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Introduction: Neuroinflammation is one of the major pathogeneses in Alzheimer’s disease (AD) and mainly involves abnormal
inflammatory activation of microglia by multiple pathological stimuli. The treatment of AD remains a major challenge due to the
multifactorial characterization of AD and the inefficient ability of therapeutic drugs to permeate through the blood-brain barrier
(BBB). Accordingly, drug combination treatment and drug carrier delivery have become important therapeutic tools for the treatment
of multifactorial diseases, especially AD.

Methods: Inflammatory cytokine levels in microglia, including NO, TNF-a, IL-1p, IL-4, and IL-10, were detected. The Morris water
maze and object location task were used to investigate the learning and memory functions of APP/PS1 mice in different treatment
groups. The number of neurons and plasticity of synapses were evaluated by immunofluorescence double labelling. Additionally, the
ratio of B-amyloid plaques and the number of activated microglia were evaluated by immunofluorescence staining. The concentrations
of B-amyloid plaques and inflammatory factors in the hippocampus were determined by ELISA. Microglia-derived exosomes (Exos)
were extracted and purified by size exclusion chromatography. The distribution of exosomes and drugs was investigated in vitro and
in vivo.

Results: Compared to single drug interventions, the combination of Ber and Pal (Ber/Pal) modulated microglial inflammatory
cytokine levels. Ber/Pal promoted the recovery of learning and memory impairment in APP/PS1 mice. Immunofluorescence staining
indicated that Ber/Pal restored neurons, inhibited A plaque formation and microglial activation, and regulated the secretion of
inflammatory factors. Exos promoted the accumulation of drugs in cells and tissues and improved the targeting of drugs across the
BBB.

Conclusion: Ber/Pal could offer a synergistic and more comprehensive therapeutic effect in AD. Additionally, the microglia-derived
Exos-Ber/Pal delivery system promoted the targeting and permeation of drugs into the brain, suggesting a creative strategy for
targeting AD therapy by regulating neuroinflammation in microglial cells.
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Introduction

Neuroinflammation, which has become the third major pathological feature in AD after B-amyloid (Ap) deposition and
neurofibrillary tangles, is an immune response activated by glial cells in the central nervous system (CNS), usually in
response to stimuli such as nerve injury, AR plaques and tau neurofibrillary tangles or in response to autoimmunity. As
the major inflammatory regulator in the CNS, microglia and their phenotypic modulation play a crucial role in regulating
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the progression of neurodegenerative diseases.! The phenotypic alternation of microglia mainly involves the M1
phenotype (proinflammatory) and the M2 phenotype (anti-inflammatory), and the release of inflammatory factors is an
important physiological process for maintaining cerebral homeostasis.” Besides, a recent clinical epidemiological study
revealed that the onset of neuroinflammation is associated with increased brain deposition of AP and tau, suggesting that
the onset of neuroinflammation before the onset of cognitive symptoms may serve as an adaptive mechanism to prevent
the accumulation of AP and tau proteins.> Accordingly, targeting neuroinflammation may provide a novel and promising
therapy for AD.

Berberine (Ber) and palmatine (Pal) are isoquinoline alkaloids mainly isolated from Rhizoma Coptidis and have
exhibited extensive pharmacological effects encompassing antioxidant, anti-inflammatory, antitumour, and neuroprotec-
tive effects.* ® In recent decades, the CNS efficacies of Ber and Pal have been widely investigated, and their therapeutic
roles in neurological disorders, including Alzheimer’s disease and Parkinson’s disease, have been gradually explored and
confirmed.”® Additionally, considering the differences and similarities in chemical structure between Ber and Pal, they
have different targets but exert similar pharmacological activities, possessing the feasibility and potential to treat diseases
by means of combinational drug therapy.’

The blood-brain barrier (BBB) protects the brain from potentially harmful substances circulating in the bloodstream
but also prevents most potential drugs from entering the CNS.'® The need for new treatments for neurodegenerative
diseases and the limitations imposed by the BBB are driving the adoption of nanotechnology.'' Exosomes (Exos) are
extracellular nanovesicles that participate in various physiological processes and exert pathological activities, including
intracellular signalling and intercellular transport of protein and RNA.'? Emerging clinicopathological and experimental
studies have suggested the crucial role of Exos in intercellular communication and in the transportation of materials in
the CNS and their excellent biocompatibility for drug delivery.'* As a natural nanoscale delivery system directly secreted
and isolated from various cell types, Exos inherit the components of parental cells and therefore have excellent
biocompatibility to prevent clearance by the immune system and even the capability of passing through the BBB.'
Besides, considering that specific surface molecules are expressed on the surface of exosomes during the formation and
secretion process, Exos also exhibit the characteristic of specific cell natural targeting.

In this study, an APP/PS1 AD mouse model and an A peptide-stimulated microglial cell model were used to explore
the therapeutic role of Ber and Pal in AD. Additionally, to investigate the feasibility and therapeutic role of codelivery
systems of Ber and Pal combined treatment in AD, we performed cellular and animal experiments. Eventually, to
enhance BBB permeability through the blood-brain barrier and cellular drug targeting ability, microglia-derived Exos
were adopted as carriers for the combined delivery of Ber and Pal, and the pharmacology and potential mechanisms were
initially explored.

