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Abstract

Fufang Danshen (FFDS or Compound Danshen) consists of three Chinese herbs Danshen (Salviae miltiorrhizae radix et rhizome),
Sangqi (Notoginseng radix et rhizome) and Tianranbingpian (Borneolum, or D-borneol), which has been show to significantly improve the
function of the nervous system and brain metabolism. In this study we explored the possible mechanisms underlying the therapeutic
effects of the combination of the effective components of FFDS (Tan lIA, NG-R1 and Borneol) in the treatment of Alzheimer’s disease
(AD) based on network pharmacology. We firstly constructed AD-related FFDS component protein interaction networks, and revealed
that macrophage migration inhibitory factor (MIF) might regulate neuronal apoptosis through Bad in the progression of AD. Then we
investigated the apoptosis-inducing effects of MIF and the impact of the effective components of FFDS in human neuroblastoma
SH-SY5Y cells. We observed the characteristics of a “Pendular state” of MIF, where MIF (8 ng/mL) increased the ratio of p-Bad/Bad by
activating Akt and the IKKo/B signaling pathway to assure cell survival, whereas MIF (50 ng/mL) up-regulated the expression of Bad to
trigger apoptosis of SH-SY5Y cells. MIF displayed neurotoxicity similar to AB,.4,, which was associated with the MIF-induced increased
expression of Bad. Application of the FFDS composite solution significantly decreased the expression levels of Bad, suppressed MIF-
induced apoptosis in SH-SY5Y cells. In a D-galactose- and AlCl;-induced AD mouse model, administration of the FFDS composite
solution significantly improved the learning and memory, as well as neuronal morphology, and decreased the serum levels of INF-y.
Therefore, the FFDS composite solution exerts neuroprotective effects through down-regulating the level of Bad stimulated by MIF.
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Introduction

Alzheimer's disease (AD) is a chronic neurodegenerative dis-
ease with the pathological hallmarks of neuritic plaques and
neurofibrillary tangles (NFTs) that currently affects over 46.8
million people worldwide!". Neuritic plaques are related to
the accumulation of the amyloid-beta peptide (AB) in brain
tissues, while NFTs are associated with cytoskeletal changes
that arise from the hyperphosphorylation of microtubule-

associated Tau protein in neurons”. A peptides are gener-
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ated by the successive cleavage of APP (amyloid-p precursor
protein) by aspartyl proteases (-secretase or BACE) and a
tetramer complex, y-secretase, which contains presenilins (PS1
and PS2), nicastrin, aph-1 and pen-2Fl. The predominant site
of caspase-mediated proteolysis is located in the cytoplas-
mic tail of APP, and caspase-3 is the predominant caspase
involved in APP cleavage!. Moreover, APP cleavage occurs
in hippocampal neurons in vivo following acute excitotoxic
or ischemic brain injury, resulting in elevated AP peptide for-
mation and neuronal death™. Mammalian apoptosis is often
regulated by the Bcl-2 family of proteins, the adaptor protein
Apaf-1 (apoptotic protease-activating factor 1) and the cysteine
protease caspase family?. The Bcl-2 family contains both anti-
apoptotic and pro-apoptotic proteins. The anti-apoptotic Bcl-2
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and Bcl-xL reside in the outer mitochondrial wall and inhibit
cytochrome c release, whereas the pro-apoptotic Bad and Bax
reside in the cytosol but translocate to mitochondria and pro-
mote the release of cytochrome c following death signaling'.
Bad translocates to mitochondria and forms a pro-apoptotic
complex with Bcl-xLY, but this translocation is inhibited by
survival factors that induce the phosphorylation of Bad, lead-
ing to its cytosolic sequestration, which is associated with
proximal death and survival signals and results in the activa-
tion of pro-apoptotic Bax and Bak or its sequestration by anti-
apoptotic Bcl-2 and Bcl-xLY. Apaf-1 forms a complex with
mitochondrial-released cytochrome c and caspase-9 to mediate
the activation of pro-caspase-9. Activated caspase-9 in turn
cleaves and activates caspase-3 5, 6. Caspases thus appear to
play a dual role in the proteolytic processing of APP and the
resulting propensity for AP peptide formation, as well as in
the ultimate apoptotic death of neurons in AD",

The currently available therapeutic strategies are mainly tar-
geted at specific symptoms of AD, such as cholinergic activity,
neurotrophins, statins, non-steroidal antiinflammatory drugs,
hormone replacement therapy, blocking excitotoxicity, Ap
vaccines, immunotherapy, secretase effectors, antioxidants,
etc®™. Although Western medicine cholinesterase inhibitors
and N-methyl-d-aspartate (NMDA) blockers, such as tacrine,
donepezil, rivastigmine, galantamine, and memantine, have
been used as the main means to treat AD since 1993, several
limitations and even adverse effects, such as stroke, vomiting,
diarrhea, and insomnia, exist”). Thus, the demand for search-
ing for alternative therapeutic agents from not only synthetic
chemicals but also natural plants is increasing. Chinese litera-
ture on dementia was first recorded in “Monograph of mad-
ness and dementia” of “Jingyue’s Complete Works” by Jing-
yue ZHANG of the Ming dynasty, and traditional Chinese
medicine (TCM) has many effective compounds for the treat-
ment of dementia. Prof Fujiwara MICHIHIRO of Fukuoka
University of Japan and other researchers have found that
Danggui Shaoyao powder and Coptidis decoction for detoxi-
fication have good effects in the treatment of AD and vascu-
lar dementia (VD). Some Chinese materia medica (CMM),
namely Salvia miltiorrhiza (Danshen, Salviae miltiorrhizae radix
et rhizome) (Latin, pinyin and pharmacopoeia name in order
for each herb), Polygala tenuifolia (Yuanzhi, Polygalae radix),
Acorus tatarinowii (Shichangpu, Acori tatarinowii rhizoma),
Alpinia oxyphylla (Yizhi, Alpiniae oxyphyllae fructus), and
Uncaria rhynchophylla (Gouteng, Uncariae ramulus cum uncis),
possess acetylcholinesterase inhibitory activities. Fufang
Danshen (FFDS or Compound Danshen), which consists of
three herbs Danshen (Salviae miltiorrhizae radix et rhizome),
Sanqi (Notoginseng radix et rhizome) and Tianranbingpian (Bor-
neolum, or D-borneol), significantly improves the function
of the nervous system and brain metabolism, indicating that
there may be a new medicinal value of compound Danshen!'".
Notoginsenoside R1 (NG-R1), a novel phytoestrogen isolated
from Panax notoginseng, can significantly counteract the effects
of AP by increasing cell viability, reducing oxidative damage
(including apoptosis), restoring the mitochondrial membrane
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potential, and suppressing stress-activated mitogen-activated
protein kinase (MAPK) signaling pathways"l. Tanshinone
ITA (Tan IIA), the main active component of Salvia miltior-
rhiza, may attenuate hypoxia/reoxygenation (H/R)-induced
myocardial microvascular endothelial cell apoptosis in rats by
inhibiting the JAK2/STATS3 signaling pathway and regulating
the expression of p53, Bax, Caspase-3 and Bcl-2, potentially
providing a protective effect of Tan ITA". Tan ITA can reduce
the risk of AD by inhibiting iNOS, MMP-2 and NF-kB p65
transcription and translation™!. (+)-Borneol, a monoterpenoid
compound, can significantly increase Bcl-2 expression with
decreased expression of Bax, protect SH-SY5Y cells against
Ap-induced toxicity, exert an antioxidative effect and suppress
apoptosis™l. Borneol can improve the blood-brain barrier
(BBB) distribution of kaempferol™, while salvianic borneol
ester reduces AP oligomers and prevents cytotoxicity". Here,
we attempted to explore the potential mechanisms by which
the FFDS composition may prevent and treat AD.
Furthermore, AD is accompanied by chronic inflammation.
Immune modulatory cells, namely, neurogliocytes, release
various cytokines including interferon (IFN) and interleukin
(IL) and macrophage inflammatory proteins after activation
by AP accumulation!”. The excessive secretion of these cyto-
kines then leads to neuronal damage. Specifically, elevated
levels of TNF-a and IL-1p are accompanied by activation of
Toll-like receptor 4 (TLR4) signaling, while the consequent
up-regulation of BACE-1/PS-1 is likely responsible for the
accumulation of AP, which in turn increases the level of TLR4,
thereby creating a positive feedback loop that may consti-
tute the basis for the progression of AD'. The macrophage
migration inhibitory factor (MIF) is a pro-inflammatory cyto-
kine that promotes the production of several inflammatory
mediators such as TNF-q, IL-6 and IFN-y and, as a pleiotropic
cytokine produced mainly by nonneuronal tissue, is involved
in the regulation of neuronal functions. Our previous results
showed that spinal MIF plays a critical role in the pathogen-
esis of formalin-induced inflammatory pain by up-regulating
the expression of the spinal NMDA receptor subunit NR2B via
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Figure 1. The structures of the components of Fufang Danshen illustrated
by ChemDraw v12.0.
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the MAPK signaling pathway' ™ and contributes to the patho-
genesis of neuropathic pain by up-regulation of interleukin-8
and NR2B and the additional production of PGE2 via ERK 1/2
signaling™. TImportantly, the concentration of MIF is higher
in the AD brain than in the healthy brain, indicating that MIF
plays a physiological role in the pathogenesis of ADP!.,

