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Alzheimer’s disease is a neurodegenerative disorder with Amyloid-B plaques onset, synaptic damage, and cog-
nitive decline. AP deposits cause pathological events including oxidative stress, mitochondrial dysfunction, and
neuron death. In this study, APPswe/PSENA9 double transgenic mice model was used to imitate Alzheimer’s
AB . . disease and the effect and possible mechanism of Andrographolide sulfonate were examined. Andrographolide
Zﬁzﬁ;‘sﬂgiﬁmy sulfonate was given to the mice for 7 months before the onset of AR plaque. Spatial memory test showed that

Andrographolide sulfonate treatment prevented cognitive decline. AR deposits were not affected while hippo-
campus and synapse damage was significantly alleviated. Mechanism studies showed that oxidative stress and
mitochondrial swelling was reduced after Andrographolide sulfonate administration. These findings suggest that
Andrographolide sulfonate, which has been applied in clinical medicine, might be a promising therapeutic agent

for AD therapy via mitochondria protection.

1. Introduction

Alzheimer’s disease (AD), the most common form of dementia
which occurs mainly in the elderly, is characterized by memory deficits,
cognitive decline as well as mental derangement. The major patholo-
gical features of the AD are neurofibrillary tangles (NFT) in cells in-
volved in tau hyperphosphorylation, extracellular senile plaques
mediated by Amyloid-f (Af3), and the loss of neurons [1]. The APP/PS1
mice with transgenic of familial AD mutant forms of the human amyloid
precursor protein (APPsw) and presenilin 1 (m146L) are often used to
study the mechanisms of the neuropathology of AD and the therapeutic
effects of drugs on Alzheimer’s disease [2].

Energy metabolism disturbance and mitochondrial dysfunction,
which cause ATP deletion, ROS generation, and apoptosis, have been
implicated in the pathogenesis of AD. Mitochondrial dysfunction has
been detected earlier than major pathological features of the AD, which
promote APP expression and procession in sporadic and late-onset AD
[3]. MtDNA mutation is also increased in the hippocampus of early-
stage AD [4]. The accumulation of A peptide results in feedback in-
hibition of peptidase, which leads to mitochondrial dysfunctions [5].

* Corresponding authors.

Impaired mitochondrial energy metabolism disturbs epigenetic reg-
ulation of chromatin, which is also observed in AD [6]. Thus, allevia-
tion of mitochondrial dysfunction might promisingly slow down the
progress of AD.

Andrographolide is a bicyclic diterpenoid lactone distributed in
medicinal herb Andrographis paniculata and has been reported to exhibit
anti-viral, anti-inflammatory, anti-tumor, and anti-cardiovascular
properties in several diseases [7-10]. A pharmacokinetic study showed
that Andrographolide can enter into the brain [11] and has protective
effects against MPTP-induced Parkinson’s disease [12] as well as cere-
bral ischemia-reperfusion [13]. In an animal model of the AD, Andro-
grapholide can also significantly improve cognitive impairment
through decreasing AP levels and recovering synaptic plasticity
[14,15]. Andrographolide sulfonate, a water-soluble form of Andro-
grapholide by sulfonate reaction (trade name: Xi-Yan-Ping Injection),
has been applied to treat inflammatory disease. What’s more, Andro-
grapholide sulfonate displays a stronger inhibition effect on LPS-in-
duced sepsis than Andrographolide itself [16]. In this study, we found
out that Andrographolide sulfonate administration can improve the
cognitive impairments and maintain mitochondrial structure and
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Fig. 1. Andrographolide sulfonate improves cognitive impairment in APP/PS1 mice. (A) Andrographolide sulfonate treatment significantly lowered the latency of APP/PS1
transgenic mice to Escape a submerged platform in the Morris water maze test during the 1 min training phase. Escape latencies were expressed as means + SEM. (B) Andrographolide
sulfonate-treated APP/PS1 mice spent more time on the platform located quadrant after removing the platform. (C) Swimming speed was measured when the visible platform is above the
water surface in the Morris water maze. No significant differences were observed among different groups. (D) Representative search traces during 1 min in the final training (upper) and in
the Morris maze removing platform (lower). (E) Y maze task. Spatial memory was measured by the percentage of new arm choice during 6 min. (F) The representative movement traces of
each group in the open field were recorded during 5 min. (G) The percentage of time spent in the central area of the open field was calculated. Data are expressed as the mean *= SEM of
values obtained from eight mice. P < 0.05, “'P < 0.01 compared with WT group, #P < 0.05, ##P < 0.01 compared with APP1 mice. Andro-S: Andrographolide sulfonate.

function in APP/PS1 mice.

