refines Biotechnology Company (Chengdu, China). Isoflur-
ane was purchased from RWD Life Science (Shenzhen,
China). Kit for detecting malondialdehyde (MDA, CAS:
A003-1-2), superoxide dismutase (SOD, CAS: A001-1-2),
catalase (CAT, CAS: A007-1-1), glutathione peroxidase
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Figure 2: LIG reduces neurodegeneration in VaD rats. (a, b) Nissl staining of the cortex and the hippocampus. Scale bar: 50 μm. (c, d)
Western blots of BCL2 and BAX. Data represent mean ± SEM (n = 3 per group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. sham group;
#P < 0:05, ##P < 0:01, and ###P < 0:001 vs. VaD group.
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(GSH-PX, CAS: A005-1-1), and Nissl staining were pur-
chased from Nanjing Jiancheng Bioengineering Institute.
PBS, RIPA (CAS: P0013B), bicinchoninic acid (BCA, CAS:
P0012S) protein assay kit, and DAPI staining solution
(CAS: P0131) were purchased from Beyotime Biotechnol-
ogy. Dimethyl sulfoxide (DMSO) was purchased from MP
Biomedicals, LIC. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and penicillin/strepto-
mycin were purchased from Gibco Invitrogen Corporation.
MTT (CAS: 57360-69-7) was obtained from Sigma-
Aldrich. EX527 (CAS: 49843-98-3) was purchased from
MedChemExpress. Primary antibodies of Bax (CAS:
2772s), Bcl2 (CAS: 7498s), sirtuin-1 (SIRT1, CAS: 9475s),
binding immunoglobulin protein (BIP, CAS: 3177s), protein
disulfide isomerase (PDI, CAS: 3501s), protein kinase R-like
endoplasmic reticulum kinase (PERK, CAS: 3192s),
phospho-protein kinase R-like endoplasmic reticulum
kinase (P-PERK, CAS: 3179s), inositol-requiring enzyme-
1α (IRE1α, CAS: 3294s), activating transcription factor 6
(ATF6 CAS: 65880s), and C/EBP-homologous protein
(CHOP, CAS: 2895) were purchased from Cell Signaling
Technology, Inc. Primary antibodies of β-actin (CAS:

ab8227) and X-box binding protein 1 (XBP1, CAS:
ab37152) were purchased from Abcam, Inc. The primary
antibody phospho-inositol-requiring enzyme-1α (P-IRE1α,
CAS: NB100-2323) was purchased from Novus Biologicals.
Secondary antibodies (goat anti-mouse IgG, CAS: S0002;
goat anti-rabbit IgG, CAS: S0001) were from Affinity Biosci-
ences. A secondary antibody (anti-rabbit IgG (H+L), CAS:
4413s) was from Cell Signaling Technology, Inc.

2.2. Animal and Surgical Procedure. Male Sprague-Dawley
rats (n = 48; weight, 270-280g) were supplied by the Experi-
mental Animal Centre of Guangzhou University of Chinese
Medicine (Guangzhou, China). All rats were raised in a SPF
room and were given free access to food and water. After
one week of adaptive housing and feeding, we choose twelve
rats randomly to receive sham surgery as the control group
and thirty-six rats to receive bilateral common carotid artery
occlusion surgery as the surgery group. According to previous
studies [26, 30], the rats were anesthetized with 4% isoflurane
and maintained with 1.5% isoflurane through a vaporizer for
isoflurane. Make a middle incision of the neck, and separate
the muscle and fascia to expose the common carotid arteries.

0

V
aD

LI
G

 (2
0 

m
g/

kg
)

LI
G

 (4
0 

m
g/

kg
)

SH
A

M

2

4

6

8

M
D

A
 le

ve
l (

nm
ol

/m
gp

ro
t)

⁎⁎⁎ ###
###

(a)

V
aD

LI
G

 (2
0 

m
g/

kg
)

LI
G

 (4
0 

m
g/

kg
)

SH
AM

0

3

6

9

SO
D

 le
ve

l (
U

/m
gp

ro
t)

12

##
#

⁎⁎⁎

(b)

V
aD

LI
G

 (2
0 

m
g/

kg
)

LI
G

 (4
0 

m
g/

kg
)

SH
A

M

0

1

2

3

4

CA
T 

ac
tiv

ity
 (U

/m
gp

ro
t)

##

###
⁎⁎⁎

(c)

V
aD

LI
G

 (2
0 

m
g/

kg
)

LI
G

 (4
0 

m
g/

kg
)

SH
A

M

0

20

40

G
SH

-P
X 

ac
tiv

ity
60

80

100

##
###⁎⁎⁎

(d)

Figure 3: LIG decreases oxidative stress in the brain of VaD rats. (a) The level of MDA. (b) The activity of SOD. (c) The activity of CAT. (d)
The activity of GSH-PX. Data represent mean ± SEM (n = 6 per group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. sham group; #P < 0:05,
##P < 0:01, and ###P < 0:001 vs. VaD group.
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Figure 4: Continued.

5Oxidative Medicine and Cellular Longevity



Then, carefully separate the common carotid arteries from the
vagal nerves and cervical sympathetic; after that, permanently
ligate the common carotid arteries with 4-0 silk suture. The
sham group underwent the same operation without actual
ligation. During the whole surgery, all rats’ body temperature
was maintained at about 37°C.

