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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is one of the most prevalent diseases that lead to memory deficiencies, severe
Alzheimer’s Disease behavioral abnormalities, and ultimately death. The need for more appropriate treatment of AD continues, and
SXFAD_ remains a sought-after goal. Previous studies showed palmatine (PAL), an isoquinoline alkaloid, might have the
Palmatine . potential for combating AD because of its in vitro and in vivo activities. In this study, we aimed to assess PAL’s
Neurodegeneration

therapeutic potential and gain insights into the working mechanism on protein level in the AD mouse model
brain, for the first time. To this end, PAL was administered to 12-month-old 5xFAD mice at two doses after its
successful isolation from the Siberian barberry shrub. PAL (10 mg/kg) showed statistically significant improve-
ment in the memory and learning phase on the Morris water maze test. The PAL’s ability to pass through the
blood-brain barrier was verified via Multiple Reaction Monitoring (MRM). Label-free proteomics analysis
revealed PAL administration led to changes most prominently in the cerebellum, followed by the hippocampus,
but none in the cortex. Most of the differentially expressed proteins in PAL compared to the 5xFAD control group
(ALZ) were the opposite of those in ALZ in comparison to healthy Alzheimer’s littermates (ALM) group. HS105,
HS12A, and RL12 were detected as hub proteins in the cerebellum. Collectively, here we present PAL as a po-
tential therapeutic candidate owing to its alleviating effect in 5XFAD mice on not only cognitive impairment but
also proteomes in the cerebellum and hippocampus.

Label-free Proteomics

1. Introduction

Alzheimer’s disease (AD) is one of the leading health problems
characterized by memory deficiencies, severe behavioral abnormalities,
and ultimately — death [1]. The pathological markers of AD,
amyloid-beta (AB) plaques and neurofibrillary tangles (NFTs), have been
the same ever since they were described by Alois Alzheimer in 1907 [2,
3]. The number of AD patients is increasing each year drastically and is
expected to reach 78 million in 2030, and as of 2021 AD is reported to be
the 7th leading cause of death in the world [1]. Current drugs mostly
provide temporary relief and slow down the progression of mild to
moderate stages of the disease. Aducanumab is the first

disease-modifying drug that is approved under the FDA-accelerated
approval pathway but it remains questionable [4]. Therefore, it is
crucial to find medications to cure, reverse or halt the progress of AD.
Nature is a library of chemical structures, and the search for suitable
drug candidates often begins with the plant extracts which are their
primary source. Palmatine (PAL), an isoquinoline alkaloid, is reported to
have a wide range of properties such as anti-cancer, anti-bacterial, anti-
viral, anti-inflammatory, blood-lipid regulating, and neuroprotective
activities [5]. Also, PAL was proved to exhibit acetylcholinesterase and
butyrylcholinesterase inhibitory activity [6,7]. Additionally, performed
in vitro assays proved that the formation of Ap plaques and the aggre-
gation of tau protein were reduced in the presence of PAL [8]. In other
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studies the alkaloid exhibited procognitive effect in scopolamine- and
diazepam-induced amnesia in Swiss young male albino mice [9]. Given
together, the results of previously published studies show that PAL
might have a potential for combating AD owing to its proved in vitro and
in vivo activities.

Mouse models are invaluable assets for examining the mechanisms of
human diseases and researching therapeutical strategies. The transgenic
mouse that carries 5 Familial Alzheimer’s disease mutations (5XxFAD), is
a widely preferred model for AD studies (~10 %) because of a rapid
exhibition of most of the pathologic alterations that are present in
human AD, namely: Ap-plaques, synaptic degeneration, gliosis, neuronal
loss and progressive cognitive impairment [10,11]. Age-dependent
memory loss begins in 5xFAD mice at the age of 6 months and pro-
gresses from this time on; likewise, the histopathological symptoms of
the acquired disease progressively worsen with time [12-15]. Addi-
tionally, changes in gene expression were found to be better in reca-
pitulating the human AD brain with increased age [10] and related
pathways of 12-month-old 5xFAD mice were strikingly similar to those
of human AD [16,17]. In light of the given information, 12-month-old
5xFAD mice offer a suitable model for investigating the efficacy of the
potential therapeutics.

Thanks to the application of proteomic studies the molecular patho-
mechanisms of the disease and of the drug candidates may be revealed
[18,19]. Unbiased, label-free liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) is a powerful tool that is able to take the
functional snapshot of the cell, then accurately identify thousands of
proteins engaged in the progression of the disease, and to provide
relative quantification thereof at that moment [20,21].