2. Materials and methods

2.1. Materials

Andrographolide sulfonate injection (5mg5mg/15ml) were pur-
chased from Jiangxi Qingfeng Pharmaceutical Co., Ltd (Ganzhou,
China). Thioflavin T (ThT, T3516) was procured from Sigma-Aldrich
(St. Louis, Missouri, USA). TRIzol was purchased from Life
Technologies (Grand Island, New York, USA). TUNEL staining, Nissl
staining kit (C0117) and JC-1 dye (C2005) were purchased from
Beyotime Biotechnology (NanTong, China). ATP kit (A095-1), Catalase
activity kit (A006-2), Superoxide Dismutase (SOD) assay kit (WST-1
method) (A001-3), Malondialdehyde (MDA) assay kit (TBA method)
(A003-1) were all obtained from the Institute of Biological Engineering
of Nanjing Jiancheng (Nanjing, China). Anti-SYP (sc-9116), anti-PSD95

(sc-28914) were bought from Santa Cruz Biotechnology, anti-NeuN
(ab177487) were purchased from Abcam, HRP conjugated Goat anti-
Rabbit IgG (7074) and RIPA cell lysate (9806) were purchased from
Cell Signaling Technology corporation.

2.2. Animal treatment

Animal research was approved by the Animal Ethical and Welfare
Committee (AEWC) of the Jiangsu University. Male WT mice and male
APP/PS1 mice (8-12 weeks old, 18-20 g, n = 40) were purchased from
Model Animal Research Center of Nanjing University (Nanjing, China),
and housed under constant conditions (12h light/dark cycle, room
temperature 21 * 1 °C) with water and food available ad libitum.

In this study, mice were divided into five groups of 8 mice (WT
group received water, WT group received 5mg/kg/day
Andrographolide sulfonate, APP/PS1 group, APP/PS1 group received
2.5mg/kg/day Andrographolide sulfonate, APP/PS1 group received
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Fig. 2. Andrographolide sulfonate has no effect on the generation of toxic A aggregates and A deposition in vivo and in vitro. The hippocampus sections of mice treated with
Andrographolide sulfonate for 7 months (A) or 10 months (B) were stained with ThT. (C) Various concentrations of Andrographolide sulfonate were mixed with Af1-42 (15 uM) and kept
at 37 °C for 3 days before coincubated with ThT solution for 5 min5 min. Fluorescence intensity was detected at an excitation wavelength of 435nm and an emission wavelength of
485 nm using a fluorescence microplate reader. (D) SDS-soluble and FA-soluble AB1-40 and AB1-42 in the hippocampus of each group were measured using ELISA. Data are expressed as
the mean + SEM of values obtained from eight mice. **P < 0.01 compared with WT group. Andro-S:: Andrographolide sulfonate.

5 mg/kg/day Andrographolide sulfonate).

It has been reported that each mouse is estimated to drink 1.5 ml of
water/10 grams of body weight/day [17], which is almost the same
volume as we have monitored. As the average body weight of mice was
about 25g, the volume of drinking water was 3.75ml. To reach the
dose of 2.5mgkg~!/day and 5mgkg~'/day, 0.017mgml~' and
0.034 mg/ml Andrographolide sulfonate in drinking water was given in
cage respectively. Fresh Andrographolide sulfonate was changed every
five days. The administration was started from 2-month-old mice and
lasted for 7 months. Mice behavioral test was carried out before sacri-
fice and brains were collected for immunohistochemistry and western
blot analysis.

2.3. Morris Water Maze

Morris water maze was applied to examine the learning and
memory capability as previously described. The water maze, located in
a bright room, was a white circular pool (2m in diameter, 60 cm in
height) filled with water (25 °C) to a depth of 30 cm and a circular white
Escape platform (0.15 m in diameter) submerged 2 cm below the water
surface. The maze was separated into four equal quadrants and there
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are red triangular, green circular and blue square-shaped spatial cues in
three quadrants. EthoVision (Noldus, Netherlands) was used to measure
the escape latency and traveled distance for the animals to reach the
platform.