2.3. Animal Drug Administration. LIG was dissolved in a 3%
Tween 80 solution. The rats were randomly divided into 4
groups; namely, the sham surgery rats named sham group
(n = 12) were given equal volume of 3% Tween 80 solution;
the surgery rats were randomly divided into 3 groups,
namely, the VaD group (n = 12, 3% Tween 80 solution),
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Figure 4: LIG activates SIRT1 and relieves ER stress in the hippocampus of VaD rats. (a–i) Western blots of SIRT1, BIP, PDI, P-PERK,
PERK, P-IRE1α, IRE1α, XBP1s, ATF6, and CHOP. Data represent mean ± SEM (n = 3 per group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P <
0:001 vs. sham group; #P < 0:05, ##P < 0:01, and ###P < 0:001 vs. VaD group.
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the LIG low-dose group (n = 12, 20mg/kg/d), and the LIG
high-dose group (n = 12, 40mg/kg/d).

2.4. Morris Water Maze Test. After four-week drug treat-
ment, we used the Morris water maze test to assess the spa-
tial learning memory capacities of the rats as previous
studies [26]. The equipment of MWM is composed of a

black circular pool, an escape platform, and recording sys-
tem. The circular pool was filled with nontoxic black color-
ing water (23 ± 1°C) and was divided into four equal
quadrants. Place the escape platform 2 cm below the water
surface in the center of the target quadrant. In the hidden
platform trials, the rats were released from four different
positions per day and last for five days. The swimming path
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Figure 5: LIG activates SIRT1 in VaD rats. (a) Immunofluorescence of SIRT1 in the cortex (n = 3 per group). Scale bar: 50 μm and 5μm. (b)
Immunofluorescence of SIRT1 in the hippocampus (n = 3 per group). Scale bar: 50μm and 5μm.
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and the time (escape latency) of finding the hidden platform
were recorded. Once the rats were released into water, the
recording system started and stopped when the rat found
the platform and stayed for 3 s or stopped at 60 s when the
rats failed to find the platform within 60 s. After the end,
we guided the rats to the platform and stayed for 10 s. For
the 6th day, the escape platform was removed and released
the rats in a new position. Then, the rats swam freely for

60 s. The time spent on the target quadrant and crossing
times of the original platform location and the swimming
speed of the rats were recorded.

2.5. Brain Sections and Tissue Preparation. After the behav-
ior test, rats were anesthetized intraperitoneally with 1%
sodium pentobarbital (40mg/kg) and euthanized by cervical
dislocation. The brain tissues of some rats were rapidly
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Figure 6: LIG reduces the expression of P-IRE1α in VaD rats. (a) Immunofluorescence of P-IRE1α in the cortex (n = 3 per group). Scale bar:
50μm and 5μm. (b) Immunofluorescence of P-IRE1α in the hippocampus (n = 3 per group). Scale bar: 50μm and 5μm.
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Figure 7: LIG downregulates the IRE1α/XBP1s pathway by activating SIRT1 in PC12 cells. (a–f) Western blots of BIP, PDI, P-IRE1α,
IRE1α, XBP1s, and CHOP. Data represent mean ± SEM (n = 3 per group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control group;
#P < 0:05, ##P < 0:01, and ###P < 0:001 vs. OGD+LIG group.
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removed, and the cerebral cortex and hippocampus were
separated from the brains. Then, tissues were quickly stored
at -80°C for detecting western blot or kits subsequently. For
the microscope observation, rats were perfused with PBS
and 4% paraformaldehyde after being anesthetized, and the
brain tissue was quickly separated and soaked in 4% parafor-
maldehyde solution for 24 h. Then, it was embedded in par-
affin, and 3mm thickness sections were made.

2.6. Oxidative Stress Level Test. Take an appropriate amount
of brain tissue, and place them into ice-cold saline; the brain
tissue was homogenized and centrifuged at 12,000 × g for
10min at 4°C. Collect the supernatant to measure the pro-
tein concentration by the BCA method. Then, detect the
levels of GSH-PX, CAT, SOD, and MDA according to the
corresponding reagent instructions. The absorbance was
measured at a wavelength of 412, 405, 550, and 532nm,
respectively.

2.7. Nissl Staining. The paraffin sections of the rats were
deparaffinized and rehydrated and washed with PBS and
underwent Nissl staining for 10min at 37°C. Then, wash
the slices with distilled water. Images were captured using
a light microscope (Leica Microsystems, Inc.).

2.8. Immunofluorescence. The paraffin sections of the rats
were deparaffinized and rehydrated. Place the sections into
the sodium citrate buffer, and heat them with microwave
for antigen retrieval; the sections were incubated with 3%

H2O2 for 10 minutes, washed with PBS, and infiltrated with
0.1% Triton-100 for 20 minutes. Then, the sections were
blocked with 5% BSA. Afterwards, the sections were incu-
bated with primary antibodies SIRT1 and P-IRE1α at 4°C
overnight. Incubate the sections with the fluorescent-
conjugated secondary antibody anti-rabbit IgG at 37°C for
2 h. After washing, the sections were incubated with DAPI
staining solution. We used a laser scanning confocal micro-
scope (ZESS 8.0, Germany) to detect fluorescence. ImageJ
8.0 (National Institutes of Health) image analysis software
is used for image analysis.

