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Abstract

Background: Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by memory deficits
and cognitive decline. Current drugs can only relieve symptoms, but cannot really cure AD. Cerebralcare Granule®
(CG) is a Traditional Chinese medicine (TCM) containing a variety of biologically active compounds. In our previ-

ous studies, CG has shown a beneficial effect against memory impairment in mice caused by p-galactose. However,
whether CG can be used as a complementary medicine for the treatment of AD remains unexplored. Here, we use a
combination of CG and memantine hydrochloride (Mm) to treat Alzheimer-like pathology and investigate the effects
and mechanisms in vivo.

Methods: The histology of brain was examined with Hematoxylin—eosin (HE) staining, Golgi staining and Thioflavin S
staining. ELISA was applied to assess the expression levels or activities of CAT, SOD, GSH-Px, MDA, alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin (TBIL) in serum, as well as
the levels of IL-6, IL-1(3, and TNF-a in the mice brain. Western blotting was used to assess the expression of 3-secretase
(BACET), amyloid precursor protein (APP), APPB, APPq, synaptophysin (SYN), growth-associated protein 43 (GAP43),
and postsynaptic density 95 (PSD95).

Results: In the present study, the combination group (CG+ Mm) significantly attenuated Alzheimer-like behavior
without adverse effects in APP/PS1 mice, indicating its high degree of safety and efficacy after long-term treatment.
CG+Mm reduced AD pathological biomarker AR plaque accumulation by inhibiting BACE1 and APP expression
(P<0.05 or P<0.001). Besides, the combination group markedly inhibited the levels of IL-1(, IL-6, and TNF-a in hip-
pocampus (P<0.001), as well as activities of SOD, CAT, and GSH-Px in serum (P<0.001). By contrast, the combination
group improved synaptic plasticity by enhancing SYN, PSD95, and GAP43 expression.

Conclusions: Taken together, these data supported the notion that CG combined with Mm might ameliorate the
cognitive impairment through multiple pathways, suggesting that CG could play a role as complementary medicine
.
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to increase anti-AD effect of chemical drugs by reducing AR deposition, neuroinflammation, oxidative damage, and

improving synaptic plasticity.

Keywords: Alzheimer’s disease, Cerebralcare Granule®, Memantine hydrochloride, Cognitive impairments, Synaptic
plasticity, AR plague accumulation, Complementary medicine

Background

AD is the most common form of dementia affecting the
elderly [1]. AD patients suffered progressive cognitive
and functional deficits, which resulted in a heavy burden
to patients, families, and the public health system [2].
In 2019, AD affected more than 50 million people glob-
ally, which is expected to reach 152 million by 2050. In
addition, the current annual cost of AD worldwide is $1
trillion, which is estimated to double by 2030 [3]. Rising
prevalence and mortality, and the lack of effective treat-
ments, have resulted in huge costs to society. Currently,
cholinesterase inhibitors (i.e., donepezil) and Nmethyl-
D-aspartate (NMDA) receptor antagonists (i.e., meman-
tine) are approved by FDA for the treatment of AD.
However, these drugs can only moderately relieve symp-
toms and cannot really cure AD. Therefore, we need to
find new treatment options to slow down the progression
of AD.

Accumulation of AP is considered to be one of the
main pathogenic features of AD, which causes a series
of neuronal damage [4]. Ap plaques affect synaptic mor-
phology and function by disrupting the synaptic signaling
pathway, leading to memory loss and behavioral changes
[5]. Moreover, AP oligomers deposited extracellular can
also activate microglia and subsequently release inflam-
matory cytokines, the amount of APP will increase due to
the large release of these factors. As the amount of APP
increases, the production of AP becomes higher [6, 7].
Severe oxidative stress and neuroinflammation, loss of
synaptic connections in specific brain regions, cumula-
tive emergence of intracellular tau pathology, and accu-
mulation of extracellular amyloid AP plaques form a
complex neurodegeneration [8, 9]. Therefore, oligomeric
Ap plaques are considered to be one of the main patho-
logical factors of AD.