Mice were placed in the behavioral room for 30 min habituation
before the test. On the first day, the platform was deployed above the
water surface and swimming speed and a vision were examined.

Mice received four trials per day for eight consecutive days with the
platform located in a fixed position. The starting quadrants were ran-
domly assigned every day. Each trial was ended as soon as the mice had
climbed onto the platform. Any mouse that missed the platform within
60 s was brought to the platform and assigned to stay on the platform
for 60s. Time spent to find the platform and swimming paths were
analyzed and recorded by a computer software.

On the 9th day, a 60 s probe trial without the platform in the tank
was performed. Time spent to find the platform and swimming paths
were analyzed and recorded by a computer software.

2.4. 'Y maze

As described previously with little modification [18], the Y maze
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Fig. 3. Andrographolide sulfonate protects against amyloid-f-mediated hippocampus damage and synapse damage. (A) Brain section was stained with antibodies against NeuN
and TUNEL for apoptosis. (B) Synapse proteins SYP and PSD95 in the hippocampus of APP1 mice are detected by western blot. of Synaptopod (C) and neurotrophic factor transcripts
GDNF, BDNF and NGF (D) in the hippocampus were examined by RT-PCR. Data are presented as the mean = SEMmean * SEM of values obtained from eight mice. P < 0.05, P <
0.01 compared with WT group, #P < 0.05, ##P < 0.01 compared with APP/PS1 mice. Andro-S: Andrographolide sulfonate.

was made of white Plexiglas (10 cm width, 45 cm length, 10 cm height)
consisted of three identical arms with 120°. Different visual cues placed
on the walls of each arm enable spatial orientation. The arms were
designated into open arm, novel arm, and another arm. Mice were
placed on the open arm facing the wall to explore the maze. The novel
arm was blocked during the first trial but open during the second trial.
First, Mice moved freely in the open arm and another arm for 6 min.
Second, the maze was cleaned with 70% ethanol. Then, mice moved
freely in three arms for 6 min. The time spent in the novel arm was
calculated with EthoVision (Noldus, Netherlands).
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2.5. Open field

The open field test can assess ambulatory movement and anxiety-
like behaviors. The amount of time spent in the center zone is a re-
flection of anxiety. The test was similar to that described in ref [19]
with little modified. A rectangle box (45 cm 45 cm 20 cm) with a 35 cm
35 cm central square was placed in an open, bright environment. The
mice were put on the center to unstructured activities for 5min to
adaptation. Then, the total movement paths and the time spent in the
center were recorded during 5min by EthoVision (Noldus, Nether-
lands). Each mouse performs only one trial, and 75% alcohol was used
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Fig. 5. Andrographolide sulfonate indirectly attenuates mitochondria swelling. (A) The morphology of mitochondrion was observed in APP/PS1 mice using TEM. (B) Quantification
of swelling for mitochondria isolated from 3 mice in each group was detected as the absorbance at 540 nm using a microplate reader. (C) Mitochondria were pretreated with
Andrographolide sulfonate for 30 min, followed by exposure to AB1-42 oligomers for another 30 min. Mitochondria swelling traces were recorded in absorbance at 540 nm. Data are

+

presented as the mean
Andrographolide sulfonate.

to clean the box between trials.

2.6. Thioflavin T fluorescence (ThT) measurement

APB1-42 was dissolved in PBS and incubated for 3 days at 37 °C to
form AP1-42 oligomers. 15uM Af1-42 was dissolved in PBS and in-
cubated with different concentrations of Andrographolide sulfonate for
3 days at 37 °C. 10 uM stock solution of ThT was prepared in 10 mM
sodium acetate buffer (pH 5). ThT stock solution was preincubated with
AB1-42 oligomers to a final concentration of 5 uM at room temperature
for 5min before measurements. Fluorescence intensities were detected
using a fluorescence microplate reader (Molecular device, USA) at an
excitation wavelength of 435nm and an emission wavelength of
485 nm.