2.9. Cell Culture and Grouping. PC12 cell lines were obtained
from the Cell Bank of Shanghai Institute of Biochemistry
(Shanghai, China). PC12 cells were cultured in complete
medium, which is composed of 89% DMEM, 1% penicil-
lin/streptomycin, and 10% FBS. And they were cultured in
an incubator with a stable environment (5% CO2, 37

°C).
Change the medium every 2-3 days, and the cells were
grouped and experimented after three generations. The cells
were divided into five groups: control, control+LIG, OGD,
OGD+LIG, and OGDZ+LIG+EX527. The addition of the
SIRT1 inhibitor EX527 was used to evaluate whether there
is a direct link between SIRT1 and the inhibitory effect of
LIG on ER stress.

2.10. OGD Model Establishment. PC12 cells were grown to a
density of 60-70% in a normal incubator. Then, replace the
medium with Earle’s balanced salt solution, and cells were

Oxidative stress 

ER stress

Apoptosis

SIRT1

LIG improves learning and memory deficiency ,reduces neurodegeneration,
oxidative stress, ER stress and apoptosis in VaD rats.

O

CH3

O

Figure 8: Schematic representation of LIG improves cognitive impairment in vascular dementia rats by regulating the SIRT1/IRE1α/XBP1s/
CHOP pathway. LIG improves learning and memory deficiency in VaD rats. LIG reduces neurodegeneration, oxidative stress, ER stress, and
apoptosis in VaD rats.
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incubated in a three-gas incubator with a hypoxic environ-
ment (94% N2, 5% CO2, and 1% O2, 37

°C) for 2 h.

2.11. Cell Drug Administration. The cellular administration
method of LIG is dissolved in DMSO at a concentration of
0.5M as a stock solution and stored at -20°C. The SIRT1
inhibitor EX527 was dissolved in DMSO at a concentration
of 0.01M as a stock solution and stored at -20°C. Dilute
the stock solution of LIG and EX527 with fresh medium to
the final concentration. The final DMSO concentration did
not exceed 0.1%, which is nontoxic to cells. In the control
+LIG group, the cells were treated with LIG (80μM) for
2 h. In the OGD+LIG group, the cells were treated with
LIG (80μM) and then subjected to OGD for 2 h. In the
OGD + LIG + EX527 group, the cells were pretreated with
EX527 for 24 h and then treated with LIG (80μM) and
EX527 (10μM) together and subjected to OGD for 2 h.

2.12. Cell Viability Assay. Seed the cells in 96-well plates at a
density of 5000 cells per well. After culturing for 24 hours,
the cells were processed accordingly, and then, the cell via-
bility was measured by the MTT method. Prepare a 10%
MTT solution with fresh medium, add it to the 96-well
plates, and incubate it for another 4 hours. After removing
the medium, add 200μl DMSO into each well to dissolve
the formazan crystals. Measure the absorbance of the cells
at 570nm, and compare the results with the control group
and the OGD group.

2.13. Western Blot Analysis. The hippocampal tissues of the
rats and PC12 cells were made into ice-cold RIPA lysis solu-
tion for 10min and 30min, respectively. The brain tissues
were homogenized at 4°C and centrifuged at 12,000 × g for
10min at 4°C. The supernatants were collected to determine
the total protein concentration via the BCA method. After
that, add appropriate volume of loading buffer and boil it
for 10min at 100°C. Separate protein samples (30-50μg
per well) with 8, 10, or 12% SDS-polyacrylamide gels, and
transfer the protein to a polyvinylidene fluoride (PVDF)
membrane. Block the membranes with 5% skimmed milk
for 2 h at 37°C. Wash the membranes 3 times and incubate
them with the primary antibody (Bcl2, Bax, SIRT1, BIP,
PDI, PERK, P-PERK, IRE1α, P-IER1α, ATF6, XBP1s,
CHOP, and β-actin) at 4°C overnight. Then, incubated them
with goat anti-rabbit IgG or goat anti-mouse IgG for 1.5 h.
Blot digital images were visualized with an Image Lab 3.0
(Bio-Rad).

2.14. Statistical Analysis. The experimental data were pre-
sented as mean ± SEM. SPSS 24.0 software (SPSS, Inc.) was
used for data analysis, and GraphPad Prism 8 software
(GraphPad, Inc.) was used for data processing. The ANOVA
(one-way ANOVA or two-way ANOVA) was used to ana-
lyze statistical differences in data between groups followed
by Dunnett’s post hoc test. P < 0:05 was considered to indi-
cate statistical significance.

3. Results

3.1. LIG Improves Learning and Memory Deficiency in VaD
Rats. As shown in Figures 1(a) and 1(b), on the five-day hid-
den platform trial of Morris water maze, VaD rats showed
disordered swimming paths, compared to sham group rats
(Figure 1(a)). The escape latency was obviously decreased
during the five consecutive days. Compared to the sham
group rats, VaD rats needed more time to find the hidden
platform. LIG treatment (20 or 40mg/kg) shortened the
escape latency, compared to the VaD rats (Figure 1(b)).
On the 6th day, the time spent in the original platform and
the number of times crossing over the original position of
the platform were significantly reduced in VaD rats. As
expected, these defects were ameliorated by LIG treatment.
However, there is no significant difference in the swimming
speed among these groups (Figures 1(c) and 1(e)). Thus,
these data demonstrated that LIG could improve learning
and memory deficiency in VaD rats.