CG (Tianjin Tasly Pharmaceutical Co., Ltd, Tianjin,
China) was approved by the National Medical Prod-
ucts Administration (NMPA) in 1996 for treatment of
headache and dizziness associated with cerebrovascular
diseases. It is consists of 11 herbs, including Angelicae
Sinensis Radix, Paeoniae Radix Alba, Chuanxiong Rhi-
zoma, Rehmanniae Radix Praeparata, Uncariae Ramu-
lus Cum Uncis, Spatholobi Caulis, Corydalis Rhizoma,
Prunellae Spica, Margarita, Cassiae Semen, and Asari
Radix et Rhizoma. These 11 herbs contain a large number
of chemical components. Some of these ingredients are

key to the treatment of diseases in TCM and are the main
sources of new drug lead compounds [10]. For example,
paeoniflorin, albiflorin, rosmarinic acid, chlorogenic acid,
tetrahydropalmatine, caffeic acid, gallic acid, and ferulic
acid (Fig. 1c) are known to improve learning and mem-
ory deficits, attenuate neurotoxicity, and anti-oxidant
damage [11-15]. Previous studies have shown that the
ingredients mentioned above can be detected in blood of
mice after oral administration of CG [16, 17]. Due to the
complicated mechanisms of TCM, these ingredients were
usually used as part of a combination therapy rather than
monotherapy [18]. Studies have shown that as a supple-
mentary treatment of modern medicine, TCM improved
the therapeutic effect of modern medicine. For example,
after intraperitoneal injection of pentobarbital sodium,
rats were given He jie Zhitong prescription by gavage,
the sleep latency of rats was significantly decreased, and
the sleep time was prolonged, suggesting that Hejie Zhi-
tong prescription exerted a synergistic effect with pento-
barbital sodium [19]. Shufeng Jiedu Capsule enhanced
doxorubicin therapeutic efficacy in hepatocellular carci-
noma by inhibiting migration and invasion [20]. Fuzheng
Kang Ai decoction combined with erlotinib enhances the
effect of lung cancer treatment [21]. Xiaoaiping injec-
tion enhanced paclitaxel efficacy in ovarian cancer pro-
liferation by inhibiting pregnane X receptor [22]. Huyang
Yangkun Formula could enhance the therapeutic effect of
embryonic stem cells on premature ovarian failure mice.
This combined therapy could promote the development
of mice follicles and inhibit the expression of the TGF-1/
TAK1 pathway [23]. These results suggest that the com-
bination therapy of TCM and western medicine is feasi-
ble in the treatment of various diseases. However, there
were no studies on attenuation Alzheimer-like pathology
of combination therapy of CG and other chemotherapy
drugs.

Mm is a moderate-affinity, uncompetitive NMDA
receptor antagonist. It is used to improve cognitive and
behavioral disorders in moderate to severe AD patients
[24, 25]. Studies have shown that Mm can reduce AP lev-
els in 5xFAD mice [25], but its mechanism is still unclear.
Within Mm therapeutic dose range, this property can
be further enhanced by combining other drugs to ben-
efit the treatment of AD. To illustrate whether CG can
enhance the therapeutic effect of Mm on AD, the APP/
PS1 mice model was used to solve the puzzle. As a result,
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Fig. 1 The chemical composition analysis of CG. a Total ion chromatogram of GC in negative ion mode; b Total ion chromatogram of CG in positive
ion mode. ¢ The chemical structures of eight active ingredients in CG
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the combination of CG and Mm had a stronger anti-AD
effect via reducing AP plaque deposition than the single
treatment. Meanwhile, the expressions of APP, APPJ,
APPa, BACE1, PSD95, SYN, and GAP43 have corre-
spondingly changed, which may be the reason for the
synergistic anti-Alzheimer’s efficacy.

Our work provides a comprehensive explanation for
the effect of CG combined with Mm against AD in terms
of reducing AP deposition by inhibiting BACE1 expres-
sion, decreasing APPB and APP levels, which indicates
that CG and Mm has a synergistic effect on anti-Af pro-
duction. Moreover, the combination therapy also has
significant anti-inflammatory, anti-oxidant damage, and
maintaining synaptic connection effects. The present
study providing a new idea combination therapy of AD
for the combination treatment of Chinese medicine and
Chemical drugs.

Methods and materials

Chemicals and antibodies

CG was obtained from Tianjin Tasly Pharmaceutical
Co., Ltd (Tianjin, China). Mm was obtained from H.
Lundbeck A/S (Denmark). MDA, CAT, GSH-Px, SOD,
IL-6, IL-1pB, and TNF-a ELISA kits were obtained from
Shanghai FANKEL Industrial Co., Ltd (Shanghai, China).
ALT, AST, ALP, and TBIL assay kits were purchased
from Nanjing Jiancheng Bioengineering Research Insti-
tute (Nanjing, China). The following antibodies A, APP,
APPa, APPP, SYN, PSD95, GAP43, BACE 1, B-actin, and
GAPDH were obtained from Boster Biological Engineer-
ing Co., Ltd (Wuhan, China).