2.7. ThT staining

The 10 pm brain tissues section were equilibrated with PBS for 0.5h
and then incubated with 0.3% ThT in distilled water for 5 min followed
by differentiation in 70% ethanol for 5 min and rinsing in water.

2.8. TUNEL staining

For TUNEL assay, samples were stained using an In Situ Apoptosis
Detection Kit (Clontech, Mountain View, CA) to detect in situ DNA
fragmentation according to the manufacturer’s protocol, and FITC sig-
nals were visualized with a Confocal Laser Scanning Microscopy (Carl
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SEM of values obtained from eight mice. *P < 0.05, **P < 0.01 compared with WT group, #P < 0.05 compared with APP/PS1 mice. Andro-S:

Zeiss, Oberkochen, Germany)

2.9. Extraction and Detection of AB1-40 and AB1-42

Initial sonication of the brain took place in 2% SDS with protease
inhibitors and the resultant pellet was then extracted with 70% formic
acid in water, which can extract the soluble and insoluble Af. The
concentrations of human AB1-40 and APB1-42 in the hippocampus of
APP/PS1 mice were measured by ELISA according to the manu-
facturer’s guidelines (Exp Cell Bio).

2.10. Western blot analysis

After administration for 7 months, APP/PS1 mice were sacrificed
and brain tissue was homogenized using a lysis buffer containing pro-
tease cocktail inhibitors (Roche). The homogenate was centrifuged at
14,000 g for 15min at 4°C and the protein concentration was de-
termined using BCA kit. Whole tissue lysate (10 pg) was loaded onto
10% SDS-PAGE. Electrophoresis was performed using a stacking gel at
80V for 20 min and a separating gel at 110 V for 70 min. The proteins
were transferred to PVDF membranes (Millipore, MA, USA) using an
electro-blotting apparatus (Bio-Rad, CA, USA) at 300 mA for 90 min.
The membranes were blocked for 1 h in TBST containing 0.1% Tween-
20 and 5% dry milk and then incubated overnight with primary anti-
bodies. After washing for 3 times in TBST for 5 min each, the membrane
was incubated for 2h with horseradish peroxidase-conjugated sec-
ondary antibodies. Then membranes were washed for 3 times in TBST
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for 5 min each. The optical densities of the antibody-specific bands were
analyzed using a Luminescent Image Analyzer (Alpha, USA).

2.11. Mitochondria swelling

The test was similar to the ref [20] with little modified. Mitochon-
dria of each group mice were isolated according to the manual of mi-
tochondria isolation kits (Beyotime Biotechnology). The concentrations
of isolated mitochondria were measured using BCA kits (Beyotime
Biotechnology). The changes of mitochondrial swelling were reflected
in light scattering at 30 °C by a microplate reader (SpectraMax Plus,
Molecular Devices, USA).

2.12. TEM

The brain of mice from each group was fixed with 2.5% ice-cold
glutaraldehyde overnight. The tissue was cut into 1 pm?® and fixed in
0s04, then sliced into 1 um sections. tissues from 3 mice in each group
were sliced and 5 fields at each section were randomly chosen and
photographed.

2.13. Statistical analysis

All experiments were repeated at least three times and presented as
mean + SEM. The statistical analysis was performed using GraphPad
Prism 5 (San Diego, CA, USA). The statistical evaluation of the data was
performed by one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparisons. A value of P < 0.05 was considered
statistically significant.