In addition, network pharmacology, especially TCM net-
work pharmacology, replaces the corollary of rational drug
design using “magic bullets”, in which multitarget drugs that
act on biological networks as “magic shotguns” are identi-
fied®. Network pharmacology encompasses systems biology,
network analysis, connectivity, redundancy and pleiotropy™!
to predict the potential targets of drugs based on public data-
bases or available data from earlier studies and their pharma-
cological mechanism by using high-throughput technology to
analyze the relationship of drugs, proteins and diseases™!. In
this paper, we use network pharmacology to investigate the
potential mechanism of action of the components of FFDS, Tan
IIA, NG-R1, and borneol, and their combination.

Materials and methods

Computational prediction methods

Databases and software

This paper used the following databases and software: Uni-
Prot (http:/ /www.uniprot.org), TTD (http://bidd.nus.edu.
sg/group/TTD/ttd.asp), IntAct (http://www.ebi.ac.uk/
intact/), PubChem (http://pubchem.ncbi.nlm.nih.gov),
PubMed (http:/ /www.ncbi.nlm.nih.gov/pubmed/), KEGG
(http:/ /www.KEGG.jp/), Cytoscape, Discovery Studio, and
ChemDraw.

Construction of the AD-associated protein-protein interaction
network

The protein-protein interaction network and component-
protein interaction network were constructed using the soft-
ware Cytoscape version 2.8.3. These networks were then ana-
lyzed using the Analyzer Network plug-in.

AD-related proteins in the TTD database were searched
to identify the primary proteins related to AD, and 100 AD-
related proteins were selected. Based on the UniProt data-
base (released on March 12, 2015), with “Alzheimer” as the
keyword, the proteins that interact with the primary proteins
were searched as the secondary proteins in IntAct, and 1133
AD-related proteins were identified. Finally, the AD-related
protein-protein interaction network was constructed and dis-
played in a graphic format using software Cytoscape version
2.8.3. For each of these proteins, we retrieved the PRO IDs
from the UniProt database. The two files were further con-
verted into visualized protein networks using the Cytoscape
functions “Import->Network from table” where “Source Inter-
action” and “Target Interaction” corresponded to the 100 pri-
mary proteins and the 1133 secondary proteins, respectively.
In the networks, each node was a protein entry, and two
nodes were connected by an edge if they were related. Entity
descriptions and relationship annotations were represented
as node or edge attributes. Therefore, the protein-protein
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interaction network related to Alzheimer’s disease (AD-PPIN)
was generated. The mean connected degree was given by the
“Network Analyzer” of Cytoscape.

Relationship between the components of FFDS and the relevant
proteins

The PubMed database (released on Sep 6, 2014) was searched
for references related to the components of FFDS, Tan IIA,
NG-R1 and (+) borneol, and 23, 20 and 15 proteins relevant
to the primary proteins, Tan IIA, NG-R1 and borneol, respec-
tively, were identified. Similarly, the IntAct database was
searched for secondary proteins related to the primary pro-
teins, Tan IIA, NG-R1 and borneol. Finally, FFDS component-
protein relation networks (FFDS CPRNs) and FFDS compo-
nent protein-protein interaction networks (FFDS component-
related PPINs) were built. The FFDS CPRNs include Tan
ITA and its relevant protein (namely, the primary protein)
interaction network (Tan IIA-PRN), NG-R1 and its relevant
protein interaction network (NG-R1-PRN), and borneol and its
relevant protein interaction network (borneol-PRN), while the
FFDS component-related PPINs contain the Tan IIA-related
PPIN (namely, Tan IIA, its primary protein and secondary
protein interaction network), the NG-R1-related PPIN and the
borneol-related PPIN. Using Cytoscape’s Merge module, the
FFDS component-related PPINs (including the Tan IIA-related
PPIN, NG-R1-related PPIN and borneol-related PPIN) were
integrated and termed the FFDS composition PPIN.

Establishment of the AD-associated FFDS composition-related
PPIN

Similarly, the union of the AD-PPIN and FFDS composition
PPIN was built using Cytoscape’s Merge module. Then, the
AD-related FFDS composition PPIN was constructed by com-
bining the AD-PPIN with the FFDS composition PPIN using
Cytoscape’s Intersection function. The intersection proteins
are the likely potential targets for the treatment of AD.

Prediction of the possible AD-related targets of the FFDS
components

Based on the AD-related FFDS composition PPIN combined
with the Uniprot protein database, PubMed document
retrieval and KEGG description of the AD signaling pathway,
the possible target proteins of the FFDS components were ana-
lyzed, and the mechanism of action of the involvement of the
FFDS in AD was further predicted.

Experimental validation methods

Reagents

Medium DMEM/F12, trypsin, trypsin-EDTA (0.25%) and
phosphate-buffered solution (PBS) were purchased from
Wisent Co, Ltd; fetal bovine serum (FBS) was purchased from
Thermo Co, Ltd; DMSO was purchased from Amresco Co,
Ltd; penicillin, streptomycin, cell lysis buffer, and Nissl stain-
ing were purchased from Beyotime Co, Ltd; MIF was pur-
chased from R&D Systems Co, Ltd; AP, 4, and protease inhibi-
tor cocktails were purchased from Sigma Co, Ltd; AICl; was
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purchased from Nanjing Chemical Reagent Co, Ltd; D-gal was
purchased from Biosharp Co, Ltd; Hup A, Tan IIA, NG-R1 and
borneol were purchased from Chengdu Herbpurify Co, Ltd;
LY294002 was purchased from Selleck Co, Ltd; PS1145 was
purchased from Tocris Co, Ltd; ISO-1 and antibodies of Bad,
p-Akt, Akt and PI3K were purchased from Abcam Co, Ltd; the
p-BAD antibody was purchased from Cell Signaling Technol-
ogy Co, Ltd.

The MTT kit and BSA were purchased from Biosharp Co,
Ltd; the Annexin-FITC/PI Apoptosis Kit was purchased from
Vazyme Co, Ltd; the BCA protein assay kit was purchased
from Takara Co, Ltd; ELC developing liquid was purchased
from Tanon Co, Ltd; PVDF membranes were purchased from
Merck Co, Ltd; HRP-linked GAPDH was purchased from
Kangchen Co, Ltd; p-Actin and secondary antibodies were
purchased from Bioworld Co, Ltd; the INF-y ELISA Kit and
IL-4 ELISA Kit were purchased from MultiSciences Biotech
Co, Ltd.