HPLC-QQQ-MS/MS analysis condition

CG (1.0 g) was ultrasonically extracted with 10 mL of
70% methanol for 30 min (weight: volume=1:10). The
weight loss was made up with 70% methanol. The extract
was centrifuged at 4000 rpm for 10 min and the super-
natant was filtered by a 0.22 mm filter before analysis.
The chemical constituents of CG were analyzed by Agi-
lent 1200 series HPLC system (Agilent Technologies,
USA) connected with the electrospray ionization tandem
triple quadrupole mass spectrometry (ESI-QQQ-MS,
Bruker Daltonics Inc., USA). Chromatographic separa-
tion was performed on a Kromasil 100-5-C18 column
(4.6 mm x 250 mm, 5 um) using two mobile phases:
ultrapure water with 0.1% formic acid (A) and acetonitrile
(B). The gradient elution program was shown as follows:
0-5 min, 5-10% B; 5-30 min, 10-25% B; 30-58 min,
25-65% B; 58—78 min, 68—88% B; 78—85 min, 88-93% B;
85-95 min, 93-5% B. The flow rate: 1 mL/min, the col-
umn temperature was 28 °C, and the injection volume:
10 pL. The MS analysis was worked using full scan mode
and the mass range was recorded from m/z 100 to 1000
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both in positive mode and negative mode. The MS condi-
tions were as follows: drying gas (N,) flow rate: 8.0 L/min;
the drying gas temperature was set to 320 °C; nebulizer
pressure: 40 psig; capillary voltage: 3000 V; fragmentor
voltage: 135 V. Bruker Compass Data Analysis software
Version 4.3 (Bruker Daltonics GmbH, Bremen, Germany)
was used for data acquisition and analysis.

Animals and drug administration

Six month old male C57BL/6] wild-type mice and APP/
PS1 mice were provided by the SPF (Beijing) Biotech-
nology Co., Ltd in China (license no. SCXK (Jing) 2019—
0010). All mice were adaptively reared for one week
before the initiation of experimentation. The mice were
kept in standard cages at 23 £2 °C under 12 h/12 h light/
dark conditions and a humidity of 40 5%, and they were
provided with mice food and water ad libitum. All experi-
mental protocols were conducted according to guidelines
of the Institutional Animal Care and Use Committee of
Institute of Radiation Medicine Chinese Academy of
Medical Sciences (Tianjin, China). The mice were ran-
domly divided into five groups (10 mice per group):
Wild type group (W, saline), APP/PS1 mice group (Tg,
saline), CG group (2.46 g/kg, based on clinical dosage),
Mm group (Mm, 5 mg/kg, according to the Zhang JH
et al. [26]), CG combined with Mm group (CG+ Mm,
2.46 mg/kg, 5 mg/kg, respectively). All drugs were dis-
solved in 0.9% physiological saline. The treatments were
administered intragastricly once daily for 4 weeks. After
treatment, The Morris water maze test and Open-field
test were used to evaluate cognitive ability and behavioral
changes of mice.

Morris water maze (MWM) test

The MWM video tracking analysis system (Beijing
Zhishuduobao Biological Technology Co., Ltd. China)
was used to assess the learning and memory ability of
mice in spatial position and orientation after treatment.
The water depth of the MWM system was 20 cm, the
diameter was 120 c¢m, and the water temperature was
(23+£2) °C. The platform was placed in the second quad-
rant, submerged about one cm below the water surface.
In brief, Spatial training to find the target platform hid-
den in the water and was performed consecutively for six
days. During the acquisition phase (days 1-6), animals
that failed to find the platform within 60 s were manu-
ally guided to the platform and given 20 s to stay. The
escape latency (EL) for finding the submerged platform
was regarded as 60 s. Twenty-four hours after the final
spatial training, the probe test was performed by remov-
ing the platform and giving each mice to swim freely for
60 s. The number of times they crossed platform and the
time in the second quadrant were automatically recorded
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by the MWM video tracking system. The experimental
scheme as shown in Fig. 2a.

Open field test (OFT)

The experimental device was a square Plexiglas box, the
bottom plate was divided into 25 squares by white lines,
and the wall was a black color. The mice were placed in
the same position in the box, and the total distance trave-
led of mice within 5 min was recorded by a video track-
ing system at the top of the experimental platform. The
field instrument was swabbed with 75% alcohol to avoid
leaving an abnormal odor after each mice had finished
recording. The following observations were made: num-
ber of square crossings, exercise time and the trajectories
of the mice.