3.2. LIG Reduces Neurodegeneration in VaD Rats. We next
examined the neuronal degeneration and apoptosis in the
brain of VaD rats. Nissl body was weakly stained and lost
in the cerebral cortex and hippocampus of VaD rats, com-
pared to the sham group. After LIG treatment, Nissl bodies
were stained deeper and increased in numbers
(Figures 2(a) and 2(b)), which indicated that LIG could
reduce neurodegeneration. In addition, the expression of
anti-apoptotic protein, Bcl-2, was reduced, while the proa-
poptotic protein, Bax, was increased in the hippocampus of
the VaD group (Figures 2(c) and 2(d)). LIG increased the
expression of Bcl-2 and decreased the expression of Bax.
Therefore, these data indicated that LIG could reduce neuro-
degeneration in VaD rats.

3.3. LIG Decreases Oxidative Stress in the Brain of VaD Rats.
We further evaluated the effect of LIG on oxidative stress.
Compared to sham group rats, the level of MDA increased
significantly, while the contents of CAT, SOD, and GSH-
PX decreased significantly in the brain of VaD rats, which
indicated that oxidative stress happened in VaD rats. After
administration of LIG, the level of MDA was decreased
and the contents of CAT, SOD, and GSH-PX were increased
(Figures 3(a)–3(d)). These results indicated that LIG could
decrease oxidative stress in the brain of VaD rats.

3.4. LIG Activates SIRT1 and Relieves ER Stress in the
Hippocampus of VaD Rats. To explore whether the SIRT1/
ER stress pathway is participated in the neuroprotective
effect of LIG on VaD rats, SIRT1 and ER stress-related pro-
teins were detected in the hippocampus of VaD rats. In both
western blot (Figures 4(a) and 4(b)) and immunofluores-
cence (Figures 5(a) and 5(b)), results showed that LIG
upregulated SIRT1 in VaD rats. The ER stress-related pro-
teins (BIP, P-IRE1α, XBP1s, and CHOP) significantly
increased and PDI decreased in VaD rats. After LIG treat-
ment, the expressions of BIP, P-IRE1α, XBP1s, and CHOP
drastically reduced and PDI increased compared to the
VaD group (Figures 4(a), 4(c), 4(d), 4(f), 4(g), 4(i), 6(a),
and 6(b)). The expression of other ER stress-related proteins
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(P-PERK, ATF6) showed no significant difference among
these groups (Figures 4(a), 4(e), and 4(h)). Thus, these data
indicated that LIG could activate SIRT1 and relieve ER stress
(IRE1α/XBP1s/CHOP pathway) in the hippocampus of VaD
rats.

3.5. LIG Downregulates the IRE1α/XBP1s/CHOP Pathway by
Activating SIRT1 in PC12 Cells. In order to determine
whether the expression of SIRT1 is related to the effect of
LIG in relieving ER stress, we used an in vitro model, OGD-
treated PC12 cells for verification. We used EX527, a specific
SIRT1 inhibitor, to inhibit SIRT1 activity. MTT results sug-
gested that 2h OGD and 80μM LIG were selected for subse-
quent experiments (Figure S1A-C). As expected, when the
expression of SIRT1 was inhibited, the effect of LIG on
reducing the expression of the IRE1α/XBP1s/CHOP
pathway was partly blocked (Figures 7(a)–7(f)). Therefore,
these data indicated that LIG downregulates the IRE1α/
XBP1s/CHOP pathway by activating SIRT1 in PC12 cells.

4. Discussion

In this study, we found that cognitive impairment happened
in VaD rats and four-week administration of LIG could
improve their learning and memory deficiency. Moreover,
LIG could reduce neurodegeneration and relieve neuronal
oxidative stress damage in VaD rats. Furthermore, we found
that ER stress occurred in the brain of VaD rats. LIG could
downregulate the IRE1α/XBP1s/CHOP pathway by activat-
ing SIRT1 in VaD rats. Therefore, our results proved that
LIG could produce neuroprotective effect against VaD,
which might be related to the SIRT1/IRE1α/XBP1s/CHOP
pathway (Figure 8).

Stroke and cardiovascular disease have long been consid-
ered the risk of VaD [30]. Unlike AD, which has obvious
pathological changes, such as β-amyloid and hyperphos-
phorylated tau deposited in neurons, the biomarkers of vas-
cular dementia are poorly developed [31, 32]. Besides, most
genetic researches in dementia were on AD, rather than VaD
[33]. Therefore, the pathogenesis of vascular cognitive
impairment is still unclear. However, previous studies have
suggested that vascular cognitive impairment may be related
to white matter lesions and hippocampal atrophy [34–36].
In this study, chronic cerebral hypoperfusion caused cogni-
tive impairment in rats. Oral administration of LIG signifi-
cantly improved learning and memory deficiency in VaD
rats. Therefore, we suggested that LIG could improve learn-
ing and memory deficiency in VaD rats.