Experimental equipment

The experimental instruments were as follows: Flow cytometer
(Accuri C6, BD), Chemiluminescence imaging system (5200,
Tanon), CO, incubator (MCO-15AC, SANYO), refrigerated
centrifuge (5810R, Eppendorf), Safire fluorescent plate reader
(TECAN, Durham, NC, USA), Leica microtome (RM2235,
Leica, Wetzlar, Germany), Morris water maze (JLBehv-
MWMG-1, Shanghai, China) (Prof Zhi-jun ZHANG laboratory,
School of Medicine, Southeast University, Nanjing, China),
ultrasound (KH-100DE, Kunshan Hechuang Ultrasonic Instru-
ment Co, Ltd, China), etc.

Preparation of the AB,.4, oligomer

A 4 mmol/L stock solution was prepared by dissolving 0.1 mg
AP, lyophilized powder into DMSO and then set aside in the
fridge at -20 °C until its use.

Then, 5.0 pL AP,y stock solution was diluted in 35.0 pL 1%
PBS to create a 500.0 pmol/L Ap solution, which was kept at
37°C for 3 d to allow for AP, 4, oligomerization before its use.

To prepare the 4.0 pmol/L AP oligomer solution for use, 8.0
pL of the above AP oligomer solution was mixed with 1.0 mL
cell culture liquid.

MIF solution preparation
Here, 2 pg MIF was dissolved in 0.2 mL sterile 1x PBS con-
taining 0.1% (wt/vol) BSA and mixed evenly to prepare a 10
pg/ mL stock solution, which was stored in the fridge at -20°C.
Then, 5.0 pL of the above MIF solution was blended with 1
mL cell culture liquid to prepare a 50.0 ng/mL MIF solution. A
gradient concentration of MIF solutions was then prepared in
turn.

Preparation of the solutions containing the effective components
of FFDS and their combination

Here, 2.0 mg Tan IIA, 1.0 mg NG-R1 and 10.0 mg borneol
were accurately weighed by electronic balance and each
added to 2.0 mL 95% ethanol solution. The solutions were
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ultrasonicated (power 250 W, frequency 33 kHz) for 30 min to
thoroughly dissolve the powder, and solutions containing 1
mg/mL Tan IIA, 5.0 mg/mL NG-R1 and 5.0 mg/mL borneol
were prepared. Then, 4.0 pL of each of the above solutions
were mixed with 1.0 mL medium to prepare working solutions
containing 4.0 pg/mL Tan IIA, 20.0 pg/mL NG-R1 and 20.0
pg/mL. The prepared culture medium was filtered through a
sterile filter membrane before use.

Similarly, 2.0 mg Tan IIA, 10.0 mg NG-R1 and 10.0 mg bor-
neol were accurately weighed by electronic balance, mixed, and
then added to 2.0 mL 95% ethanol solution. The mixture was
ultrasonicated (power 250 W, frequency 33 kHz) for 30 min to
prepare the FFDS composite solution, containing 1.0 mg/mL
Tan IIA, 5.0 mg/mL NG-R1 and 5.0 mg/mL borneol. Then,
4.0 pL of the FFDS composite solution was mixed with 1.0
mL medium to prepare the working FFDS composite solution
(including 4.0 pg/mL Tan IIA, 20.0 pg/ mL NG-R1 and 20.0 pg/
mL borneol in the solution). The prepared culture medium was
filtered through a sterile filter membrane before use.

Cell culture and treatments

Human neuroblastoma SH-SY5Y cells were received from Prof
Chen-yu ZHANG (School of Life Science, Nanjing University).
SH-SY5Y cells were expanded and kept in DMEM/F12 supple-
mented with 10% FBS and 1% penicillin (100 U/mL)-strepto-
mycin (100 pg/mL) at 37°C in a 5% CO,/95% air humidified
incubator (MCO-15AC, SANYO). The cells were pretreated
with ISO-1 (10.0 pmol/L), LY294002 (10.0 pmol/L) and PS1145
(10.0 pmol/L) for 20 min and then treated with various concen-
trations of MIF for 36 h. In addition, the cells were pretreated
with Tan ITA (4.0 pg/mL), NG-R1 (20.0 pg/mL), and borneol
(20.0 pg/mL) for 1 h and then treated with MIF (50.0 ng/mL)
for 36 h. Each sample was repeated 5 times. Wells with serum-
free medium were used as a negative control.

MTT assay

For the MTT assay, the MTT solution (at a final concentra-
tion of 0.5 mg/mL) was added into each well, and cells were
incubated at 37°C for 4 h. The medium was removed, and
150 pL DMSO was added into each well. The plate was gently
rotated on an orbital shaker for 10 min to completely dissolve
the precipitate. Aliquots (200.0 pL) of the resulting solutions
were transferred in 96-well plates, and the absorbance was
detected at 570 nm using the microplate spectrophotometer
system (Spectra max190-Molecular Devices, Sunnyvale, CA,
USA). Cell viability (%) was expressed as a percentage rela-
tive to the untreated control group.

Flow cytometry to assess apoptosis

In brief, cells were seeded in 6-well culture plates overnight.
At the end of the incubation, cells were digested with 0.25%
trypsin for 1 min, and cell culture medium was added to
terminate the digestion. The cell suspension was centri-
fuged at 300%g for 5 min at 4°C. and the supernatant was
discarded. Cells were harvested and washed with PBS (10.0
mmol/L phosphate buffer and 140.0 mmol/L saline, pH 7.4),



resuspended in 100.0 pL binding buffer, stained with 5.0 pL
annexin V-FITC and 5.0 pL propidium iodide (PI) for 10 min
in the dark at 25°C, and then analyzed by BD Accuri C6 flow
cytometry (BD, Biosciences, Franklin Lakes, NJ, USA). Here,
the excitation wavelength was 488 nm, and FITC and PI were
detected in the FL1 and FL3 channels, respectively. The data
were analyzed, and the monochrome scatter diagram was
drawn using the BD Accuri CFlow software associated with
the Accuri C6 BD flow cytometer.

Western blotting

Similarly, the cell suspension in 6-well plates was collected in
a 1.5-mL EP tube and centrifuged at 1000 rounds per minute
for 5 min at 4 °C. The supernatant was discarded, and the cells
were resuspended in 1.0 mL precooled PBS and centrifuged in
the same conditions. The supernatant was discarded, and the
cell lysis solution containing 100.0 pL protease inhibitors was
added to the cells, which were then placed on ice for 30 min.
The cell lysate was centrifuged at 12 000 rounds per minute for
10 min at 4 °C, and the supernatant was retained. The protein
concentration was measured with a BCA (bicinchoninic acid
assay) protein assay kit (T9300A, Takara).

Approximately 50.0 pg of each protein sample was loaded
onto a 10% sodium dodecyl sulfate polyacrylamide gel (SDS-
PAGE) and electrophoretically transferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad, USA). The membrane
was blocked with 5% skimmed milk powder in 1x TBS buf-
fer at 25°C for 1 h and then incubated with primary antibod-
ies against Bad (1:1000) (Abcam, USA) and -Actin (1:3000)
(Bioworld, USA) at 4°C overnight. The blots were washed
three times for 5 min with Tris-buffered saline Tween-20 and
incubated with the secondary horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG antibody (1:5000) (Bioworld, USA)
at25°Cfor1h.

Proteins were visualized using the enhanced chemilumi-
nescence method and visualized on a Tanon-5200 Chemilu-
minescent Imaging System (Tanon Science & Technology Co,
Ltd, Shanghai, China). Finally, the blots were scanned, and
densitometric analysis was performed on the scanned images
by using Image]J v4.7 software.