Hematoxylin-eosin (HE) staining

The brain tissues were immersed in 4% paraformalde-
hyde solution and fixed at room temperature for 24 h,
then dehydrated according to standard procedures,
embedded, sliced 10 pum, baked slices, stained with HE
and sealed slices with gum, etc. The pathological changes
of each group of brain tissues were observed under a light
microscope.

Golgi staining for dendritic spines

After anesthesia, three brains of mice were collected and
fixed in 4% paraformaldehyde solution for 24 h. After
fixation, the brain tissues were stained in Golgi staining
solution for 14 days without light. After soaking for 48 h,
the brain tissues were transferred to a new Golgi stain-
ing solution. Next, the liquid was changed every three
days. Brain tissues were taken out and placed in 15%
sucrose solution for dehydration at 4 °C for one day, and
brain tissues were taken out and placed in 30% sucrose
solution for dehydration at 4 °C for two days. The brain
tissues were taken out and washed successively with dis-
tilled water for 60 s, concentrated ammonia for 45 min,
distilled water for one min, fixing solution for 45 min
and distilled water for one min. The brain tissues were
placed in 30% sucrose solution for dehydration at 4 °C
and avoided light for three days. After dehydration, slices
of 100 pum thickness were cut with a frozen slicer, and the
slices were sealed with glycerin gelatin. The sections were
observed under oil microscope, and the sections with the
same position and field of view were taken photos. The
Image processing software Image ] was used to calculate
the density of dendritic branches and dendritic spines in
each section.

Thioflavin S staining
The brain tissue was placed in paraformaldehyde and sec-
tioned 24 h later with paraffin embedding. Thioflavine-S
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was immersed in 0.125% thioflavine-S solution for 8 min
in darkness. Wash the tablets with PBS for three times,
five min each time, and then seal the tablets with sealing
tablets. The deposition of A in the hippocampus of each
group of mice was analyzed under microscope.

Biochemical assays

According to the manufacturer’s protocol, the concentra-
tions of IL-10, TNF-«, and IL-6 in the hippocampus were
measured by ELISA Kit (Nanjing Jiancheng Bioengineer-
ing Research Institute, Nanjing, China). 1 g of hippocam-
pal tissue was washed with cold 0.9% physiological saline
and wiped with filter paper. Tissue samples were placed
in 0.1 mol phosphate buffered saline (10 mL, pH 7.4) at
4 °C and treated with a tissue crusher. The homogenate
was centrifuged at 4500 rpm for 10 min. The supernatant
was collected and used to evaluate tissue biochemical
parameters.

The blood samples of mice were collected and centri-
fuged (4500 rpm for 10 min) to isolate the serum, which
was frozen at — 20 °C prior to investigation. The changes
of CAT, SOD, GSH-Px, ALT, AST, ALP, and TBIL in
serum were detected by ELISA kit (Nanjing Jiancheng
Bioengineer Institute, Nanjing, China) according to their
manufacture’s instruction.

Western blotting

The protein was isolated from the hippocampus of the
brain according to the instructions of the protein extrac-
tion kit (Shanghai FANKEL Industrial Co., Ltd. Shang-
hai, China). The protein concentration was determined
by BCA protein assay kit (Shanghai FANKEL Industrial
Co., Ltd. Shanghai, China). 50 ug protein per sample was
separated by SDS-PAGE and transferred to the PVDF
membrane. Membranes were blocked in 5% non-fat milk
for 1 h. After blocking, the membranes were incubated
with primary antibody at 4 °C overnight. Antibodies as
follows: anti-SYN (1: 1000, Abcam Technology, UK),
anti-PSD95 (1: 2000, Abcam Technology, UK), anti-
GAP43 (1: 1000, Abcam Technology, UK), anti-APP (1:
1000, Abcam Technology, UK), anti-BACE1 (1: 1000,
Millipore Technology, USA), anti-APPa (1: 1000, Wuhan
Servicebio Technology Co., LTD, China), anti-APPB (1:
1000, Wuhan Servicebio Technology Co., LTD, China),
anti-p-actin (1: 1000, Abcam Technology, UK), anti-
GAPDH (1: 1000, Abcam Technology, UK). Membranes
were rinsed with TBS-T three times, 5 min per each time.
Then, membranes were incubated with horseradish per-
oxidase onjugated anti-rabbit or anti-mouse secondary
antibodies at room temperature for 2 h. Finally, protein
bands were visualized with the chemiluminescence rea-
gents provided with the ECL kit (Bioworld, USA), and
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quantitation of proteins was determined by densitomet-
ric analysis using Image] software (Bio-Rad, Hercules,
USA).