Antiapoptotic drugs played an important role in attenu-
ating the progression of cognitive impairment in VaD [37].
Previous studies have shown that chronic cerebral hypoper-
fusion can cause cognitive impairment even though there is
no overt cerebral infarction, which may be related to hippo-
campal atrophy and neuronal apoptosis [38]. Persistent neu-
ronal apoptosis eventually leads to neurodegeneration [39].
Increasing the expression of Bcl2 can reduce apoptosis, while
Bax has the opposite effect [40] . Our study showed that LIG
increased the expression of Bcl2 and reduced the expression
of Bax. Besides, the results of Nissl staining suggested that

LIG could increase the number of Nissl bodies in VaD rats.
Thus, these data indicated that LIG could reduce neurode-
generation in VaD rats.

The production of radical species is inevitable and essen-
tial because they are produced in normal metabolism [41].
However, uncontrolled free radical production can cause
oxidative stress and cell damage, such as DNA damage,
inflammation, apoptosis, and necrosis [42]. And it is obvious
that oxidative stress is related to the progression of VaD
[43]. Endogenous enzymes, such as SOD, CAT, and GSH-
PX, can effectively scavenge free radicals to against oxidative
stress damage [43]. MDA, an index of lipid per oxidation,
can indirectly reflect the level of oxygen free radicals in cells
[44]. In this study, MDA was increased, while SOD, GSH-
PX, and CAT were decreased in VaD rats, which indicated
that oxidative stress occurred in VaD rats. LIG treatment
reversed these changes. Therefore, these data suggested that
LIG could decrease the level of oxidative stress in the brain
of VaD rats.

SIRT1 plays a crucial role in neurodegeneration disease
[45]. It can reduce neuronal loss, suppress inflammation,
and inhibit apoptosis and oxidative stress in the hippocam-
pus of VaD rats [46–48]. Previous studies have shown that
chronic cerebral hypoperfusion leads to a downregulation
of SIRT1 in the brain of VaD rats, which is similar to our
study [15, 47]. However, oral administration of LIG
enhanced the expression of SIRT1 in the cortex and the hip-
pocampus of VaD rats. ER stress is highly associated with
learning and memory deficiency in both vascular dementia
and AD [11, 49]. When UPR occurred, three pathways of
ER stress, PERK, IRE1α, and ATF6, are activated to main-
tain cell homeostasis. However, when UPR exceeds the load
of the ER, activating transcription factor 4 (ATF4), XBP-1,
and ATF6 are transferred to the nucleus to activate the
CHOP protein leading to neuronal apoptosis [50–52]. More-
over, some studies have proven that SIRT1 could suppress
ER stress in different diseases [17, 53, 54]. SIRT1 can deace-
tylate eif2α to reduce the damage cause by ER stress in car-
diomyocytes [16]. In this study, ER stress was markedly
activated in VaD rats. LIG inhibited the activation of the
IRE1α/XBP1s/CHOP pathway. Besides, to determine
whether there is a direct link between SIRT1 and the inhib-
itory effect of LIG on IRE1α/XBP1s/CHOP pathway activa-
tion in VaD, we used EX527, an inhibitor of SIRT1, for
verification. Results showed that SIRT1 suppression partly
abolished the inhibitory effect of LIG on the IRE1α/XBP1s/
CHOP pathway in vitro, which demonstrated that LIG
inhibited the activation of IRE1α/XBP1s/CHOP by activat-
ing SIRT1. Although our research found that LIG could
upregulate SIRT1, we do not know whether LIG could act
as the effect as resveratrol, a common activator of SIRT1.
Therefore, in further studies we will employ resveratrol as
the positive drug for LIG in the VaD model.

In conclusion, the neuroprotective effect of LIG against
VaD was proven in VaD rats. Besides, it was found that
LIG improved cognitive impairment by regulating the
SIRT1/IRE1α/XBP1s/CHOP pathway in the hippocampus
of VaD rats. However, the further mechanisms are still
needed to be explored.

12 Oxidative Medicine and Cellular Longevity



Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Ethical Approval

This study was approved by the Committee for Animal
Research of Guangzhou University of Chinese Medicine.

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

Shi-Jie Zhang designed the experiments. Dong Peng carried
out the experiments and wrote the manuscript. Dan Luo
supported the animal work. Li Guan and Li-Jun Qiao sup-
ported the materials. Qi Wang supported the experimental
platform. Dong Peng, Yi-Xue Wang, Tian-Hua Huang, and
Shi-Jie Zhang modified the manuscript. Ye-Feng Cai and
Shi-Jie Zhang supervised this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (82004430 and 81673717), China Post-
doctoral Science Foundation (No. 2021M690761), Natural
Science Foundation of Guangdong (2021A1515011478 and
2018A0303130053), and Guangdong Provincial Key Labora-
tory of Research on Emergency in TCM (2017B030314176).

Supplementary Materials

Supplementary Figure 1: protective effects of LIG on OGD-
treated PC12 cells. (Supplementary Materials)

References

[1] J. T. O'Brien and A. Thomas, “Vascular dementia,” Lancet,
vol. 386, no. 10004, pp. 1698–1706, 2015.

[2] E. Engelhardt, D. M. Moreira, and J. Laks, “Vascular dementia
and the cholinergic pathways,” Dement Neuropsychol, vol. 1,
no. 1, pp. 2–9, 2007.