3. Results

3.1. Andrographolide sulfonate ameliorates cognitive impairment in APP/
PS1 mice

APP/PS1 transgenic mice that express mutant APPswe (K595N/
M596L) and PS1 (PSEN1AE9) were utilized to imitate AD, which gen-
erates AP plaques in the cortex and hippocampus in an age-dependent
manner. After administrated with Andrographolide sulfonate, behavior
tests were taken out to assess whether it can ameliorate cognitive im-
pairment in APP/PS1 mice. Morris water maze and Y maze were ap-
plied to measure spatial memory of APP/PS1 mice. After consecutive
training, APP/PS1 performed impaired learning and spatial orientation
in the submerged platform phase. Interestingly, the spatial deficits of
APP/PS1 were alleviated by Andrographolide sulfonate (Fig. 1A). After
removing the platform, the mice treated with Andrographolide sulfo-
nate spent much more time in the platform quadrant compared to APP/
PS1 mice (Fig. 1B). There is no obvious difference among mice in
swimming velocity, implying that Andrographolide sulfonate treatment
has no effect on change locomotor activity (Fig. 1C). The swimming
trace of mice in water maze was recorded by the camera during 1 min
(Fig. 1D). Andrographolide sulfonate treated mice stayed longer in the
novel arm of Y maze than APP/PS1 mice (Fig. 1E). Anxiety symptoms
are observed in dementia [21-23], and open field was used to assess the
anxious symptoms in APP/PS1 mice. As shown in Fig. 2F and 2E, 5 mg/
kg Andrographolide sulfonate treatment led to increased movement and
time in the central area, suggesting alleviation of the anxious symptom.

3.2. Andrographolide sulfonate has no effect on the generation of toxic A
aggregates and A deposition in vivo and in vitro

Decreasing AP generation and deposition is a promising therapeutic
strategy to improve cognitive impairment. ThT staining was applied to
detect the AP deposits. As shown in Fig. 2A and B, APP/PS1 mice
treated with Andrographolide sulfonate for 7 months or 10 months
showed unchanged AP deposits in cortex and hippocampus compared
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to APP/PS1 mice. Further, the results of AB1-42 oligomers-Thioflavin T
fluorescence (ThT) assay also showed that Andrographolide sulfonate
cannot inhibit the formation of A oligomers in vitro as depicted in
Fig. 2C. AB1-40 and the more virulent AB1-42 are the most important
components in AP plaques. The soluble and insoluble AB1-40 and AP1-
42 were extracted by using SDS and formic acid, and the levels of AP1-
40 and AP1-42 were measured by ELISA. As exhibited in Fig. 2D, An-
drographolide sulfonate has no effect on the levels of AB1-40 and Af1-
42.

3.3. Andrographolide sulfonate reduced amyloid-3-mediated hippocampus
and synapse damage

With the progress of AD, neuron would be gradually damaged.
Except for decreasing the AP plaques, neuron protection may also
contribute to cognitive improvement. The apoptosis was detected using
TUNEL. As shown in Fig. 3A, the TUNEL-positive cells are scattered in
the hippocampus of APP/PS1 mice. 5 mg/kg Andrographolide sulfonate
administration can significantly inhibit apoptosis. Behavioral memory
is mediated by plasticity in the synaptic connections. Synaptic protein
such as SYP and PSD95 were examined using western blot. As shown in
Fig. 3B, SYP, and PSD95 expression were decreased in APP/PS1 mice
while Andrographolide sulfonate treatment can restore its expression.
Synaptic plasticity recover was further confirmed that by increased
mRNA level of Synaptopodin in Andrographolide sulfonate treated mice
(Fig. 3C). Transcriptional levels of GDNF, BDNF and NGF were also
promoted by Andrographolide sulfonate, which may contribute to
neuron protection against AB induced injury (Fig. 3D).

3.4. Andrographolide sulfonate treatment attenuated oxidative stress and
maintains mitochondrial membrane potential

Oxidative stress is accompanied with the progress of AD. As ex-
hibited in Fig. 4A-C, imbalanced redox reactions arise in APP/PS1 mice
as evidenced by increased MDA, and decreased SOD/catalase level.
5mg/kg Andrographolide sulfonate treatment significantly reduced
MDA content and increased the activities of SOD and catalase. Mi-
tochondria are an important source of ROS, and ROS, in turn, can im-
pair mitochondria function. Loss of mitochondrial function in the hip-
pocampus of APP/PS1 mice were reflected by a marked decrease of ATP
levels and reduction in mitochondrial membrane potential as showed in
Fig. 4D. 5mg/kg Andrographolide sulfonate maintained the ATP con-
tent nearly to a normal level. Mitochondrial membrane potential was
measured using JC-1 dye. Compared with JC-1 monomers (green), JC-1
accumulates in mitochondria to form aggregates (red) depending on
mitochondrial membrane potential. As shown in Fig. 4D, the mi-
tochondrial membrane potential of isolated mitochondria from APP/
PS1 was reduced, while mitochondria from 5mg/kg Andrographolide
sulfonate-treated group remained at a high level.