Statistical analysis

All values are expressed as mean=+ SEM. The data were
analyzed by one-way analysis of variance (ANOVA) fol-
lowed by Turkeys test for post hoc analysis. Tests were
performed on SPSS 20.0 system (Chicago, IL); P<0.05
was considered to be statistically significant. » P<0.05,
AN P<0.01, MA P<0.01 vs. WT group; * P<0.05, **
P<0.01, *** P<0.01 vs. Tg group; # P<0.05, ## P<0.001,
### P<0.001, vs. Mm group, & P<0.05, && P<0.001,
&&& P<0.001, vs. CG group.

Results

Chemical composition analysis of CG by HPLC-QQQ-MS
The HPLC-QQQ-MS/MS method was established to
characterize the chemical constituents of CG. The MS
total ion current profiles of CG were presented in the
positive and negative mode (Fig. 1a, b). A total of 28 com-
pounds (Table 1) were identified by comparing the reten-
tion time and MS fragmentation behaviors with literature
information [27-31]. Most of these compounds have
been reported as the main bioactive components of each
individual herb.

CG + Mm rescued cognitive deficits in AD mice

After treatment, we evaluated the spatial memory and
autonomous exploration ability of AD mice by MWM
and OFT. In the MWM test, compared with WT group,
the Tg group showed an obviously memory impairment
with longer EL (P<0.001, Fig. 2¢, d). Moreover, the mice
in Tg group crossed the platform and target quadrant
(the quadrant of the hidden platform) less frequently than
WT mice (P<0.001, Fig. 2e, f). After treatment, the tra-
jectories of mice (CG, Mm, and CG + Mm group) tended
to be normal (Fig. 2b), with swimming range primarily
focusing on the second quadrant of the hidden platform.
The EL was also significantly reduced by CG + Mm treat-
ment (P<0.001, Fig. 2c, d). Meanwhile, target quadrant
residence time and times of crossing through target plat-
form of APP/PS1 mice treated by CG 4+ Mm were signifi-
cantly increased (P<0.001, Fig. 2e, ).

OFT was used to observe various behaviors of mice
after being released into an open environment, reflect-
ing the neuropsychological activities of experimental ani-
mals. As consequence, there were significant differences
in the total running times and the total squares acrossed
(Fig. 3a—c), indicating that the activity and exploration
ability of the mice treated by CG + Mm were significantly
improved. Above all, the CG+Mm significantly pro-
longed the time in the target quadrant and running time,
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increased times of total squares acrossed, and reduce the
EL of mice (Figs. 2c—f; 3b, ). The results suggested that
CG+Mm can significantly improve the learning and
memory abilities and autonomous activities of APP/PS1
mice.

CG + Mm rescues pathological changes in AD mice

HE staining and Golgi staining (Fig. 3d, e) was conducted
to evaluate the effects of CG+Mm on neuronal loss in
AD mice brain. In the mice of Tg group, the cells in the
hippocampus were arranged disorderly, and some cells
presented the characteristics of neurodegeneration, with
darkly stained, and exhibited triangulated and shrunken
neuronal bodies. The morphology of neurons in the hip-
pocampus of mice in the CG, Mm, and CG + Mm group
were improved to a certain extent, and the morphological
characteristics of neurons were consistent, the cells were
orderly and the cell structure was clear.

CG + Mm improves synaptic function in AD mice

The number of dendritic spines and the development
of dendrites are closely related to the synaptic function
of AD mice [32]. Here, we used Golgi staining to assess
the effects of CG+Mm on dendritic morphology. As a
result, Fig. 3e, the hippocampus of APP/PS1 mice in Tg
group showed a lower density of spines, and this reduc-
tion could be rescued by CG, Mm, CG+Mm. We next
quantified the expression of synapse-related proteins in
the hippocampus of AD mice. Compared with the mice
in Tg group, the expression of PSD95, SYN, and GAP43
in APP/PS1 mice treated with CG+ Mm increased sig-
nificantly (P<0.01, P<0.001, Fig. 4c). Moreover, the effect
of CG combined with Mm was better than that of Mm or
CQG alone. This suggests that CG combined with Mm to
improve synaptic function may be achieved by up-regu-
lating the expression of PSD95, SYN, and GAP43 to regu-
late synaptic plasticity.