Materials and Methods

Materials and Reagents

Ber and Pal were purchased from Macklin (Chengdu, China). Sphingolipid mixed standards were purchased from Avanti
Polar Lipids (USA). Size exclusion columns were provided by [Zon Science (New Zealand). Latex beads were obtained
from Sigma—Aldrich (St. Louis, MO, USA). A LIPID MAPS internal standard cocktail was purchased from Avanti Polar
Lipids (Alabaster, USA). AP peptide (25-35) (AP,s.35) was obtained from Beijing Bosen Biotechnology Co., Ltd.
(Beijing, China). The PKH26 fluorescent probe was purchased from Maokangbio (Shanghai, China). Enzyme-linked
immunosorbent assay (ELISA) kits for TNF-a, IL-1B, IL-4, IL-10, AB4o, and AP4, were obtained from Beijing Sinouk
Institute of Biological Technology (Beijing, China). Anti-NeuN, anti-ionized calcium-binding adapter molecule 1 (IBA-
1) and anti-postsynaptic density 95 (PSD95) were purchased from AiFanglogical (Hunan, China). A nitric oxide (NO)
assay kit was obtained from Beyotime (Shanghai, China). DiR iodide and the Cell Counting Kit-8 (CCK-8) were
purchased from MedChemExpress (New Jersey, USA). Microglia were purchased from the National Biomedical Cell-
Line Resource Center (Beijing, China). Human neuroblastoma cells (SH-SY5Y) were purchased from the Institute of
Biochemistry and Cell Biology (Shanghai, China).

2402 "o Drug Design, Development and Therapy 2023:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhao et al

Animals

SPF male APP/PS1 (B6; C3-Tg (APPswe, PSEN1dE9)) double transgenic mice (16 weeks), weighing 30 + 3 g, were
purchased from Jiangsu Huachuang Sino Pharma Tech Co., Ltd., and used as the AD model. SPF male B6C3 mice (16
weeks), weighing 30 £ 3 g, were used as controls (wild type, WT). The mice were adaptively reared for 8 weeks (24
weeks).

Culture of Microglial Cells and Extraction of Exos

Microglia were cultured in high-glucose DMEM with 10% FBS (VivaCell, Shanghai, China) and 1% penicillin—strepto-
mycin solution at 37 °C and 5% CO, in a humidified atmosphere. When microglia reached 60—70% confluence, the culture
medium containing 10% exosome-depleted FBS was used to continue the culture for 24 h, and the cell supernatant was
collected. The collected supernatant was centrifuged at 300 x g for 5 min, 2000 x g for 10 min, and 10,000 x g for 30 min in
turn at 4 °C. Afterwards, the cell supernatant was concentrated through ultrafiltration tubes (100 kD). Finally, the Exos were
extracted and purified by size exclusion chromatography. The characterization methods of exosomes include transmission
electron microscopy (TEM), nanoparticle tracking analysis (NTA) and Western blotting (WB). The morphology of Exos
was observed by TEM (HT-7800, HITACHI, Japan). The particle size and potential were determined by NTA (NS300,
Malvern, UK). The marker proteins of Exos, including CD63 and TSG101, were identified by WB.

Detection of Sphingolipid Metabolism

To induce the AP polymer, sterile distilled water was used to dissolve AP,s.35 at a concentration of 1 mM and incubated
for 7 days at 37 °C. Microglia were treated with AB,s.35 (20 uM). Moreover, microglia were separately given Ber, Pal,
jatrorrhizine (Jat), berberrubine (Brb), wogonin (Wog), baicalin (Bai), oroxylin A (OA), gardenin B (GB), and geniposide
(Gen) for 24 h (all concentrations were 1 pM), and the supernatant was collected. The concentrations of sphingosine-
1-phosphate (S1P) and ceramide (Cer) were determined by LC-MS (AB SCIEX Triple Quad™, AB SCIEX, USA). The
specific experimental conditions of LC-MS have been previously reported.'”

Detection of the NO Concentration
Microglia were stimulated with LPS (250 ng/mL) for 1 h and then incubated with Ber, Pal and a combination of Ber and
Pal (Ber/Pal) for 24 h. The concentration of Ber/Pal was 0.3 uM. Moreover, microglia were stimulated with LPS for 1
h and then incubated with Ber/Pal, Exos, and Ber and Pal-coloaded Exos (Exos-Ber/Pal) for 24 h. The cell supernatant
was collected to determine the concentration of NO.

Treatment of APP/PS| Mice

Wild-type mice were used as the control group (WT). All AD mice were randomly divided into the model group (APP/
PS1), Ber group (Ber), Pal group (Pal), Ber/Pal group (Ber/Pal), Exos group (Exos), and Exos-Ber/Pal group (Exos-Ber
/Pal). Exos-Ber/Pal was administered at 1.22 mg/kg (Ber) and 1.5 mg/kg (Pal). The Exos group received the same
amount of exosomes as the Exos-Ber/Pal (10 mg/kg). The Ber and Pal single drug groups were given the same amount of
drugs as the Exos-Ber/Pal (1.22 mg/kg Ber; 1.5 mg/kg Pal). The mice were administered by tail vein injection at the same
time every two days for a total of 21 days.

Morris Water Maze (MWM) Test

The mice were initially subjected to water maze training, and four trials were carried out from four different quadrants
every day until most of the animals reached the platform quickly. Each trial lasted for 60s or until the animal found the
platform. All animals were placed on the platform for 10s after each training session (including animals without the
platform). The positioning navigation experiment lasted for 5 days. On the sixth day, the probe trial for 60s was
performed, the platform was removed from the pool, and the time spent in the platform quadrant and the platform
crossing time were measured.
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Object Location Task (OLT)

During the training trial, the open field was placed with two distinct objects 6x6 cm away from their respective walls.
Initially, experimental mice were gently placed in the fields facing the release corner and allowed to investigate the field
and objects freely for 10 min. One of the two objects was replaced with a new location, and the animals were placed in
the same way and allowed to freely investigate the field and objects freely for 10 min after 20 min of rest. Eventually, the
investigation time of each mouse with each object was recorded and analysed.

ELISA

Inflammatory cytokines in the hippocampus tissues, including TNF-a, IL-1p, IL-4, and IL-10, were measured utilizing
ELISA kits following the protocols from the instructions. Briefly, standard and tissue samples were added to each well
and incubated for 1 h. Finally, the termination solution was utilized after adding the chromogenic agent for 15 min. OD
values were measured at 450 nm using an enzyme-labelled instrument. The concentrations of AB4, and Af4y were
determined by ELISA kits, and the protocol was the same as that used for inflammatory detection.