[3] M. Kawahara, D. Mizuno, H. Koyama, K. Konoha,
S. Ohkawara, and Y. Sadakane, “Disruption of zinc homeosta-
sis and the pathogenesis of senile dementia,” Metallomics,
vol. 6, no. 2, pp. 209–219, 2014.

[4] C. Iadecola, “The pathobiology of vascular dementia,” Neuron,
vol. 80, no. 4, pp. 844–866, 2013.

[5] C. Iadecola, “Neurovascular regulation in the normal brain
and in Alzheimer's disease,” Nature Reviews. Neuroscience,
vol. 5, no. 5, pp. 347–360, 2004.

[6] H. S. Markus, “Genes, endothelial function and cerebral small
vessel disease in man,” Experimental Physiology, vol. 93, no. 1,
pp. 121–127, 2008.

[7] A. Görlach, K. Bertram, S. Hudecova, and O. Krizanova, “Cal-
cium and ROS: a mutual interplay,” Redox Biology, vol. 6,
pp. 260–271, 2015.

[8] E. Caballano-Infantes, J. Terron-Bautista, A. Beltrán-Povea
et al., “Regulation of mitochondrial function and endoplasmic
reticulum stress by nitric oxide in pluripotent stem cells,”
World J Stem Cells, vol. 9, no. 2, pp. 26–36, 2017.

[9] A. M. Gorman, S. J. Healy, R. Jäger, and A. Samali, “Stress
management at the ER: regulators of ER stress-induced apo-
ptosis,” Pharmacology & Therapeutics, vol. 134, no. 3,
pp. 306–316, 2012.

[10] Y. Jia, W. Jin, Y. Xiao et al., “Lipoxin A4 methyl ester alleviates
vascular cognition impairment by regulating the expression of
proteins related to autophagy and ER stress in the rat hippo-
campus,” Cellular & Molecular Biology Letters, vol. 20, no. 3,
pp. 475–487, 2015.

[11] X. L. Niu, X. Jiang, G. D. Xu et al., “DL-3-n-butylphthalide
alleviates vascular cognitive impairment by regulating endo-
plasmic reticulum stress and the Shh/Ptch1 signaling-
pathway in rats,” Journal of Cellular Physiology, vol. 234,
no. 8, pp. 12604–12614, 2019.

[12] C. Chen, M. Zhou, Y. Ge, and X. Wang, “SIRT1 and aging
related signaling pathways,”Mechanisms of Ageing and Devel-
opment, vol. 187, article ???, 2020.

[13] T. Kiss, P. Balasubramanian, M. N. Valcarcel-Ares et al., “Nic-
otinamide mononucleotide (NMN) treatment attenuates oxi-
dative stress and rescues angiogenic capacity in aged
cerebromicrovascular endothelial cells: a potential mechanism
for the prevention of vascular cognitive impairment,” Ger-
oscience, vol. 41, no. 5, pp. 619–630, 2019.

[14] M. Li, N. Meng, X. Guo et al., “Dl-3-n-butylphthalide pro-
motes remyelination and suppresses inflammation by regulat-
ing AMPK/SIRT1 and STAT3/NF-κB signaling in chronic
cerebral hypoperfusion,” Frontiers in Aging Neuroscience,
vol. 12, p. 137, 2020.

[15] Y. Zhao, J. Zhang, Y. Zheng et al., “NAD(+) improves cogni-
tive function and reduces neuroinflammation by ameliorating
mitochondrial damage and decreasing ROS production in
chronic cerebral hypoperfusion models through Sirt1/PGC-
1α pathway,” Journal of Neuroinflammation, vol. 18, no. 1,
p. 207, 2021.

[16] A. Prola, J. Pires da Silva, A. Guilbert et al., “SIRT1 protects the
heart from ER stress-induced cell death through eIF2 α
deacetylation,” Cell Death and Differentiation, vol. 24, no. 2,
pp. 343–356, 2017.

[17] K. Feng, Y. Ge, Z. Chen et al., “Curcumin inhibits the PERK-
eIF2α-CHOP pathway through promoting SIRT1 expression
in oxidative stress-induced rat chondrocytes and ameliorates
osteoarthritis progression in a rat model,” Oxidative Medicine
and Cellular Longevity, vol. 2019, 8574317 pages, 2019.

[18] T. Hu, J. J. Shi, J. Fang, Q. Wang, Y. B. Chen, and S. J. Zhang,
“Quercetin ameliorates diabetic encephalopathy through
SIRT1/ER stress pathway in db/db mice,” Aging (Albany
NY), vol. 12, no. 8, pp. 7015–7029, 2020.

[19] X. P. Chen, W. Li, X. F. Xiao, L. L. Zhang, and C. X. Liu, “Phy-
tochemical and pharmacological studies on Radix Angelica
sinensis,” Chinese Journal of Natural Medicines, vol. 11,
no. 6, pp. 577–587, 2013.

[20] J. Guo, E. X. Shang, J. A. Duan, Y. Tang, and D. Qian, “Deter-
mination of ligustilide in the brains of freely moving rats using
microdialysis coupled with ultra performance liquid chroma-
tography/mass spectrometry,” Fitoterapia, vol. 82, no. 3,
pp. 441–445, 2011.

[21] E. S. Choi, J. J. Yoon, B. H. Han et al., “Ligustilide attenuates
vascular inflammation and activates Nrf2/HO-1 induction

13Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2022/6664990.f1.docx


and, NO synthesis in HUVECs,” Phytomedicine, vol. 38,
pp. 12–23, 2018.