3.5. Andrographolide sulfonate treatment attenuates mitochondria swelling

Based on the above results, TEM was applied to observe the ultra-
structure of mitochondria. As shown in Fig. 5A, mitochondria in WT
mice administrated with Andrographolide sulfonate is similar to WT
mice. However, swollen mitochondria with broken cristae and mem-
brane are observed in APP/PS1 mice. Andrographolide sulfonate can
significantly decrease the abnormal mitochondria in the hippocampus.
As shown in Fig. 5B, the isolated mitochondria from Andrographolide
sulfonate treated APP/PS1 mice exhibits a higher absorbance than APP/
PS1 mice at 540 nm, suggesting less extent of mitochondria swelling.
Taken together, Andrographolide sulfonate treatment can attenuate
mitochondria swelling in APP/PS1 mice.
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4. Discussion

As a transmembrane protein containing the C-terminus of the A
region located within the intramembranous domain, APP is cleaved by
B-secretase to form secreted APP[3 (sAPPP) and (-C-terminal fragment
binding membrane (CTFf), then the remaining CTFf is cleaved by y-
secretase, an intramembranous protein complex composed of Aphl,
Pen2, Nicastrin, and Presenilin 1, to generate different population of A
with C-terminal heterogeneity. The most abundant population is A340
followed by AP42. AP42 is more hydrophobic and is the principal
species deposited in the brain [24]. Earlier diagnosis of the AD is
beneficial for prevention and clinical therapies. Detection of pro-
gressive brain atrophy using magnetic resonance imaging (MRI) [25],
cognitive function [26], biomarkers such as Af42 and tau protein from
peripheral blood and cerebrospinal fluid, and amyloid PET radiotracers
by (*®F)-florbetaben (FBB) [27] have been applied in AD diagnosis.
However, soluble oligomeric forms of A} predates overt amyloid plaque
to damage neuron, providing critical evidence that neuronal damage is
earlier than AP deposits and neuron protection, suggesting neuronal
protection should be a promising therapeutic strategy for AD [28].

As one of the earliest and most prominent features in vulnerable
neurons, abnormal mitochondrial dysfunction causes oxidative stress,
synaptic dysfunction and neuron death in the brain of AD patients [29].
Mitochondria function is closely associated with its structure. Mi-
tochondrial swelling was observed using transmission electron micro-
scopy in APP/PS1 mice. Moreover, AP peptide can directly localize to
mitochondrial cristae through Tom import machinery [30]. Mitochon-
drial swelling is facilitated by the opening of the mitochondrial per-
meability transition pore (mPTP) [31]. There are several proteins par-
ticipated in the formation of mPTP, including the voltage-dependent
calcium channel (VDAC), the adenine nucleotide translocase (ANT),
cyclophilin D (CypD), cytochrome-c, hexokinase II (HKII) as well as Bax
[32]. AP oligomers promote an open and irreversible conformation of
mitochondrial mPTP via interaction with CypD [20]. The opening
mPTP permeates the mitochondrial inner membrane, increase the ex-
changes between mitochondrial matrix and the cytoplasm and results in
mitochondrial perturbations, such as the collapse of mitochondrial
membrane potential, the release of pro-apoptotic factors, ROS genera-
tion, and calcium deregulation. Andrographolide sulfonate treatment
decreased mitochondrial swelling and restore the balance of oxidation
and redox. However, whether proteins associated with mPTP is in-
volved or not remains unclear.

Considering  the  cognitive improvement function of
Andrographolide sulfonate, we tested the potential mechanism of
Andrographolide sulfonate, including A} generation and deposits, the
neuronal protection. Even though Andrographolide has been reported
to reduce AP deposits, there is no significant decrease of AB plaques in
Andrographolide sulfonate treated group. Andrographolide sulfonate
can obviously improve the cognitive impairments in APP/PS1 mice
through alleviating mitochondrial dysfunction and maintaining the
ultrastructure of mitochondria while the detailed mechanism needs
further exploration.

In conclusion, the results of our study demonstrate that clinically
used Andrographolide sulfonate can restrain AD disorder through in-
hibiting mitochondrial swelling, reducing neuron cell death and cog-
nitive decline, suggesting its possible use for AD therapy.
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