Immunofluorescence (IF) Staining

Fresh brain tissues were fixed in 4% paraformaldehyde (PFA) for 24 h. Subsequently, the samples were dehydrated with
xylene and alcohol in each gradient (75-100%). The waxed tissue was embedded in a tissue embedder and cut to the
micron level in a slicer. The sections were incubated with BSA. Then, micrometre-thick slices were incubated with
different antibodies overnight. Appropriate secondary antibodies were used at RT for 50 min followed by incubation with
DAPI. Fluorescence microscopy and a panoramic scanner were used to acquire images. ImageJ was used for analysis.
The average fluorescence intensity of PKH26 and PSD95 was calculated. The AP staining area (%) was calculated
relative to the total area of the analysed region (area% = plaque area/total area selected x 100%). The number of NeuN-
positive cells was counted manually (cortex) and through software (hippocampus). In addition, the number of IBA-
1-positive cells was counted by Imagel.

Thioflavin S (Th-S) Staining
Th-S staining was performed after IF staining. Briefly, the sections were washed with PBS and stained in a 1% Th-S

staining solution. Then, the sections were washed in 50% ethanol and PBS. The fluorescence images were detected by
a fluorescence microscope after sealing.

BBB Permeability Prediction and Bioinformatics Analysis

The chemical structures of Ber and Pal were collected and downloaded from the ZINC database (https://zinc.docking.org/),
and the structure files were imported into DeeP-red-BBB (https://github.com/12rajnish/DeePred-BBB) and LightBBB for
drug combination and BBB permeability prediction. The potential targets of Ber and Pal were obtained from the

SwissTargetPrediction online service (http://www.swisstargetprediction.ch/), and bioinformatics analysis was performed

with the Metascape online database (https://metascape.org/gp/).

Analysis of the Phagocytic Capacity of Microglia

In the cell phagocytosis test, LPS-stimulated (250 ng/mL) microglia were incubated with Ber, Pal, and Ber/Pal for 24
h. Fluorescent latex beads (red) were coincubated with cells for 2 h. Microglia were washed with PBS and fixed with 4%
PFA. Then, microglia were stained with DIO (green) and DAPI (blue). The cells were washed with PBS after each stain.
Finally, anti-fluorescence quenching agent was added to the samples, and they were stored in the dark. The samples were
observed under fluorescence microscopy.

Drug Loading and Release in vitro
Exos were mixed with Ber (1.5 mg/mL) and Pal (2 mg/mL), and the system was ultrasonicated for 30s in an ice bath and
then suspended for 30s. The system was stopped for 2 min every 6 min and cycled three times. Finally, the system was
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placed in a water bath at 37 °C for 1 h, which was used to restore the membrane integrity of the Exos. Finally, free Ber
and Pal were removed by ultrafiltration centrifuge tubes (50 kd). To compare the incubation method and freeze—thaw
cycle, the release characteristics of Exos-Ber/Pal (Ber, 0.122 mg/mL; Pal, 0.15 mg/mL) were investigated utilizing PBS
(pH 7.4) as the release medium and a dialysis bag (10 kd). The sealed dialysis bag was immersed in 50 mL of release
medium (37 °C, 100 RPM). Release medium was taken at a predetermined time point, and an equal amount of fresh
release medium was added. Detection was carried out by HPLC (e2695, Waters, USA). A 10-uL aliquot of sample
solution was injected into a ZORBAX SB-C18 column (4.6 x 250 mm, 5 um) maintained at 24 °C, and the flow rate was
0.8 mL/min. The mobile phase consisted of solvent C (acetonitrile) and solvent D (phosphoric acid: triethylamine: H,O =
0.1:0.05:100, v/v/v). The column was eluted with 30% C:70% D at 347 nm for 12 min.

Uptake of Exos in vitro

In the in vitro uptake experiment, PKH26-labelled Exos (10 pg/mL) were incubated with microglia (BV2) and human
neuroblastoma cells (SH-SY5Y) for 3 h. The cells were washed with PBS and fixed with 4% PFA. Then, the cells were
stained with DAPI (blue). The cells were washed with PBS after each stain. Finally, the anti-fluorescence quenching
agent was added to the samples, and they were stored in the dark. The samples were observed under a fluorescence
microscope. In addition, microglia were incubated with labelled Exos for 30 min, 1 h, and 3 h to observe the uptake of
Exos by the cells at different timepoints. The experimental steps were the same as before.

Distribution of Exos in vivo

In the in vivo distribution experiment, Exos were labelled with PKH26 (red) and administered to mice by tail vein
injection. Mice were perfused at 6 h and 24 h with normal saline and 4% PFA solution, respectively, and the brain tissues
were stored in 4% PFA overnight. The samples were placed in 15% sucrose solution, dehydrated at 4 °C, transferred to
30% sucrose solution and dehydrated at 4 °C. The samples were segmented after OCT embedding. Finally, the sections
were stained with DAPI before full scanning. Additionally, DiR-labelled Exos (200 pug/mL) were administered to mice by
tail vein injection. After administration, the mice were observed at 1, 3, 6, 9, 12 and 24 h by a live imaging instrument
(IVIS Spectrum, PerkinElmer, USA).