Construction of the AlICl;- and D-gal-induced mouse model and
treatment

Male balb/c mice aged 3 weeks (20£2 g) were obtained from
the Model Animal Research Center of Nanjing University.
Four mice were housed per cage, had free access to food and
water and were maintained under constant light (a 12-h light/
dark schedule), temperature (22+2°C) and humidity (65%+5%)
conditions.

After 1 week of habituation to the new environment and
handling, the animals were randomly assigned to four groups
(n=8 in each group): control group, model (AlCl;+D-gal)
group, Hup A group, and FFDS composition (TanlIA+NG-
Rl+borneol) group.

AICl; and D-gal were dissolved in sterile saline, whereas
Hup A and the FFDS components were dissolved in sterile
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saline with 2% Tween-20. The mice in the model group, Hup
A group and FFDS composition group were intraperitoneally
(ip) injected with 1% D-gal (60 mg kg™ d") and 0.1% AICI, (10
mg kg d™) for 90 d, whereas the mice in the control group
were treated with the same volume of sterile saline.

After 90 d, 0.2 mL 0.5 mg/L Hup A (0.05 mg kg™ -d") was
intragastrically (ig) administered to the mice in the Hup A
group for 14 d, while 0.2 mL of the FFDS composite solution
containing TanIIA (4 mg kg™ d"), NG-R1 (20 mg kg"d") and
borneol (20 mg kg™ d™) was ig given to the mice in the FFDS
composition group for 14 d. The mice in the control group
and the model group were treated with the same volume of
sterile saline for 14 d.

Animals were treated according to the guidelines of the
Regulations of Experimental Animal Administration issued
by the State Committee on Science and Technology of China
on 14 November 1988. The experiments were carried out
under the approval of the Committee of Experimental Animal
Administration of Nanjing University. All experiments were
conducted in accordance with the standard guidelines for the
use and care of laboratory animals, and all surgery was per-
formed under anesthesia. All efforts were made to minimize
animal suffering and reduce the number of animals used.

Morris water maze test

The day after the final FFDS composition treatment, the spatial
learning and memory of the mice were tested in the Morris
water maze as previously described by Vorhees CV and Wil-
liams MT??. The experimental apparatus consisted of a white
circular pool of 100 cm in diameter and 35 cm in height, filled
with nontoxic black-dyed water and kept at 23£2°C. The
pool was divided into four quadrants of equal area. A black-
colored round platform 4.5 cm in diameter was placed 1 cm
below the water surface in a constant position so that it was
invisible at water level.

In the place navigation task, four training trials per day were
given for five consecutive days in order to train the mice. In
each training trial, a mouse was placed into the water maze at
one of four determined locations and released, allowing the
animal to find the hidden platform. After the mouse found
and climbed onto the platform, the trial was stopped, and the
escape latency was recorded. Then, the probe trial was con-
ducted on the sixth day. The platform was removed from the
pool, and each mouse was allowed to swim freely for 60 s. The
time spent in each quadrant was recorded and analyzed. All
data (including the escape latency, the time spent in the target
quadrant, and the number of times crossing the platform) were
monitored and analyzed by a video tracking system (Smart
Program, Barcelona, Spain).

ELISA assay

The day after the final FFDS composition treatment, the mice
were anesthetized with ether. Blood samples were obtained
from mice and centrifuged (12 000 rounds per minute, 10 min)
to segregate the serum and then stored at -70 °C until assayed.
Serum IL-4 and INF-y levels were measured using the IL-4
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ELISA kit and INF-y ELISA kit (MultiSciences Biotech Co,
Ltd), respectively. This procedure was performed according
to the manufacturing protocols and analyzed by the ELISA
system. Fluorescence was immediately scanned (t=0 min)
using XFluor4 v4.40 software on a Safire fluorescent plate
reader (TECAN, Durham, NC, USA).

Nissl staining

After the behavioral tests were completed, the mice were
deeply anesthetized with ether and sacrificed by decapitation.
Then, their brains were rapidly cleaned with saline over ice
and submerged in 4% formaldehyde for pathomorphology
by Nissl staining. The whole hippocampus was fixed in 4%
paraformaldehyde in 0.01 mol/L PBS (pH 7.4) at 4 °C for 24 h,
dehydrated and embedded in paraffin, which was cut into 4-5-
um sections with a microtome (RM2235, Leica, Wetzlar, Ger-
many). The coronal sections were deparaffinized with xylene,
serially soaked in anhydrous, 90%, and 70% ethanol, stained
with the Nissl staining solution for Nissl bodies according to
the manufacturer’s instructions (Beyotime Co, Ltd), and again
serially soaked in anhydrous, 90%, and 70% ethanol.

The sections were dried, sealed with neutral gum, and then
observed under an inverted microscope (CKX41, Olympus)
after they were mounted and sealed on slides with neutral
balsam. Morphometric analysis of neural cells was performed
using an Olympus inverted microscope in the CA1 region of
the hippocampus and cerebral cortex. The number of surviv-
ing neuronal cells was counted in a 1-mm length of the middle
portion of the hippocampal CA1 region and cerebral cortex
under x400 magnification under light microscopy.

Statistical analysis

All data were expressed as the mean+SD. Statistical analysis
was performed using the Statistical Analysis System (Graph
Pad Prism 5; Graph Pad Software, Inc, San Diego, CA, USA).
Group differences in the escape latency during the Morris
water maze test were analyzed using two-way analysis of
variance (ANOVA). Other data were analyzed by one-way
ANOVA for multiple groups and by the Student’s f-test for
two groups. A value of P<0.05 was considered statistically
significant.

Results

Alzheimer’s disease-associated FFDS composition-protein-
protein interaction network

The AD-associated protein-protein interaction network (AD-
PPIN) contains 1233 nodes (including 100 primary proteins
and 1133 secondary proteins) and 1693 edges and has a mean
connected degree of 4.363.

On the basis of the FFDS components and their relevant pro-
tein relation networks (FFDS CPRNs), the FFDS component
protein-protein interaction networks (FFDS component PPINs)
were built. The FFDS CPRNs included the Tan IIA-PRN with
26 nodes and 25 edges, the NG-R1-PRN with 21 nodes and
20 edges, and the borneol-PRN with 16 nodes and 15 edges.
The FFDS composition PPIN was displayed as a network with
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1298 nodes (including Tan IIA, NG-R1, borneol, 49 primary
relevant proteins and 1246 secondary interacting proteins),
1912 edges, and a mean connected degree of 2.77. There were
25, 20 and 15 proteins related to Tan IIA, NG-R1 and borneol,
respectively, including 9 overlapping proteins (Table 1). Of
these 9 overlapping proteins, there were 4 proteins, MAPK14
(p38a MAPK), MAPK1 (p42 MAPK or ERK2), NFKBIA (NFxB
inhibitor alpha, IxkBa) and MAPK3 (p44 MAPK or ERK1), that
were related to both NG-R1 and borneol; 4 proteins, BCL2
(Bcl-2), BAX (Bax or Bcl-2-like protein 4), CASP3 (caspase-3)
and CASP9 (caspase-9), that were related to both Tan IIA and
NG-R1; and one protein, MAPKS (c-Jun N-terminal kinase,
JNK1), that was related to both Tan IIA and borneol. More-
over, Tan IIA was mainly involved in regulating apoptosis,
caspase 9/3, cyclin, microtubules, etc. NG-R1 was primarily
associated with MAPKs, NF-xB, AP-1, NF-E2 (Nuclear factor
erythroid 2), etc. Borneol was chiefly related to MAPKs, NFxB,
P450, etc.