CG enhanced the effects of Mm on reducing AP plaque
deposition in AD mice

The AP has been proposed to play a key role in patho-
logical progress [33], which accumulation and plaque
deposition may induce dendritic and axonal atrophy,
synaptic failure, and neuronal death [34, 35]. To con-
firm whether CG enhanced Mm alleviated cognitive
impairment in AD mice by reducing AP plaque deposi-
tion, the brain sections were stained with thioflavin S for
determination of AP plaques. Our study demonstrated
that CG could lower AP deposition in the hippocam-
pus compared to the Tg group and this treatment effect
is stronger than that of Mm, as shown in Fig. 4a. In this
study, Mm showed a weak positive effect on reducing
AP deposition. By contrast, in the combined treatment
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No tg(min) Identified

Elemental

Theoretical m/z Experimental

Proposed ions

Common

Plant source

compound composition m/z fragment ions/
(m/z)
1 6.19 Gallic acid C,HgOs 169.0142 169.3922 [M—H]~ 125.02,107.02, D
81.03
2 1308 Chlorogenicacid ~ Cy4H;504 353.0878 353.0875 [M—H]~ 191.05, 179.03, A DEFG
135.04
3 1406 Isochlorogenic Ci6H150 353.0878 353.0844 [M—H]~ - EFRG
acid
4 17.37 Caffeic acid CoHgO, 179.0350 179.0219 [M—H]~ 135.04 B EG,
5 1870  Albiflorin Cy3Hpe0s 525.1614 5251601 [M+COOH]~, 525.16,479.16, D
[M4Na]* 327.11,381.04,
341.15
6 2047 Paeoniflorin C23H28011 525.1614 525.1545 [M4+COOH]~, 525.15,479.16, D
[M+Na]* 327.11-
7 2349 Ethyl gallate CoH,005 197.0455 197.0324 [M—H]~ 169.12 D
8 2590 Ferulic acid CioH160,4 193.0506 193.0542 [M—H]~ 149.06, 134.03 A B
9 3038  Tetrahydro- C,,Hy5NO, 356.1856 356.1794 [IMH]* 341.16,192.09, [
palmatine 165.08
10 3157  Isocorynoxeine CyoHyNO, 369.1935 369.1836 IM4HT* 35117, E
319.14,187.13
11 3313 Rosmarinic acid CigH160g 359.0772 359.0543 [M—HI™ 197.04,135.04, G
161.02
12 3366 Corydaline C,,H,,NO, 370.2013 370.1958 M4-HT* 355.18,340.16 I
13 3475 Rubrofusarin- Cy7H3,05 595.1668 595.1537 [M—H]~ 273.08,271.06, H
gentiobioside 256.04
14 3545  Palmatine C,,H,,NO, 352.1543 352.1592 M+ 336.13,321.10, [
294.11,
15 3643  Berberine CyoHi,NO, 335.1152 335.1128 M+ 321.10, 320,09, [
304.10
16 3741  Dehydrocoryda-  Cy,H,,NO, 366.1700 366.1639 M+ 351.15,336.15, [
line 321.10
17 4050  Cassiaside C CyH3,01s 641.1723 641.1711 [M+COOH]~ 641.21 H
18 4107  Physcion-gluco-  Cy,H,,00 4451140 4451125 [IM—H]~ 283.06, 268.06, H
side 212,04
19 50.85 aurantio-obtusin Cy7H,,0, 329.0667 329.0661 [M—H]~ 314.04, 285.04, H
299.02,
20 5225 Rhein Cy5HgOg 283.0248 283.0233 [M—H]~ 239.03,211.02 H
21 5499 Physcion Ci6H1505 283.0612 283.0649 [M—H]~ 268.03,240.04, H
239.04
22 56.05 chryso-obtusin CioHi50; 357.0980 357.0982 [M—H]~ 342.07,312.03, H
284.03
23 5978  Senkyunolide A C;)H;s0, 193.1223 193.1211 [M4-HI* 173.10,145.10, AB
135.05
24 6097  Butylphthalide C,H:.0, 191.1067 191.1069 [IM4H]* 173.10, 14510, AB
135.05
25 61.11 Obtusifolin Ci6H1205 283.0612 283.0610 [M—H]~ 268.03, 240.04 H
26 6364  Z-ligustilide Cy,H140, 191.1067 191.1.65 IM4-HI* 17310, 145.10, A B
135.04
27 6483  Emodin CysH100s 269.0455 269.0451 IM—H]~ 241,05, 225.05 H
28 6575  E-Ligustilide C,H:.0, 191.1067 191.0834 [IMH]* 173.10, 14510, A B
135.04