Uptake of Ber and Pal in vitro

Exos-Ber/Pal and free Ber/Pal at the same concentration were added to microglia, and the cell supernatant was collected at
2,4, 6,12, and 24 h. After centrifugation of the collected cell supernatant, methanol: acetonitrile (1:3) was added to remove
the protein. Finally, the samples were evaporated and redissolved in water (containing 0.1% formic acid). After filtration,
the concentrations of Ber and Pal were determined by LC-MS. Chromatographic experiments were performed on
a Vanquish UHPLC system (Thermo Scientific, USA). A 5-uL aliquot of sample solution was injected into an
InfinityLab Poroshell 120 EC-C18 column (2.1 mm % 100 mm, 2.7 pm) maintained at 35 °C, and the flow rate was
0.3 mL/min. The mobile phase consisted of solvent A (formic acid: HO = 0.1:100, v/v/v) and solvent B (acetonitrile). The
column was eluted with a gradient of 5 to 20% B at 0—1 min; 20% to 100% B at 1-5 min; 100% B at 5-5.5 min; 100% to 5%
B at 5.5-6 min; and 5% B at 6—8 min. Mass spectrometry was performed on a TSQ Quantis system (Thermo Scientific,
USA). The high energy spark-induced breakdown ionization (HESI) source adopted the positive ion scanning mode. The
conditions used for the HESI source were as follows: ion spray voltage of 5500 V, ionization temperature of 550 °C,
nebulizer gas pressure of 379.22 kPa, drying gas pressure of 379.22 kPa, and curtain gas pressure of 241.32 kPa.

Distribution of Ber and Pal in vivo

The mice were given Exos-Ber/Pal and free Ber/Pal at the same concentration by tail vein injection. After 24 h of
administration, the brain (cortex, hippocampus, and striatum), heart, liver, spleen, and kidney were collected. After tissue
homogenization, methanol: acetonitrile (1:3) was added to remove the protein. Finally, the samples were evaporated and
redissolved in water (containing 0.1% formic acid). After filtration, the concentrations of Ber and Pal were determined by
LC-MS. The conditions were the same as described above.
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CCK-8 Test
Microglia were incubated with Ber/Pal (0.3 uM) and Exos for 24 h. Cell viability was measured utilizing CCK-8 kits
following the manufacturer’s instructions.

Statistical Analysis

All data are expressed as the mean + standard deviation (SD). GraphPad Prism 8.0 was used to perform statistical
analysis. Student’s ¢-test was performed to compare the differences between groups. All other data were analysed using
one-way ANOVA with Tukey’s multiple comparisons test and Dunnett’s multiple comparisons test. Statistical signifi-

ek

cance was assumed at p < 0.05. p < 0.05 is represented by “*”, and p < 0.01 is represented by “**”.

Results

Anti-Inflammatory Function of HLJDD Components in vitro

Drawing on our previous studies, Huanglian Jiedu decoction (HLJDD) could effectively rescue abnormal sphingolipid
metabolism in AD model mice, especially S1P and Cer metabolism, which are critical potential hallmarks reflecting AD
pathology. Accordingly, we screened the effective components in HLJDD based on the assessment criteria with the ratio
of S1P/Cer in A,s.3s-stimulated microglia, and the cell supernatant was collected for LC-MS quantification. The LC—
MS results showed that Ber and Pal significantly reversed the trend of S1P and Cer in A,s.3s-stimulated microglia
(Figure S1A and B). Specifically, Ber and Pal markedly increased the S1P/Cer ratio (Figure S1C), and accordingly, Ber
and Pal were selected for further exploration of AD therapeutic effects. To further verify the therapeutic effect of Ber/Pal
on inflammation, we used LPS to stimulate microglial cells to become proinflammatory cells and then incubated them
with Ber, Pal, and the combination of Ber and Pal (Ber/Pal). The NO measurement results showed that compared with
a single drug, Ber/Pal more significantly inhibited the concentration of NO (Figure S2A). Additionally, we used latex
beads to detect phagocytosis of microglia stimulated by LPS. The samples were observed under a fluorescence micro-
scope (Figure S2B). The statistical results suggested that Ber/Pal more effectively inhibited the increase in phagocytosis
caused by LPS stimulation than the single component (Figure S2C and D). Besides, to further verify the therapeutic
effects of Ber, Pal and the combined therapy (Ber/Pal) on neuroinflammation in AD, LPS (250 ng/mL) and A;s.35 (20
uM) were utilized to stimulate microglia for NO and inflammatory cytokine detection (Figure 1A—E). The results showed
that Ber and Pal significantly reduced the release of NO and reversed the abnormal inflammatory cytokine levels in
microglia stimulated by LPS and AP,s.35. Additionally, to evaluate the feasibility and therapeutic role of codelivery
systems of Ber and Pal combined treatment in AD, a Ber and Pal combined treatment group was also included.
Intriguingly, Ber/Pal exhibited more significant therapeutic effects on both NO and inflammatory cytokine release
compared with the Ber and Pal single treatment groups.