The combination of the AD-PPIN and FFDS component
PPINs represents the AD-related FFDS composition protein-
protein interaction networks (AD-related FFDS composition
PPINs) with 54 nodes (including Tan IIA, NG-R1, borneol,
10 primary proteins and 41 secondary proteins), 130 edges,
and a mean connected degree of 4.81 (Figure 2). There were
12 important node proteins identified by having a higher
degree than the average degree of 4.81, including the ten pri-
mary proteins (ie, IKBKB, NFKBIA, CHUK, MAPK1, MAPKS,
MAPK14, BCL2, JUN, MAPK9 and AKT1), PPP2CA (serine/
threonine-protein phosphatase 2A catalytic subunit alpha iso-
form), and HSPA9 (Mitochondrial 70-kDa heat shock protein,
mtHsp70) (Table 2). The five nodes related to NG-R1 were
MAPK14, MAPK1, NFKBIA, BCL2 and JUN (transcription
factor AP-1); the 4 nodes related to borneol were MAPK14,
MAPK1, NFKBIA and MAPKS; the 6 nodes related to Tan ITA
were MAPKS, BCL2, AKT1, CHUK (IKKa), IKBKB (IKKp)
and MAPK9 (JNK2). The following important proteins were
also included: ATF2 (activating transcription factor 2), CASP8
(cysteine-aspartic acid protease), IKBKG (NFxB kinase sub-
unit gamma, IKK-y), RELA (NF-xB p65 subunit), NFKB2
(NF-xB p52 subunit), NFKBIB (NFxB inhibitor beta, IxBf),
MAP3K3 (MAPK kinase 3), ARRBI1 (arrestin beta 1), CALM1
(calmodulin 1), CLTC (clathrin heavy chain), TP53 (cellular
tumor antigen p53), HSPAS (heat shock cognate 71-kDa pro-
tein or Hsc70 or Hsp73), TUBB (tubulin beta class I), PPP2CB
(serine/threonine-protein phosphatase 2B catalytic subunit
alpha isoform), APP, BCL2L1 (Bcl-2-like 1 or Bcl-xL and Bcl-
xS), and BAD (Bcl-2-associated death promoter or Bad). This
observation was supported by a set of 20 candidate genes of
kinases involved in tau phosphorylation based on a group of
729 Spanish late-onset AD patients and 670 healthy controls,
such as p38a MAPK, JNK1 and 2, ERK2, etc™®,

By combining the description of the key nodes in the KEGG
database with the function analysis of the key nodes through
the literature search, we hypothesized that MIF might regulate
apoptosis by regulating the expression level of Bad, which
could control the progression of AD through the involvement
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Table 1. Compound Danshen components and their related proteins and the degrees of their proteins in the Compound Danshen component related
protein-protein interaction networks (FFDS’ C-PPINs).

Proteins Name Degree
Total* Tan 1A NG-R1 Borneol

MAPK14 Mitogen-activated protein kinase 14, p38a MAPK 130 0 107 107
HSPAS 78 kDa glucose-regulated protein 124 124 0 0
MAPK1 Mitogen-activated protein kinase 1, p42 MAPK, and ERK2 111 0 86 86
CDK2 Cyclin-dependent kinase 2 106 106 0 0
PARP1 Poly [ADP-ribose] polymerase 1 100 100 0 0
CDK4 Cyclin-dependent kinase 4 90 90 0 0
FOS Proto-oncogene c-Fos 90 0 90 0
NFKBIA NF-kappa-B inhibitor alpha, IkBa 88 0 75 75
AKT1 RAC-alpha serine/threonine-protein kinase 79 7 0 0
BCL2 Apoptosis regulator Bcl-2 77 51 51 0
IKBKB Inhibitor of nuclear factor kappa-B kinase subunit beta, IKKB 74 72 0 0
JUN Transcription factor AP-1 72 0 69 0
MAPK3 Mitogen-activated protein kinase 3 71 0 62 62
MAPKS8 Mitogen-activated protein kinase 8, JNK1 64 56 0 56
CHUK Inhibitor of nuclear factor kappa-B kinase subunit alpha, IKKa 62 60 0 0
GFAP Glial fibrillary acidic protein 57 0 0 57
BAX Apoptosis regulator BAX 53 35 35 0
CDK5 Cyclin-dependent kinase 5 50 50 0 0
CDKN1B Cyclin-dependent kinase inhibitor 1B 50 50 0 0
MAPK9 Mitogen-activated protein kinase 9, JNK2 44 43 0 0
KDR Vascular endothelial growth factor receptor 2 36 0 35 0
MAPT Microtubule-associated protein tau 35 35 0 0
NOS3 Nitric oxide synthase, endothelial 30 0 30 0
CASP3 Caspase-3 28 24 24 0
PPARG Peroxisome proliferator-activated receptor gamma 26 26 0 0
CAT Catalase 25 0 0 25
AKT2 RAC-beta serine/threonine-protein kinase 23 0 23 0
VEGFA Vascular endothelial growth factor A 21 20 0 0
CASP9 Caspase-9 18 13 13 0
BIRC5 Baculoviral IAP repeat-containing protein 5 15 15 0 0
NFE2 Transcription factor NF-E2 45 kDa subunit 13 0 13 0
PARP4 Poly [ADP-ribose] polymerase 4 13 13 0 0
HMOX1 Heme oxygenase 1 11 0 11 0
TXNIP Thioredoxin-interacting protein 11 0 11 0
NFE2L2 Nuclear factor erythroid 2-related factor 2 10 0 10 0
ABCB1 Multidrug resistance protein 1 9 0 0 9
ICAM1 Intercellular adhesion molecule 1 8 0 0 8
ABCC1 Multidrug resistance-associated protein 1 8 0 0 8
NOS2 Nitric oxide synthase, inducible 7 0 0 7
KLK3 Prostate-specific antigen 5 5 0 0
PIK3C2A Phosphatidylinositol 4-phosphate 3-kinase C2 domain-contain-A 4 0 4 0
ANK1 Ankyrin-1 3 0 0 3
AKT3 RAC-gamma serine/threonine-protein kinase 3 0 3 0
EIFAE3 Eukaryotic translation initiation factor 4E type 3 3 3 0 0
DHFRL1 Dihydrofolate reductase, mitochondrial 2 2 0 0
GABRA1 Gamma-aminobutyric acid receptor subunit alpha-1 2 0 0 2
TRPAL Transient receptor potential cation channel subfamily A member 1 1 0 0 1
CYP2D Cytochrome P450 2D6 1 0 0 1
PIK3BC Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit beta isoform 1 0 1 0

Note: * means FFDS’ composition, including Tan IIA, NG-R1 and borneol.

of the MIF-Akt-Bad and MIF-IKK-Bad pathways (Figure 3). FFDS components may play a therapeutic role in AD through
Therefore, we further speculated that the combination of the the regulation of Bad.
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Figure 2. AD-related FFDS composition protein-protein interaction network (PPIN) with 54 nodes, 130 edges and a mean connected degree of 4.81.
Here, the FFDS components, their related primary proteins and the secondary interacting proteins are displayed by a yellow triangle, a purple dot and a
pink or light blue dot, respectively.

Effects of phosphorylation of Bad on MIF-stimulated SH-SY5Y of MIF), LY294002 (inhibitor of p-Akt) or PS1145 (inhibitor of
cells p-IKKa/B) for 36 h had no impact on the growth of SH-SY5Y
The MTT assay showed that treatment with ISO-1 (inhibitor cells (Figure 4A). However, the addition of 8.0 ng/mL MIF to

Table 2. The nodes and the degrees of their proteins in AD related FFDS’ composition PPIN.