A: Angelica Sinensis Radix; B: Chuanxiong Rhizoma; C: Radix Rehmanniae Preparata; D: Radix Paeoniae Alba; E: Ramulus Uncariae Cum Uncis; F: Caulis Spatholobi; G:
Spica Prunellae; H: Semen Cassiae; I: Rhizoma Corydalis Yanhusuo
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group, this treatment has the strongest effect. The levels
of BACE1, APP, APP«x and APPp in the hippocampus of
AD mice were further confirmed with a Western blotting
analysis. Similar to the immunofluorescence staining,
APP levels in hippocampus were significantly reduced
in the CG+Mm group (P<0.05, Fig. 4i), as well as lev-
els of APPP (P<0.05, Fig. 4g), BACE1 (P<0.001, Fig. 4j).
Conversely, the level of APPa increased significantly in
CG+Mm group (P<0.05, Fig. 4h). The CG group and
the Mm group showed no significant difference except
BACE]1, which implies that CG+Mm has the strong-
est effect on inhibiting the expression of BACEL. In this
study, we found that CG can enhance the effect of Mm in
reducing AP deposition by down-regulating the expres-
sion of BACE1, APP and APPp. The pathological changes
of AD were significantly reversed.

Effects of CG+ Mm on neuroinflammation and oxidative
stress in the brain and serum of AD mice

The MDA contents in serum for Tg group were sig-
nificantly higher compared to the WT group (P<0.001,
Fig. 5d). Moreover, the increase in MDA contents in
serum was attenuated by CG+ Mm administration. As
shown in Fig. 5a—c, the activities of SOD, GSH-Px as well
as the levels of CAT in the Tg group were significantly
lower compared to the WT group in serum (P<0.001),
whereas CG+Mm treatment significantly alleviated
the reduction of MDA (P<0.001, Fig. 5d). In addition,
oral administration of CG+Mm increased the levels of
SOD, GSH-Px, and CAT in serum. Neuroinflammation
is another pathological change of AD.6 In this study, we
found that the level of inflammation in the hippocampus
of APP/PS1 mice was signify-cantly increased (Levels of
IL-1B, IL-6, TNF-a were significantly increased, P<0.001,
Fig. 5e—g), indicating the occurrence and development of
neuroinflammation, while the therapeutic effect of Mm
was limited. However, after Mm combined with CG, the
development of inflammation was effectively controlled.

Effects of CG+ Mm on ALT, AST, ALP, and TBIL levels

To determine whether CG combined with Mm has
potential hepatotoxicity, we measured the serum levels
of ALT, AST, ALP, and TBIL (P>0.05, Fig. 5h-k). The
results showed that there was no significant difference
between the five groups, which shows that CG combined
with Mm is safe.

Discussion

Current study, we observed that CG combined with
Mm significantly improved the learning and memory
abilities and autonomous activities of APP/PS1 mice,
which are involved in reducing AP deposition (Fig. 4),
improved synaptic plasticity, decreasing ROS production,
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inflammatory cytokines expression (Fig. 5) in AD mice
brain. More and more evidence showed that abnormal
production of AP is one of the important causes of AD
[36, 37]. Extracellular AP oligomers trigger neuroinflam-
mation and oxidative stress leading to cognitive decline
with multiple types of neuronal damage in AD patients
[38, 39]. Inhibition of AP production and deposition is
considered to be a potential treatment strategy for AD. In
this study, Mm showed a weak positive effect on reduc-
ing AP deposition. In comparison, there was an interest-
ing result that CG had a better reducing AP deposition
activity than Mm. CG contains a number of active ingre-
dients, as one of the active ingredients in CG, ferulic acid
reverses cognitive deficits and mitigates AD-like pathol-
ogy by altering amyloido-genic B-secretase APP cleav-
age both in mutant APP-overexpressing neuron-like cells
and transgenic mouse, hence, ferulic acid is considered
as a p-secretase modulator [40, 41]. Rosmarinic acid sup-
presses AD development by reducing Ap aggregation via
increasing monoamine secretion [42]. Rhynchophylline
suppresses soluble AP-induced impairment of spatial
cognition function by inhibiting excessive activation of
extrasynaptic NR2B-containing NMDA receptors [43].
Isorhynchophylline improves cognitive impairment in
TgCRNDS8 mice via reducing AP generation and deposi-
tion, neuroinflammation through inhibiting the activa-
tion of JNK signaling pathway [44]. Thus, the mentioned
ingredients of CG might serve as the key effectors in
alleviating AP plaque burden and ameliorating cognitive
decline during AD. Thus, we supposed that CG+Mm
decreased AP production and accumulation by inhibit-
ing expression of BACE1 and APP in APP/PS1 mouse
brain, indicating that CG+Mm was involved in A
metabolism.