Improvement in Cognitive Impairment and Nerve Injury in APP/PS| Mice

To further investigate the therapeutic effects of Ber, Pal and Ber/Pal in vivo, we treated APP/PS1 mice with Ber, Pal and
Ber/Pal by tail vein injection, and the experimental procedure is displayed in Figure 1F. After 14 days of treatment,
behavioural tests, including the MWM and OLT, were performed to evaluate cognitive function in mice. The MWM is
the most commonly used method for assessing spatial learning and memory function, which is closely associated with
hippocampal synaptic plasticity and hippocampal activity.'® As shown in Figure 1G-J, compared with the model group,
the behavioural performance regarding the escape latency time in the positioning navigation experiment, platform
crossing times and target quadrant occupancy in the probe trials were not significantly improved in the Ber, Pal and
combined treatment groups. The OLT exploits the natural tendency of mice to interact with novel objects to reveal
learning and memory, which rely on hippocampal activity.!” Notably, the Ber/Pal combined treatment group exhibited
significant optimal therapeutic effects in OLT experiment results (Figure 1K). Additionally, in the behavioural experi-
ment, there were no significant differences in the average velocity and total activity among the different treatment groups,
indicating that the movement of mice did not change due to strain and drug intervention (Figure S3). Cognitive
dysfunction is normally initiated by neuronal damage and synaptic dysfunction. For further verification of whether
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Figure | Effect of Ber, Pal and Ber/Pal combined treatment on neuroinflammation in vitro and behaviour in APP/PS| mice. (A) The NO concentration in LPS-stimulated
(250 ng/mL) microglia was detected with the Griess method. (B—E) Inflammatory cytokine detection of TNF-q, IL-1f, IL-4 and IL-10. Inflammatory cytokines in microglia
stimulated by ABs_35 (20 uM) after coincubation with Ber, Pal, Ber/Pal, Exos and Exos-Ber/Pal for 24 h. The microglia were stimulated with LPS/AB;s.35 for | h in advance.
The concentration of Ber/Pal was 0.3 uM. (F) Schematic illustration of the experiment. (G) The escape latency time, (H) platform crossing times, and (l) target quadrant
occupancy in the MWM. (J) Representative motion trajectories in the MWM. i, the first quadrant of MWM; ii, the second quadrant of MWM; iii, the third quadrants of
MWHM; iv, the fourth quadrants of MWM. (K) OLT performance of mice administered different formulations. WT indicates wild-type control mice without any gene
intervention. APP/PS| indicates the AD model mice. The Ber/Pal injection dosage was 1.22/1.52 mg/kg. (A), n = 3; (B-E), n = 6. (F-K), n = 8. *p < 0.05, **p < 0.01.
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Ber, Pal and Ber/Pal could exert a neuroprotective effect on APP/PS1 mice, dual IF staining of NeuN and PSD95, which
are important specific markers of neurons and synapses, was conducted in the different treatment groups. Compared with
the AD model group, APP/PS1 mice treated with Ber or Pal displayed a higher number of NeuN-positive cells in the
cortex and hippocampus (Figure 2A—C), indicating that neuronal survival was ameliorated by Ber and Pal treatment.
Similar to the above results, the Ber/Pal combined treatment group exhibited more significant improvement in NeuN-
positive cells in both the cortex and hippocampus than the Ber or Pal single treatment group. These results indicated that
Ber, Pal and Ber/Pal rescued cognitive impairment and promoted the regeneration of neurons. However, there was no
significant increase in PSD95 between the treatment groups and the model group (Figure 2D-G).

Inhibition of AP Pathology and Neuroinflammation in APP/PSI Mice

Considering that the accumulation of A peptides, plaques, microglia activation and neuroinflammation are notorious
pathogenic characteristics of AD, dual staining of IBA-1 and Th-S was conducted to label microglia and identify AB
plaques. Compared with the AD model group, IBA-1-labelled positive microglia and Th-S-labelled AP plaques were
significantly decreased in the Ber, Pal and Ber/Pal groups, indicating ameliorated amyloidosis symptoms manifested by
suppressed inflammatory microglial activation and attenuated neuroinflammation in APP/PS1 mice (Figure 3A-D).
Besides, to further explore the potential mechanism of Ber, Pal and Ber/Pal on AP pathology and neuroinflammation,
ELISA was utilized to measure the levels of cerebral AB,,, AP4o and inflammatory cytokines. In comparison with the model
group, treatment with Ber, Pal and Ber/Pal significantly reduced the levels of AB4,, AB4g, TNF-a, and IL-1p and increased
the levels of IL-4 and IL-10 (Figure 3E—K). The overall results suggested the therapeutic effects of Ber, Pal and Ber/Pal
combined therapy. Nevertheless, when these three groups were compared in parallel, we found that there were differences
in the therapeutic effects of Ber and Pal, and the co-administered group always showed better and more comprehensive
therapeutic effects, suggesting that the combination of Ber and Pal is a feasible approach for the treatment of AD. However,
compared with the traditional cases of drug combination, there was relatively limited improvement in the therapeutic effects
of Ber/Pal combined treatment. To probe into the underlying reason, BBB permeation prediction and target prediction were
performed. The BBB permeation prediction results suggested poor BBB permeability of Ber and Pal (less than 30%), which
is the reason for the relatively poor efficacy enhancement of the combination of Ber and Pal (Figure S4A-B). Additionally,
the targets prediction results suggested that Ber and Pal had 45 common targets and a total of 111 differential targets, and the
111 different targets were enriched in inflammatory pathways and sphingolipid metabolism (Figures S4C-E and S5).

Exos-Ber/Pal Characterization

To enhance the BBB permeation and targeting ability of Ber/Pal combined treatment, microglia-derived Exos were prepared
and utilized for drug delivery. Initially, to prepare the Exo-loaded Ber/Pal coloaded system (Exos-Ber/Pal), ultrasonication,
incubation and freeze—thaw cycle methods were performed and assessed. Owing to the highest loading efficiency, the
ultrasonication method was selected for drug delivery system preparation (Table 1). Subsequently, we performed particle
size detection for characterization of Exos-Ber/Pal, and the particle size varied from 120 + 2.6 nm (purified Exos) to 180.4 +
11.7 nm (Exos-Ber/Pal) after drug loading, while the sphere morphology and characteristic proteins of Exos were preserved
(Figure 4A-E), indicating that Exos-Ber/Pal was successfully prepared with a loading efficiency of 12.2% Ber and 15.2% Pal.
Eventually, the release study showed that Ber and Pal were simultaneously released from Exos-Ber/Pal, and the cumulative
release rates reached 72.59 £ 7.46% and 72.88 £ 9.90% at 48 h, respectively (Figure 4F). These data demonstrated that Exos-
Ber/Pal could load Ber/Pal and possessed the biological and physical characteristics of Exos.