[22] B. Yang, G. Ma, and Y. Liu, “Z-Ligustilide ameliorates diabetic
rat retinal dysfunction through anti-apoptosis and an antioxi-
dation pathway,” Medical Science Monitor, vol. 26, article
e925087, 2020.

[23] Q. Wu, Z. Mao, J. Liu, J. Huang, and N. Wang, “Ligustilide
attenuates ischemia reperfusion-induced hippocampal neuro-
nal apoptosis via activating the PI3K/Akt pathway,” Frontiers
in Pharmacology, vol. 11, p. 979, 2020.

[24] C. Ren, N. Li, C. Gao et al., “Ligustilide provides neuroprotec-
tion by promoting angiogenesis after cerebral ischemia,” Neu-
rological Research, vol. 42, no. 8, pp. 683–692, 2020.

[25] J. Ma, Y. Xu, Q. Zheng et al., “Ligustilide inhibits the activation
of cancer-associated fibroblasts,” Life Sciences, vol. 218, pp. 58–
64, 2019.

[26] Z. Feng, Y. Lu, X. Wu et al., “Ligustilide alleviates brain dam-
age and improves cognitive function in rats of chronic cerebral
hypoperfusion,” Journal of Ethnopharmacology, vol. 144, no. 2,
pp. 313–321, 2012.

[27] X. Kuang, J. R. Du, Y. X. Liu, G. Y. Zhang, and H. Y. Peng,
“Postischemic administration of Z-Ligustilide ameliorates cog-
nitive dysfunction and brain damage induced by permanent
forebrain ischemia in rats,” Pharmacology, Biochemistry, and
Behavior, vol. 88, no. 3, pp. 213–221, 2008.

[28] J. Xin, J. Zhang, Y. Yang, M. Deng, and X. Xie, “Radix Angelica
Sinensis that contains the component Z-ligustilide promotes
adult neurogenesis to mediate recovery from cognitive impair-
ment,” Current Neurovascular Research, vol. 10, no. 4,
pp. 304–315, 2013.

[29] W. L. Zhu, J. Y. Zheng, W. W. Cai et al., “Ligustilide improves
aging-induced memory deficit by regulating mitochondrial
related inflammation in SAMP8 mice,” Aging (Albany NY),
vol. 12, no. 4, pp. 3175–3189, 2020.

[30] W. M. van der Flier, I. Skoog, J. A. Schneider et al., “Vascular
cognitive impairment,” Nature Reviews. Disease Primers,
vol. 4, no. 1, article ???, 2018.

[31] K. Herholz and K. Ebmeier, “Clinical amyloid imaging in Alz-
heimer's disease,” Lancet Neurology, vol. 10, no. 7, pp. 667–
670, 2011.

[32] N. Mattsson, H. Zetterberg, O. Hansson et al., “CSF biomark-
ers and incipient Alzheimer disease in patients with mild cog-
nitive impairment,” JAMA, vol. 302, no. 4, pp. 385–393, 2009.

[33] E. H. Corder, A. M. Saunders, W. J. Strittmatter et al., “Gene
dose of apolipoprotein E type 4 allele and the risk of Alzhei-
mer's disease in late onset families,” Science, vol. 261,
no. 5123, pp. 921–923, 1993.

[34] M. J. Firbank, A. Teodorczuk, W. M. van der Flier et al., “Rela-
tionship between progression of brain white matter changes
and late-life depression: 3-year results from the LADIS study,”
The British Journal of Psychiatry, vol. 201, no. 1, pp. 40–45,
2012.

[35] L. M. Allan, E. N. Rowan, M. J. Firbank et al., “Long term inci-
dence of dementia, predictors of mortality and pathological
diagnosis in older stroke survivors,” Brain, vol. 134, no. 12,
pp. 3716–3727, 2011.

[36] D. Inzitari, G. Pracucci, A. Poggesi et al., “Changes in white
matter as determinant of global functional decline in older
independent outpatients: three year follow-up of LADIS (leu-
koaraiosis and disability) study cohort,” BMJ, vol. 339,
p. b2477, 2009.

[37] T. Sairanen, M. L. Karjalainen-Lindsberg, A. Paetau, P. Ijäs,
and P. J. Lindsberg, “Apoptosis dominant in the periinfarct
area of human ischaemic stroke–a possible target of antiapop-
totic treatments,” Brain, vol. 129, no. 1, pp. 189–199, 2006.

[38] K. Nishio, M. Ihara, N. Yamasaki et al., “A mouse model char-
acterizing features of vascular dementia with hippocampal
atrophy,” Stroke, vol. 41, no. 6, pp. 1278–1284, 2010.

[39] X. X. Wang, B. Zhang, R. Xia, and Q. Y. Jia, “Inflammation,
apoptosis and autophagy as critical players in vascular demen-
tia,” European Review for Medical and Pharmacological Sci-
ences, vol. 24, no. 18, pp. 9601–9614, 2020.

[40] W. A. Siddiqui, A. Ahad, and H. Ahsan, “The mystery of BCL2
family: BCL-2 proteins and apoptosis: an update,” Archives of
Toxicology, vol. 89, no. 3, pp. 289–317, 2015.