Name Degree Name Degree Name Degree Name Degree
IKBKB 20 CASP8 4 APP 2 DCC 1
NFKBIA 19 IKBKG 4 ARRB2 2 EGFR 1
CHUK 15 RELA 4 BAD 2 LYN 1
MAPK1 15 ARRB1 3 BCL2L1 2 MYC 1
MAPK8 14 CALM1 3 CRK 2 RB1 1
MAPK14 13 CLTC 3 ETS1 2 REL 1
BCL2 10 HSPA8 3 FLNA 2 RPS6KA3 1
JUN 10 MAP3K3 3 HSPA1L 2 SMAD3 1
MAPK9 8 NFKBIB 3 KEAP1 2 SQSTM1 1
PPP2CA 8 NFKB2 3 TSC1 2 TAB1 1
AKT1 7 PPP2CB 3 COMMD1 1 UBC 1
HSPA9 5 TP53 3 COPS5 1 VIM 1
ATF2 4 TUBB 3 cuLi 1

Acta Pharmacologica Sinica
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Figure 3. Prediction of the molecular mechanism of the key nodes in the AD-related FFDS C-PPIN through the combination of the description of the key
nodes in the KEGG database with the function analysis of the key nodes determined from the literature. The key nodes in AD, which may participate in

the signal path diagram, are summarized.

the co-culture for 36 h after ISO-1, LY294002 or PS1145 treat-
ment for 20 min led to a significant decrease in the growth
of SH-SY5Y cells in the LY294002-treated group and PS1145-
treated group (Figure 4B). The results demonstrated that SH-
SY5Y cell growth is inhibited by MIF when the phosphoryla-
tion of Akt or IKKa/p was blocked.

Western blotting results showed that after treatment with
different concentrations of MIF for 30 min, the expression of
p-Bad in SH-SY5Y cells was up-regulated in a dose-depen-
dent manner, and the ratio of p-Bad/Bad was significantly
correlated with the MIF dose (Figure 4C). Moreover, MIF
induced the phosphorylation of Akt and Bad. However,
ISO-1 blocked this phosphorylation, whereas LY294002 and
PS1145 only blocked the MIF-induced phosphorylation of Bad
(Figure 4D).

Effects of the FFDS components on MIF-induced apoptosis in SH-
SY5Y cells

The MTT assay showed that MIF significantly inhibited the
growth of SH-SY5Y cells in a dose-dependent manner (Figure
5A), whereas the FFDS components and their combination
presented no toxic effects on the growth of SH-SY5Y cells. Tan
ITA and the FFDS composition significantly improved the inhi-
bition of SH-SY5Y cells treated with MIF and had significant

protective effects on MIF-induced SH-SY5Y cell damage (Fig-
ure 5B).

Bad is a pro-apoptotic protein in the organism, and its
increase causes cytotoxicity in SH-SY5Y cells. Western blot-
ting analysis further revealed that the expression of the Bad
protein was significantly and dose-dependently promoted by
MIF (Figure 5C), whereas Tan IIA and NG-R1 as well as the
FFDS composition significantly inhibited the MIF-induced
expression of Bad in SH-SY5Y cells (Figure 5D). Particularly,
MIF at a concentration of 50.0 ng/mL induced a significant
increase in the expression of Bad.

Figure 6A displays the results of the annexin V-FITC/PI
double staining of SH-SY5Y cells after incubation with oligo-
meric APy, (4.0 pmol/L) or/and MIF (50.0 ng/mL) for 24 h,
revealing that MIF and oligomeric AP,y individually pro-
moted apoptosis of SH-SY5Y cells, and the co-incubation of
MIF and oligomeric AP;.4, primarily induced the early phase
of apoptosis. Flow cytometry further showed that Tan IIA,
NG-R1 and the FFDS composition improved the MIF-induced
cell damage and protected the cells (Figure 6B).

Effect of the FFDS composition in mice with AD induced by both
AICI; and D-gal
The Morris water maze test showed that the mean escape

1429
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cells. Data are shown as the mean+SD. “"P<0.001, *"P<0.01.

latency of mice with AD induced by AICl; and D-gal was
markedly greater than that of the control group, while the
FFDS composition and the Huperzine A (Hup A)-treated
groups showed evidence of cognitive repair compared to the
model mice in the training periods (Figure 7A). In the probe
trial, the platform was removed. The number of platform
crossings by the AD mice that were given Hup A or the com-
bination of the FFDS components was slightly higher than that
of the AD group (Figure 7B). The AD group spent obviously
less time in the target quadrant than the normal group, while
the FFDS composition and Hup A groups spent much more
time in the target quadrant than the model group (Figure 7C).

ELISA demonstrated that the FFDS composition and Hup A
groups exhibited significantly lower concentrations of INF-y in
the serum than the model group, which had increased INF-y
levels (Figure 7D). However, the level of IL4 was unchanged
(Figure 7E).

To confirm whether the cortex and hippocampus were dam-

aged by AICl; and D-gal toxicity and to estimate the protec-
tive effect of the combination of the FFDS components against
neuronal impairment, the number of viable surviving neurons
was determined by Nissl staining. There were significantly
fewer Nissl bodies in the cortex in AD mice than in control
mice, whereas treatment with the FFDS composition or Hup
A improved this condition, increasing the number of Nissl
bodies in the cortex (Figure 8A). The neuronal formation and
border in the CA1 area of the hippocampus was diminished in
the AD model mice, but the neuronal morphology of the AD
mice chronically treated with the FFDS composite solution or
Hup A was similar to that of the normal mice in the CA1 (Fig-
ure 8B).

Discussion

Analysis of the AD-related FFDS composition PPIN

The FFDS composition could alleviate the AD process through
its actions on MAPK, NF-«xB, AKT, and JNK signaling path-

Acta Pharmacologica Sinica
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Figure 6. Effect of the FFDS components and their combination on MIF-induced apoptosis in SH-SY5Y cells using flow cytometry. (A) Effect of MIF on
SH-SYBY cells. After SH-SYBY cells were treated with 50 ng/mL MIF for 24 h, the cell membrane permeability was increased, allowing annexin V to
easily cross into the cytoplasm, indicating that the cells were in the early phase of apoptosis and showing similar apoptotic effects as treatment with
4.0 ymol/L AB1.4,- Incubation of SH-SYBY cells with both MIF and AB,.4, showed stronger apoptotic effects. (B) Effect of the FFDS components and their
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ways, as well as through the BCL2-related apoptosis signaling
pathway (Figure 3), which was supported by the following
reports. The activation of MAPK14 (p38a MAPK) plays a
critical role in the regulation of BACE1 degradation, AP gen-
eration, and the excessive phosphorylation of Tau protein in
AD pathogenesis™!, while the p2-adrenergic receptor (B2AR)-
protein kinase A (PKA)-JNK pathway mediates AB-induced
tau pathology by the phosphorylation of tau at Ser-214, Ser-
262 and Thr-181 in PS1/APP mice®®!. Activation of the JNK
pathway and induction of the AP-1 transcription factor c-Jun
are accompanied by neuron death in AD models™, whereas
blockade of JNK-AP1 signaling inhibits Ap-induced dysregu-
lation of the inflammatory response™; therefore, this signal-
ing pathway may serve as a therapeutic target for relieving
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Figure 7. Treatment with the FFDS composition improved the learning
and memory impairment of double AICI;- and D-gal-induced AD
mice. (A) Latency for the model mice to escape to the target platform
during the training trials. (B) The number of crossings over the
location of the removed platform in the probe trial. (C) The proportion
¥ of time spent in the target quadrant to the total time in the probe
trial. (D) The level of INF-y. (E) The level of IL-4. Data are shown as
the mean+SD, *P<0.05, #P<0.01 compared with the model group,
“P<0.05, "P<0.01, “P>0.05 compared with the control group.

Ap-induced neuroinflammation®. In addition, the abnormal

functioning of the basal forebrain cholinergic neurons and the
diminution of ERK2 are critical for the memory disruption
associated with ADP!, while phosphorylated MAPK (ERK1,
ERK2) expression is associated with early tau deposition in
neurons and glial cells in AD, suggesting that activated Ras
is the upstream activator of the MEK/ERK pathway of tau
phosphorylation in ADP?. Moreover, hippocampus signal
transduction cascades are disrupted in AD as a consequence
of the increased Ay, burden and chronic activation of the ERK
MAPK cascade in an alpha? nicotinic acetylcholine receptor
(a7 nAChR)-dependent manner, which eventually leads to the
down-regulation of ERK2 MAPK and decreased phosphoryla-
tion of cAMP-regulatory element binding (CREB) protein®®.
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Figure 8. Effect of the FFDS composition on neuronal protection of the
cortex (A) and hippocampal CA1l subfield (B) in double AICI;- and D-gal-
induced AD mice. The number of Nissl bodies was counted in a 1-mm
length of the middle portion of the hippocampal CA1 region and the
cerebral cortex under x400 maghnification using light microscopy.