Exosomes Increased the Uptake of Free Drugs (Ber/Pal) in vitro and in vivo

To verify the cell-targeting ability of the Exos-Ber/Pal delivery system, we performed cellular uptake experiments in
BV2 cell and SH cell models. As expected, an obvious fluorescent signal was observed in BV2 cells compared with SH
cells after incubation with PKH26-labelled Exos for 3 h (Figure 5A). The quantitative data were consistent with the
microscope images (Figure 5C), indicating that the isolated Exos could orient and target their parental cells. In addition,
the cellular uptake of Exos-Ber/Pal showed a time-dependent nature, as shown in Figure 5B and D. The red fluorescent
signal was improved, and the mean PKH26 fluorescent density increased with prolonged incubation time. Subsequently,
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Figure 2 Effect of Ber, Pal and Ber/Pal combined treatment on neuronal recovery in APP/PS| mice. (A) Immunofluorescence staining of NeuN-positive cells and (B and C)
NeuN-positive cell counting in the hippocampus and cortex. (D) Immunofluorescence observation and (E-G) semiquantitative data of PSD95 in the CAl, CA3 and cortex.
WT indicates wild-type control mice without any gene intervention. APP/PS| indicates the AD model mice. The Ber/Pal injection dosage was 1.22/1.52 mg/kg. The scale bar
for (A) is 100 pm (hippocampus) and 20 pum (cortex). The scale bar for (D) is 20 um. n = 3. *p < 0.05, **p < 0.01.
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Figure 3 Inhibition of AB pathology and neuroinflammation in APP/PS| mice. Immunofluorescence staining observation of (A) Th-S (AB) and (B) IBA-1 in the hippocampus.
Quantitative analysis of (C) AB and (D) IBA-I. (E-G) Concentration determination of AB4, and A4 and the ratio of AB4,/AB4o in the hippocampus by ELISA. (H-K)
Inflammatory cytokine detection in the hippocampus. WT indicates wild-type control mice without any gene intervention. APP/PS| indicates the AD model mice. The Ber/
Pal injection dosage was 1.22/1.52 mg/kg. The scale bar is 100 um. (A-D), n = 3. (E-K), n = 5. *p < 0.05, **p < 0.01.
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Table | Loading Efficiency of Incubation,
Freeze-Thaw Cycles and Ultrasound

Method Loading Efficiency (%)
Ber Pal
Incubation 2.54+0.67 | 2.52+0.44
Freeze-thaw cycle | 6.43%1.62 7.36%1.95
Ultrasonic 15.43£2.19 | 14.05+2.90

the cellular uptake of Exos-Ber/Pal was quantitated by determining the concentration of Ber/Pal by LC-MS. Compared
with the Ber/Pal physical mixture, Exos-Ber/Pal showed a higher drug concentration in cells at the same time (Figure 5E
and F), demonstrating that Exos enhanced cell phagocytosis and reduced cell clearance of the drug.

Positive targeting and drug accumulation in lesion sites have the potential to improve efficacy. Accordingly, to verify
the distribution of Exos-Ber/Pal in vivo after circulation, we injected PKH26-labelled Exos into mice by the tail vein, and
brains were collected at 6 h and 24 h. As shown in Figure 5G-J, an obvious red fluorescent signal was observed in the
hippocampus and cortex, and the semiquantitative data were consistent with the qualitative pictures. Additionally, drug
accumulation in the hippocampus, cortex, and striatum was detected by LC-MS after intravenous injection with the Ber/
Pal physical mixture and Exos-Ber/Pal for 24 h. Our results suggested that the Exos carrier could prominently facilitate
Ber and Pal entry into the brain, as the drug concentration in the physical mixture groups was significantly less than that
in the Exos-Ber/Pal group (Figure 5K-L). The live imaging results further showed that Exos accumulated in the brain
within 24 h (Figure S6). However, Ber and Pal were also measured in other tissues, especially in the heart and kidney
(Figure S7). We hypothesized that systemic circulation of the particles led to their interaction with endogenous
components and metabolism of the drug. Collectively, Exos-Ber/Pal could promote the targeting and permeation of
drugs into the brain.
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Figure 4 Characterization of Exos and Exos-Ber/Pal. (A and B) The particle size distribution of Exos and Exos-Ber/Pal. (C) Zeta potential. (D) TEM determination. (E) WB
analysis of protein markers (CD63 and TSGI01) in Exos and Exos-Ber/Pal. (F) Cumulative drug release from Exos-Ber/Pal in 48 h. The scale bar is 100 nm. n = 3.
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Figure 5 Distribution and targeting of Exos-Ber/Pal in vitro and vivo. (A) Parent cell targeting ability. Fluorescence images were observed by optimal microscopy. PKH26-
labelled Exos were respectively incubated with BV2 and SH cells for 3 h. (B) Cellular uptake of PKH26-labelled Exos after incubation with BV2 cells for 0.5, | hand 3 h. (C and D)
quantitative analysis of (A and B). (E and F) Uptake of Ber and Pal by microglia at 2, 4, 6, 12 and 24 h. The concentration of Ber/Pal was 0.3 pM. (G and H) Fluorescence imaging
of cortex and hippocampus. PKH26-labelled Exos were intravenously injected for 6 h and 24 h. (I and J) quantitative data of (G and H). (K and L) Ber and Pal concentrations in
the hippocampus, cortex and striatum were detected by LC-MS after intravenous injection with Ber/Pal and Exos-Ber/Pal for 24 h. The PKH26 was 2 uM. The Ber/Pal dosage
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Exos-Ber/Pal Significantly Enhanced the Efficacy of Ber/Pal Free Drug Combination

Treatment in vitro

Eventually, NO and inflammatory factors were measured using ELISA kits to evaluate the regulation of inflammation in LPS
(250 ng/mL)- and AB,5.35 (20 uM)-stimulated microglia in vitro. As expected, and as the quantification results displayed, in
comparison with LPS (250 ng/mL) and AB,s.35 (20 uM) stimulation in the Ber/Pal group, Exos-Ber/Pal treatment significantly
reduced the production of NO, TNF-a and IL-1p and upregulated IL-4 and IL-10 expression (Figure 6A—E). Collectively,
these results suggested that the microglia-derived Exos delivery method could enhance the therapeutic effects of Ber/Pal free
drug treatment in vitro. In addition, the CCK-8 results showed that Ber/Pal and Exos did not affect cell viability (Figure S8).