[41] K. Bedard and K. H. Krause, “The NOX family of ROS-
generating NADPH oxidases: physiology and pathophysiol-
ogy,” Physiological Reviews, vol. 87, no. 1, pp. 245–313, 2007.

[42] T. Senoner and W. Dichtl, “Oxidative stress in cardiovascular
diseases: still a therapeutic target?,” Nutrients, vol. 11, no. 9,
p. 2090, 2019.

[43] S. Bennett, M. M. Grant, and S. Aldred, “Oxidative stress in
vascular dementia and Alzheimer's disease: a common pathol-
ogy,” Journal of Alzheimer's Disease, vol. 17, no. 2, pp. 245–
257, 2009.

[44] D. Dias-Santagata, T. A. Fulga, A. Duttaroy, and M. B. Feany,
“Oxidative stress mediates tau-induced neurodegeneration in
Drosophila,” The Journal of Clinical Investigation, vol. 117,
no. 1, pp. 236–245, 2007.

[45] Y. Zhang, S. Anoopkumar-Dukie, D. Arora, and A. K. Davey,
“Review of the anti-inflammatory effect of SIRT1 and SIRT2
modulators on neurodegenerative diseases,” European Journal
of Pharmacology, vol. 867, article 172847, 2020.

[46] A. Tian, W. Li, Q. Zai, H. Li, and R. W. Zhang, “3-N-
Butyphthalide improves learning andmemory in rats with vas-
cular cognitive impairment by activating the SIRT1/BDNF
pathway,” Molecular Medicine Reports, vol. 22, no. 1,
pp. 525–533, 2020.

[47] P. Yao, Y. Li, Y. Yang, S. Yu, and Y. Chen, “Triptolide
improves cognitive dysfunction in rats with vascular dementia
by activating the SIRT1/PGC-1α signaling pathway,” Neuro-
chemical Research, vol. 44, no. 8, pp. 1977–1985, 2019.

[48] C. Qu, C. Qu, L. Xu et al., “Nuclear receptor TLX may be
through regulating the SIRT1/NF-κB pathway to ameliorate
cognitive impairment in chronic cerebral hypoperfusion,”
Brain Research Bulletin, vol. 166, pp. 142–149, 2021.

[49] M. V. Lourenco, J. R. Clarke, R. L. Frozza et al., “TNF-αmedi-
ates PKR-dependent memory impairment and brain IRS-1
inhibition induced by Alzheimer's β-amyloid oligomers in
mice and monkeys,” Cell Metabolism, vol. 18, no. 6, pp. 831–
843, 2013.

[50] D. Ron, “Translational control in the endoplasmic reticulum
stress response,” The Journal of Clinical Investigation,
vol. 110, no. 10, pp. 1383–1388, 2002.

[51] M. Calfon, H. Zeng, F. Urano et al., “IRE1 couples endoplas-
mic reticulum load to secretory capacity by processing the
XBP-1 mRNA,” Nature, vol. 415, no. 6867, pp. 92–96, 2002.

[52] K. Haze, H. Yoshida, H. Yanagi, T. Yura, and K. Mori, “Mam-
malian transcription factor ATF6 is synthesized as a trans-
membrane protein and activated by proteolysis in response
to endoplasmic reticulum stress,”Molecular Biology of the Cell,
vol. 10, no. 11, pp. 3787–3799, 1999.

14 Oxidative Medicine and Cellular Longevity



[53] D. Xu, L. Liu, Y. Zhao et al., “Melatonin protects mouse testes
from palmitic acid-induced lipotoxicity by attenuating oxida-
tive stress and DNA damage in a SIRT1-dependent manner,”
Journal of Pineal Research, vol. 69, no. 4, article e12690, 2020.

[54] L. Zhang, D. Bao, P. Li et al., “Particle-induced SIRT1 down-
regulation promotes osteoclastogenesis and osteolysis through
ER stress regulation,” Biomedicine & Pharmacotherapy,
vol. 104, pp. 300–306, 2018.

15Oxidative Medicine and Cellular Longevity


	Ligustilide Improves Cognitive Impairment via Regulating the SIRT1/IRE1α/XBP1s/CHOP Pathway in Vascular Dementia Rats
	1. Introduction
	2. Material and Method
	2.1. Material
	2.2. Animal and Surgical Procedure
	2.3. Animal Drug Administration
	2.4. Morris Water Maze Test
	2.5. Brain Sections and Tissue Preparation
	2.6. Oxidative Stress Level Test
	2.7. Nissl Staining
	2.8. Immunofluorescence
	2.9. Cell Culture and Grouping
	2.10. OGD Model Establishment
	2.11. Cell Drug Administration
	2.12. Cell Viability Assay
	2.13. Western Blot Analysis
	2.14. Statistical Analysis

	3. Results
	3.1. LIG Improves Learning and Memory Deficiency in VaD Rats
	3.2. LIG Reduces Neurodegeneration in VaD Rats
	3.3. LIG Decreases Oxidative Stress in the Brain of VaD Rats
	3.4. LIG Activates SIRT1 and Relieves ER Stress in the Hippocampus of VaD Rats
	3.5. LIG Downregulates the IRE1α/XBP1s/CHOP Pathway by Activating SIRT1 in PC12 Cells

	4. Discussion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