Additionally, Ap-induced mitochondrial dysfunction is
a hallmark of AB-induced neuronal toxicity in AD, thereby
decreasing the expression of cytochrome ¢ oxidase subunit
(COXIII) and inhibiting COX activity via the intramitochon-
drial IxBa/NF-kB pathway™!. NF-«B is normally held in an
inactive state by the inhibitory proteins IxBs. The IxB kinase
complex (IKK) contains two kinase subunits, IKKa and IKKp,
that phosphorylate IxBs at N-terminal sites, resulting in
their ubiquitination and degradation in the cytoplasm and

Acta Pharmacologica Sinica

allowing NF-kB to go into the nucleus™. TKK can inhibit
TNFa-induced apoptosis through two distinct but coopera-
tive mechanisms: activation of the survival factor NFxB and
inactivation of the BH3-only BAD protein, while activated
NF-kB further regulates the expression of genes whose prod-
ucts inhibit caspases and prevent prolonged JNK activation®,
IKKp deficiency enhanced microglial recruitment to A} depos-
its and facilitated AP internalization, perhaps by inhibiting
TGF-3-Smad2/3 signaling, but did not affect A production
or efflux™. In addition, AP can trigger microglial activation
by interacting with TLR4"", whereas the TLR4/NF-«B sig-
naling pathway can increase the accumulation of A in lipo-
polysaccharide (LPS)-treated primary hippocampal neurons
of Sprague-Dawley rats and may directly lead to the forma-
tion of amyloid plaque in AD". Resveratrol mitigates LPS-
and Ap-mediated microglial inflammation via inhibiting the
TLR4/NF-xB/STAT (signal transducer and activator of tran-
scription) signaling cascade®. Therefore, inhibition of IKKf
signaling in myeloid cells, especially microglia, improves cog-
nitive function in AD mice by reducing inflammatory activa-
tion and enhancing A clearance.

AP might induce apoptosis by interacting with neuronal
receptors, including the receptor for advanced glycation end-
products (RAGE), the p75 neurotrophin receptor (p75(NTR)),
and APP®.. Neurotrophins suppress apoptosis by inducing
p75(NTR) polyubiquitination and regulating critical protein
kinase cascades 5. Tumor necrosis factor receptor-associated
factor 6 (TRAF6) and SQSTM1 (p62) are required for polyu-
biquitination of p75(NTR), while TRAF6/p62 abrogates the
Ap-mediated inhibition of p75(NTR) polyubiquitination and
restores neuronal cell survival. AP significantly reduces
NF-B activity by attenuating the interaction of p75(NTR) with
IKK, whereas p75(NTR) increases NF-xB activity by recruit-
ing TRAF6/p62°°. Moreover, the disaccharide trehalose is
commonly considered to stimulate autophagy by causing a
strong accumulation of the autophagic marker proteins LC3-
IT and p62, altering subcellular trafficking and the metabolism
of the AD-associated APP, decreasing the degradation of full-
length APP and its C-terminal fragments, and reducing the
secretion of the Ap peptide!”.

AP accumulation is responsible for synaptic dysfunction and
neuronal cell death. A3 may down-regulate UCH-L1 (ubiqui-
tin C-terminal hydrolase L1), a deubiquitinating enzyme that
functions to regulate cellular ubiquitin, in the AD brain and
then compromise synaptic plasticity and neuronal survival™,
Tau truncation may contribute to synaptic deterioration in
AD by aberrant recruitment of parkin and UCH-L1 to mito-
chondria, making the mitochondria more prone to detrimental
autophagic clearance!®”. The Ap-mediated increase in BACE1
expression through the activation of the J]NK-c-jun pathway is
accompanied by a decrease in UCH-L1 expression and activ-
ity, and the two related events depend on the NF-kB path-
way!™. UCH-L1 could be an attractive target for the develop-
ment of new therapeutic approaches for AD.

MIF has recently emerged as an important regulator of
innate and adaptive immunity. MIF is an upstream activator



of monocytes/macrophages and is centrally involved in the
pathogenesis of septic shock, arthritis, and other inflamma-
tory conditions. The MIF-associated ERK 1/2-NMDA recep-
tor or PGE2 cascade accounts for the changes in peripheral
nerve injury-induced nociceptive responses™, where MIF up-
regulated the expression of the spinal NMDA receptor subunit
NR2B via the MAPK signaling pathway”. MicroRNA-608
(miR-608) overexpression inhibited the malignant behavior of
glioma stem cells by down-regulating MIF, whereas the inhi-
bition of MIF resulted in the inactivation of the PI3K/AKT and
JNK pathways™l. These observations demonstrate that miR-
608 acts as a potential tumor suppressor and provide insight
into new therapeutic targets for malignant glioma.

Meanwhile, the function of Bad in the nervous system has
recently become a research focus. Phosphorylation of Bad
results in its combination with the 14-3-3 protein and a loss of
apoptotic activity, whereas dephosphorylated Bad binds with
Bcl-xL to dissociate Bax, resulting in an increase in mitochon-
drial permeability, cytochrome c release, and apoptosis of the
cell®’. Bad content in the hippocampal CA1 region of brains
stimulated by ischemia was shown to be significantly higher
than that in normal brains, and double immunohistochemical
staining and Western blot demonstrated that Bad translocated
from the cytoplasm to the mitochondria in neurons*”. Fur-
thermore, piceatannol significantly promoted phosphoryla-
tion of Akt and Bad, further suppressed Bcl-2/Bax expression,
inhibited cleavage of caspase-9, caspase-3 and PARP, and
further showed a comprehensive protective effect against
Ap-induced apoptosis in PC12 cells via the PI3K/Akt/Bad
signaling pathway and downstream mitochondria-mediated
and caspase-dependent signaling pathway!*’.

Therefore, we hypothesized that MIF might regulate apop-
tosis by regulating the expression level of Bad via the MIF-
Akt-Bad and MIF-IKK-Bad pathways (Figure 3), which could
control the progression of AD. On this basis, we further
speculated that the combination of the effective components of
FFDS may play a therapeutic role in AD through the regula-
tion of Bad.

Phosphorylation of Bad in MIF-induced SH-SY5Y cells

MIF is commonly found in the cerebral cortex, hypothalamus,
epencephalon and hippocampus. Our study demonstrated
that MIF could modulate the growth of SH-SY5Y cells. The
MTT assay showed that signal blockers (ISO-1, LY294002 and
PS1145) could inhibit the cellular growth. Western blotting
showed that MIF could up-regulate the expression of p-Bad
in SH-SY5Y cells in a dose-dependent manner, and LY294002
and PS1145 decreased the ratio of p-Bad/Bad. Figure 4 also
confirmed that MIF (8.0 ng/mL) up-regulated the expres-
sion of p-Bad/Bad by activating Akt and IKKa/p to assure
cell survival. However, apoptosis occurred when the signal
was blocked. In contrast, MIF (50.0 ng/mL) up-regulated the
expression of Bad to trigger apoptosis in SH-SY5Y cells (Fig-
ure 5 and 6). As a pleiotropic cytokine, of its many biological
activities, the regulatory function of MIF is characterized by a
‘Pendular state’, showing a significant difference in regulation
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under different concentrations. For example, the positive and
negative regulation of AP-1 is associated with different con-
centrations of MIF".. MIF can modulate the transcriptional
activity of the AP-1 gene through its interaction with Jab-1.
The expression of p27 is inhibited when the AP-1/c-jun com-
plex binds to AP-1 sites, which is promoted by MIF; however,
when the concentration of MIF is excessive, the interaction
with Jab-1 is suppressed, and the AP-1/c-jun complex is disso-
ciated. The positive and negative regulation of AP-1 indicates
that different concentrations of MIF result in different biologi-
cal effects. Here, MIF might regulate cellular growth via the
MIF-Akt-pBad and MIF-IKK-pBad pathway.