Exos-Ber/Pal Significantly Enhanced the Efficacy of Ber/Pal Free Drug Combination

Treatment in vivo

To verify the better therapeutic effects of Exos-Ber/Pal treatment, APP/PS1 mice were utilized to perform AD-associated
behavioural and pathological indicator detection. The experimental procedure is displayed in Figure 6F. The behavioural
results showed that, compared with the Ber/Pal free drug combination treatment (Ber/Pal) group, Exos-Ber/Pal treatment
significantly reduced the escape latency time and increased the platform crossing times in the MWM (Figure 6G—H).
Additionally, the time spent in the SW quadrant (Figure 61-J) and the investigation time of the moved object in the OLT
test (Figure 6K) were also prominently increased. Besides, NeuN and PSD95 were measured utilizing immunofluores-
cence staining to assess the therapeutic efficacy of Exos-Ber/Pal. The number of NeuN-positive cells in both the cortex
and hippocampus and the fluorescence intensity of PSD95 in the hippocampus and cortex were significantly elevated
compared with those in the Ber/Pal free drug combination treatment (Ber/Pal) group and the AD model group (Figure 7).
These results suggested that Exos-Ber/Pal treatment could significantly augment the cognitive enhancement and
neuroprotective efficacy of Ber/Pal free drug combination treatment.

Exos-Ber/Pal Could Enhance the Efficacy of Ameliorating Ap Pathology and

Neuroinflammation

Subsequently, to assess the therapeutic effects of ameliorating A pathology and neuroinflammation after Exos-Ber/Pal
treatment, IBA-1, Th-S, A4, AB4s, and inflammatory factors, including TNF-a, IL-1p, IL-4 and IL-10, were measured
utilizing immunofluorescence staining and ELISA kits. In comparison with Ber/Pal-free drug treatment and the model
group, Exos-Ber/Pal treatment significantly reduced microglial activation and the number of plaques in AD model mice
(Figure 8A-D). Additionally, the AB4 and A4, levels were also significantly reduced in the Exos-Ber/Pal treatment
group compared with the AD model group and the Ber/Pal free drug treatment group (Figure 8E—G). Considering that
microglial activation and AP pathology are closely associated with inflammation, proinflammatory factors, including
TNF-a and IL-1p, and anti-inflammatory factors, including IL-4 and IL-10, were detected via ELISA kits to evaluate the
therapeutic effects of Exos-Ber/Pal on neuroinflammation. The results suggested that compared with the AD model group
and the Ber/Pal-free drug treatment group, the Exos-Ber/Pal treatment group exhibited pronounced amelioration of
neuroinflammation by reducing the levels of proinflammatory factors, including TNF-a and IL-1B, and increasing the
levels of anti-inflammatory factors, including IL-4 and IL-10 (Figure 8H-K). In summary, these results suggested the
excellent and significantly elevated AD symptom-improving effects of the microglia-derived Exos delivery method
compared with Ber/Pal free drug treatment in AD model mice.

Discussion

AD is a neurodegenerative disease characterized by AB plaque deposition, Tau phosphorylation, and neurodegeneration.'®
Neuroinflammation and microglia are research hotspots of neurodegenerative diseases.'®?° At present, there are no
completely effective drugs that have been approved for clinical treatment because of the multifactorial characterization
of AD.*!' Current mainstream therapeutic drugs for AD are cholinesterase inhibitors, including donepezil, galantamine, and
NMDAR antagonists encompassing rivastigmine and memantine.”? However, these drugs can only alleviate the symptoms
of AD and have serious adverse drug reactions.”® Additionally, despite FDA approval of the monoclonal antibody
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Figure 6 Effect of Exos-Ber/Pal on neuroinflammation in vitro and behaviour in APP/PSI mice. (A) The NO concentration

in LPS-stimulated (250 ng/mL) microglia was

detected with the Griess method. (B—E) Inflammatory cytokine detection of TNF-a, IL-1p, IL-4 and IL-10. Inflammatory cytokines in microglia stimulated by AB,s 35 (20 pM)
after coincubation with Ber/Pal, Exos and Exos-Ber/Pal for 24 h. The microglia were stimulated with LPS/AB,s_35 for | h in advance. The concentration of Ber/Pal was 0.3 pM.
(F) Schematic illustration of the experiment. (G) The escape latency time, (H) platform crossing times, and (l) target quadrant occupancy in the MWM. (J) Representative
motion trajectories in the MWM. i, the first quadrant of MWM; ii, the second quadrant of MWM; iii, the third quadrants of MWM; iv, the fourth quadrants of MWM. (K)

OLT performance of mice administered different formulations. WT indicates wild-type control mice without any gene interve
The Ber/Pal injection dosage was 1.22/1.52 mg/kg. (A), n = 3; (B-E), n = 6; (F-K), n = 8. *p < 0.05, **p < 0.01.
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Figure 7 Effect of Exos-Ber/Pal on neuronal recovery in APP/PS| mice. (A) Immunofluorescence staining of NeuN-positive cells and (B and C) NeuN-positive cell counting
in the hippocampus and cortex. (D) Immunofluorescence observation and (E-G) semiquantitative data of PSD95 in the CAl, CA3 and cortex. WT indicates wild-type
control mice without any gene intervention. APP/PS| indicates the AD model mice. The Ber/Pal injection dosage was 1.22/1.52 mg/kg. The scale bar for (A) is 100 pm
(hippocampus) and 20 pm (cortex). The scale bar for (D) is 20 um. n = 3. *p < 0.05, *p < 0.01.
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Figure 8 Effect of Exos-Ber/Pal on plaque inhibition, microglial activation and inflammation in APP/PS| mice. Immunofluorescence staining observation of (A) Th-S (Ap) and (B)
IBA-1 in the hippocampus. Quantitative analysis of (C) AB and (D) IBA-1. (E-G) Concentration determination of AB4, and AB4 and the ratio of AB4/AB4o in the hippocampus
by ELISA. (H-K) Inflammatory cytokine detection of TNF-q, IL- 1, IL-4 and IL-10 in the hippocampus. WT indicates wild-type control mice without any gene intervention. APP/
PS| indicates the AD model mice. The Ber/Pal injection dosage was 1.22/1.52 mg/kg. The scale bar is 100 um. (A-D), n = 3. (E-K), n = 5. *p < 0.05, *p < 0.01.
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aducanumab against the AP peptide, its effectiveness in improving cognitive function remains widely debated.?*
Accordingly, there is an urgent need to find new effective drugs for AD clinical treatment.