CG is a well-known Chinese patent medicine being
sold in the current herbal market for years. To date,
more than 100 biologically active compounds have been
identified in CG. This herbal mixture is mainly used in
treating headache and dizziness associated with cerebro-
vascular diseases in clinics [45]. Studies have shown that
CG prevents aging mainly via suppression of oxidative
stress response, such as decreasing NO and MDA levels,
renewing activities of SOD, CAT, and GSH-Px, as well
as decreasing AChE activity in the brain of D-gal-treated
mice [45]. Previous researchers proved that paeoniflorin
exerts neuroprotective effects by alleviating AB plaque
burden, inhibiting astrocyte activation, and decreasing
IL-1p and TNF-a expression in the brain of 5XFAD mice
[46]. Tetrahydropalmatine prevents the neuroinflamma-
tion and memory impairment in the D-gal treated rats
by decreasing the expression of nuclear factor k (NF-kB)
and glial fibrillary acidic protein [47]. Albiflorin amelio-
rates memory deficits in APP/PS1 mice by conferring
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synaptic protection and improving mitochondrial func-
tion, reducing AP deposition and reactive oxygen species
in the brain [48]. These components make CG may have
superior anti-inflammatory and anti-oxidative activities.
Both AD patients and AD animals are suffering from
chronic neuroinflammation and oxidative stress damage
[8, 49]. Some researchers have suggested that AP disturbs
the oxidative balance by causing mitochondrial dysfunc-
tion and lipid peroxidation to enhance oxidative stress
[50]. In addition, glial cells can be over-activated by Ap
to release inflammatory factors to form a chronic neu-
roinflammatory environment in the brain [51]. There-
fore, anti-inflammatory and anti-oxidative treatments
are beneficial to AD. In this study, the activities of anti-
oxidant enzymes (SOD, CAT, GSH-Px) in serum of AD
mice in CG and Mm groups were significantly increased,
as well as the inflammatory factors (IL-1f, IL-6, TNF-«)
in hippocampus were significantly decreased, and this
positive effect was amplified in the combined treatment.
What’s more, further studies are necessary to evaluate
the underlying mechanism of CG and Mm at the cellular
and molecular level.

Synaptic loss is correlated with memory and cognitive
dysfunction in AD [52]. Synaptic plasticity is thought to
be fundamental to learning and memory ability in the
brain [53]. Thus, improving synaptic dysfunction might
be a vital method to postpone the progression of the neu-
rodegenerative disease. Synaptophysin is a pre-synaptic
marker commonly used to detect the density and distri-
bution of synapses. Synaptophysin loss is an early event
of AD and is considered to be an important marker of
synaptic changes [54]. PSD-95 is another important
synaptic associated protein located in the post-synaptic
region and plays an important role in synaptic plasticity
[55]. In this study, Western blot analysis showed that the
protein expression of synaptophysin and PSD-95 were
significantly down-regulated in Tg group compared to
the WT group. It is indicated that synaptic degeneration
occurred in the mice of the Tg group. Our results showed
that CG+ Mm could restore the expression of synapto-
physin and PSD-95, which implied that CG could resist
the synaptic disruption. On the other hand, the combined
group did not cause an increase in serum AST, ALT, ALP,
and TBIL levels, indicating that there is no liver toxicity
after long-term treatment.

Above all, our research suggests that a combination
group could reach a better attenuate Alzheimer-like
pathology effect than either of them. In our opinion, CG
as a mixture of a few of active ingredients may enhance
Mm anti-AD effect by reducing Ap production and accu-
mulation, neuroinflammation, oxidative damage and
improving synaptic function through multiple signal-
ing pathways and therefore could remedy AD cognitive
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impairment. Thus, the combination of CG with the Mm
could be a better way to improve the treatment effects
and life quality of AD patients.

Conclusions

In conclusion, the present study has demonstrated
that CG may enhance the Mm anti-AD effect of APP/
PS1 mice. Based on these data, we hypothesized that
the underlying mechanism of synergistic effect of CG
and Mm was reducing of AP production via APP meta-
bolic pathway and alleviating AP associated pathological
events, oxidative stress injury, chronic neuroinflamma-
tion, and synaptic injury. These results provide a rationale
for future clinical use of CG in anti-AD like pathological
development which could play a role as complemen-
tary medicine. Moreover, further studies are necessary
to evaluate the exact underlying mechanism of CG and
CG+ Mm at the cellular and molecular level.
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