Role of the combination of the effective components of FFDS in
MIF-induced apoptosis in SH-SY5Y cells and in AICI; and D-gal-
induced mice

In SH-SY5Y cells, p38a MAPK has been reported to play a
critical role in the regulation of BACE1 degradation and Ap
generation in AD pathogenesis™. Previous studies in SH-
SY5Y cells have shown that AP peptide up-regulated the
activity of calcineurin (CaN), consisting of a catalytic subunit
(CaN A) and a Ca*-binding regulatory subunit (CaN B), and
increased the cleavage of both calpain I and CaN A, CaN A,
a Ca®/ CALM-dependent protein phosphatase, is activated by
proteolytic cleavage of the autoinhibitory domain by calpain I.
CaN can mediate Ap-induced cell apoptosis through the
dephosphorylation of Bad and may be the link between Ca*
homeostasis deregulation and apoptotic neuronal death!’.
AP and PrP peptides induce CaN overactivation, and, as a
consequence, Bad is dephosphorylated and translocated to
mitochondria, triggering cytochrome c release that may trigger
an apoptotic cascade, such as caspase-3 activation. In fact, Bad
promotes apoptosis by binding to and inhibiting the actions
of the anti-apoptotic proteins Bcl-2 and Bel-xL, resulting in the
activation of pro-apoptotic Bax and Bak. When Bad is phos-
phorylated in response to survival factors (such as IL-3), it is
sequestered in the cytosol, complexed to 14-3-3 proteins, and
fails to interact with anti-apoptotic Bcl-2 members, allowing
these latter proteins to promote cell survival'®.

MIF may be involved in the neuroinflammation in AD and
has been implicated in the toxicity of aggregated AB. MIF
deficiency is associated with a reduction of astrocyte activation
and attenuation of tau hyperphosphorylation in mouse AD
models and in Mif (-/-) mice®™. Therefore, inhibition of MIF
and MIF-induced astrocyte activation may be useful in AD
prevention and therapy. Here, the MTT assay revealed that
MIF (50.0 ng/mL) presented neurotoxicity similar to Ay4,"Y,
while Tan IIA and the FFDS composition displayed significant
protective effects against MIF-induced SH-SY5Y cell dam-
age. Additionally, MIF as well as AP;4, promoted apoptosis
of SH-SY5Y cells, whereas Tan IIA, NG-R1 and the combina-
tion of the effective components significantly inhibited the
SH-SY5Y cell apoptosis induced by MIF. Western Blotting
results demonstrated that MIF up-regulated the expression of
Bad to trigger apoptosis in SH-SY5Y cells, whereas Tan IIA,
NG-R1 and the combination of the effective components sig-
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nificantly down-regulated the expression of Bad. Tan IIA
protects against cardiac hypertrophy via inhibiting the CaN/
NFATc3 pathway™; therefore, we speculated that the FFDS
composition might play a role in the protection of the nervous
system through regulating the level of Bad stimulated by MIF,
perhaps via CaN, in AD.

Based on the fact that excessive intake of D-gal can lead to
a decrease in the activity of cortical cells, a diminution in the
number of hippocampal pyramidal cells, and a deterioration in
learning and cognitive abilities, while elevated levels of alumi-
num in the body can promote A} accumulation, an increase in
Tau protein content, morphological changes in neurons and a
decline in learning and memory function, the senescent mouse
model induced by D-gal and AICl, is widely used for studying
the mechanisms of AD and for drug screening®™, which are
believed to be mediated through various mechanisms includ-
ing apoptosis and oxidative stress®.. Similarly, the chronic
intake of AICl; and D-gal can lead to a significant decrease in
the spatial learning and memory ability of mice in our experi-
ment. After the AD model mice were treated with the FFDS
composition, the escape latency in the water maze was short-
ened, the number of platform crossings once the platform
was removed increased, and the proportion of the time spent
in the target quadrant was significantly elevated. The FFDS
composite solution was able to improve the intelligence level
of the AD model mice and repair the neuronal injury of the
mice caused by AICl; and D-gal. Just as inflammation accom-
panies the occurrence and development of AD, the FFDS
composite solution was able to relieve the INF-y level in the
mice induced by AICl; and D-gal, ease the INF-y inflamma-
tory reaction, and then alleviate the development of AD. Nissl
staining further indicated a reduction in the number of cells in
the brains of AICl;- and D-gal-induced model mice, showing
sparse neurons with vacuoles, irregular outlines, and lightly
colored cytoplasm. However, these effects were reversed after
the mice were treated with the FFDS composite solution, pre-
senting neural cells that were arranged closely, with clear out-
lines and dark pigmentation. Here, the FFDS composite solu-
tion was shown to ameliorate the memory impairment and
improve neuronal injury in double AICl;- and D-gal-induced
mice.

Conclusion

TCM compounds are well known to include a complex system
of chemicals, in which a group of effective constituents might
contribute to the efficacy of a TCM drug. In contrast to West-
ern medicine, the objective of TCM is to improve syndromes
of the human body grounded in a concept of wholism and
system theory. The combination of specific effective compo-
nents of a TCM compound, termed a TCM composition, is
more competitive in the international market than the TCM
compound itself. The former is usually composed of several
different components of a TCM compound, similar to Western
medicine compounds, whereas the latter is often comprised
of different CMMs, having characteristics of multiple compo-
nents, multiple targets and multiple functions, which is dif-
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ficult for the international community to recognize due to the
diversity and complexity of TCM components and their com-
plex mechanisms. The purpose of this paper was to identify
a new FFDS composition for AD therapy and to explore how
the effective components of FFDS and their combination play
a role in the protection of nerve cells. The AD-related FFDS
composition PPIN revealed that the FFDS composition could
modulate the expression of Bad via the Akt and/or IKKa/ 3
signaling pathway to protect the brain tissue. Interestingly,
characteristics of a “Pendular state” of MIF were observed in
our experiments. The regulatory function of MIF is signifi-
cantly different depending on the MIF concentration. MIF at
a concentration of 8.0 ng/mL increased the ratio of p-Bad/
Bad by activating Akt and IKKa/ to assure cell survival. In
contrast, MIF at a concentration of 50.0 ng/mL up-regulated
the expression of Bad to trigger apoptosis in SH-SY5Y cells.
Moreover, the FFDS components and their combination did
not change the ratio of p-Bad/Bad; however, Tan ITIA, NG-R1,
and the FFDS composition significantly decreased the expres-
sion level of Bad and suppressed MIF-induced apoptosis.
Because Tan IIA has been shown to be protective against car-
diac hypertrophy via inhibiting the CaN/NFATc3 pathway,
we speculated that the FFDS composition might play a role
in the protection of the nervous system through regulating
the level of Bad stimulated by MIF, perhaps via CaN, in mice
with AD induced by long-term intake of AlCl; and D-gal, not
through increasing the ratio of p-Bad/Bad by activating Akt
and IKKa/ B to assure cell survival similar to piceatannol. Our
research has confirmed the protective effects of the FFDS com-
position on hippocampal neurons in mice with AD induced
by AICl; and D-gal and determined that the FFDS composition
can significantly decrease the serum levels of INF-y, relieve
the inflammation reaction related to INF-y, and repair the
learning and memory impairment of AD mice caused by long-
term intake of AICl; and D-gal.
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