Considering the multifactorial characterization of AD, multitarget and multi-pathway combination methods are gradually
emerging as potential therapies.”> Accordingly, synergistic drug combinations have shown increasing significance in clinical
therapy due to their promise in providing superior therapeutic benefits to the current drug combination therapy used in clinical
practice.”® Phytoconstituents are a rich source of lead molecules for drug discovery and development with the characterization
of multitargets, regulating multiple pathogenic pathways, low toxicity and rare adverse effects.”” However, only a few drugs
have been approved for clinical application due to their low bioavailability, poor solubility, and difficulty in passing through
the BBB.?® Studies have shown that nasal sprays, mixed micelles, and nanocarriers can improve bioavailability and crossing
of the BBB in neurodegenerative diseases.”” ' As a natural delivery carrier, Exos have stronger biocompatibility than other
nanocarriers to prevent clearance by the immune system, and their natural targeting ability enhances their permeability to the
brain due to their biogenic origin.**”* NIH-registered clinical experiments related to Exos include the neuroprotection of Exos
in infants, diagnosis of diseases such as cerebral haemorrhage and stroke, and treatment of neurodegenerative diseases such as
depression, anxiety, and dementia.>**° Herein, Exos derived from microglia were used as carriers of Ber/Pal, which showed
excellent anti-inflammatory effects both in vitro and in vivo; enhanced drug accumulation in the hippocampus, cortex, and
striatum; and improved cognitive impairment and nerve injury in the APP/PS1 AD model by accelerating AP elimination and
anti-inflammatory cytokine secretion.

For the present study, our experiment mainly focused on the therapeutic efficacy of Ber, Pal and the Ber/Pal combined
treatment method in vitro and in vivo. As reported, the abnormal metabolism of sphingolipids plays an essential role in the
pathogenesis of AD.*® The ratio of S1P/Cer determines cell proliferation and survival.*” In AD, the level of Cer is significantly
increased, which has toxic effects on neurons and promotes the secretion of inflammatory cytokines.*® Additionally, Cer also
promotes AP formation by stabilizing B-site APP cleaving enzyme 1 activity.** HLIDD has been utilized to treat dementia and
improve learning and memory impairments.*® Our previous study showed that HLJDD treated AD by affecting sphingolipid
metabolism.*' HLIDD regulated the decrease in S1P levels and the increase in Cer levels in microglia caused by AB;s.35
stimulation, which was also reflected in the treatment of APP/PS1 mice. As natural phytoconstituents, Ber and Pal exert
effective anti-inflammatory and neuroprotective effects in neurodegenerative diseases. In the treatment of neuroinflammation,
Ber and Pal intervene through multiple targets. Studies have shown that Ber may inhibit the activation of NF-xB by blocking
the PI3K/PKB and MAPK signalling pathways while activating the AMPK pathway to inhibit the inflammatory response of
microglia, which is consistent with our inflammatory factors as well as bioinformatics results.**

Nevertheless, although our study suggested that Exos-Ber/Pal therapy could promote the targeting and permeation of
drugs into the brain, there are some limitations in our study. For example, the low yield of cell-derived Exos and the long
preparation time limit their application in clinical treatment. During the extraction process, every 2.13x10® cells produced
1 mg of Exos. The amount of Exos used in animal experiments was approximately 70.4 mg, which came from 5.63x10'°
cells. Therefore, it is necessary to explore methods to improve Exo production and reduce its costs. Notably, some studies
have shown that the yield of Exos can be significantly increased dozens of times through low-level electrical treatment
(0.34 mA/cm2) and production boosters, providing a promising Exos preparation method.*****

Additionally, our distribution results of Exos-Ber/Pal suggested that a small amount of Exos-Ber/Pal could permeate
into the heart and kidney (Figure S7), suggesting the limitation of the lack of organic targeting. Accordingly, it is
necessary to modify and decorate Exos to promote their specificity in brain targeting, such as through genetic engineer-
ing, bioengineering, and physical engineering.*> The system-specific rabies virus glycoprotein peptide and angiopep-2
are promising ligands to target peptides to the nervous system.*® In the future, our research will focus more on optimizing
the Exos extraction method, modification and transformation to improve the precise targeting of Exos and on improving
their roles in the treatment and recovery of neurodegenerative diseases.

Conclusion

Our results initially explored the therapeutic effects of Ber and Pal on AD, which include protecting neurons and
alleviating synaptic damage, ameliorating AP pathological symptoms by promoting phagocytosis of A plaques by
microglia and inhibiting neuroinflammation. Additionally, the Ber and Pal combined therapy exhibits better and more
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comprehensive therapeutic effects than single-drug treatment but relatively limited improvement in the therapeutic
effects, confirming the feasibility of Ber and Pal combined therapy in AD treatment. However, our data also suggested
defects in BBB permeability via ADMET computational prediction, and to improve the BBB permeation and targeting
ability of Ber/Pal combined treatment, we utilized microglia-derived Exos as drug carriers and verified that the microglia-
derived Exos delivery method could enhance the therapeutic effects of Ber/Pal free drug treatment.
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