This study aimed to assess PAL’s therapeutic potential and to reveal
its effect on protein level in the AD mouse brain regions, for the first
time. To this end, after its successful isolation from the Siberian barberry
shrub, PAL was administered to 12-month-old 5XxFAD mice at two doses
(5 mg/kg and 10mg/kg, i.p.) for 7 consecutive days. PAL’s possible ef-
fects on cognition were evaluated by the Morris water maze (MWM) test.
The blood-brain passage of the substance was verified by MRM. Also,
using the nLC-MS/MS, proteomic expressional changes were analyzed in
the cortex, hippocampus, and cerebellum regions, individually. As a
result of bioinformatic analysis, the identification of possible key pro-
teins engaged in the molecular mechanism of PAL were revealed, and
their expressions were validated through the Western blot method.

2. Materials and methods
2.1. Reagents

Gradient grade reagents used for the extraction of the roots and
isolation of PAL (methanol, ethanol, butanol, ethyl acetate) were ob-
tained from Avantor Performance Materials (Gliwice, Poland). The
HPLC-MS purity solvents (water, acetonitrile, formic acid) used in the
HPLC-ESI-QTOF-MS/MS analysis were purchased from Merck (Darm-
stadt, Germany).

2.2. Plant material and extraction

The underground parts of Berberis sibirica Pall. were collected in the
vicinity of Ulanbataar by Dr. Otgonbataar Urjin from the Mongolian
National University of Medical Sciences, Mongolia in the summer of
2010, and they were stored in the dark at the Department of Pharma-
cognosy with Medicinal Plants Garden of the Medical University of
Lublin, Poland by Wirginia Kukula-Koch. The extraction of the root
powder was performed by accelerated solvent extraction (ASE 100,
Dionex, Sunnyvale, CA, USA) in the following conditions: extracting
solvent: methanol, temperature: 70 °C, pressure: 110 bar, static time: 10
min, purge time: 80 s, purge volume: 80 s, number of cycles: 5. In each
instance, 25 g of the powdered plant material was transferred to a
stainless-steel vessel and subjected to the extraction process. The
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extracts were pooled and evaporated under reduced pressure on a rotary
evaporator at 50 °C. Every extraction provided approximately 16.5 % of
a dried residue that was extracted from the plant matrix.

2.3. The isolation of palmatine by centrifugal partition chromatography
(CPC)

The isolation of PAL was performed on a Centrifugal Partition
Chromatograph (Spot-CPC-250-L) produced by Armen Instrument
(Saint Ave, France) that was equipped with a 250 mL rotor, a quaternary
pump, a UV detector, and a fraction collector produced by the same
company. The analysis was performed as described in a former study
[22] using the following biphasic solvent system: butanol: ethanol: ethyl
acetate: and water (1:1:3:6 v/v/v/v) in the ascending operation mode.
Briefly, the column was first filled with a stationary phase at the flow
rate of 20 mL/min. Later, the mobile phase was pumped on the column
together with the extract dissolved in 4 mL of a 50: 50 (v/v) mixture of
upper and lower phases. The flow rate was set at 6 mL/min, the detec-
tion wavelength at 280 and 320 nm, the elution time at 30 min, and the
extrusion time at 50 min. Around 200 mg of the total extract was
injected in each run to provide high purity PAL. 18 mL-volumed frac-
tions were collected through the analysis. Based on the
high-performance liquid chromatography mass spectrometry
(HPLC-MS) analysis, similar fractions were pooled and evaporated to
dryness at 50 °C on a rotary evaporator under reduced pressure.

2.4. HPLC-ESI-QTOF-MS/MS analysis of the total extract and fractions
from the CPC separation

An Agilent Technologies (Santa Clara, CA, USA) HPLC-ESI-QTOF-
MS/MS composed of high-performance liquid chromatograph (1200
Series) coupled with a mass spectrometer (6500 Series) were used in the
study. The previously elaborated method provided high sensitivity, good
efficiency, and high mass measurement accuracy in the analysis of Si-
berian barberry extract and its fractions. The instrument was used for the
determination of the composition and purity assessment. It was operated
in the positive ionization mode and under the following settings: gas and
sheath gas temperatures: 350 and 325 °C, respectively, gas and sheath
gas flows: 12 L, capillary voltage: 3500 V, fragmentor voltage: 120 V,
collision energies: 20 and 40 V, skimmer voltage: 65 V, nebulizer pres-
sure 30 psig. The Zorbax Eclipse Plus C-18 reversed phase chromato-
graphic column (Agilent Technologies, Santa Clara, CA, USA) was used
for the separation of metabolites in the described conditions above. The
following gradient of acetonitrile with 0.1 % of formic acid (A) in 0.1 %
formic acid in water was applied: 0 min 10 % A, 10-12 min 40 % A, 21
min 95 % A. The flow rate was 0.2 mL/min, the run length was 30 min
and the temperature of the thermostat was 25 °C. For the handling of
spectra, the MassHunter Workstation program (version B.08.00) by
Agilent Technologies (Santa Clara, CA, USA) was used.

2.5. Animals and natural compound administration

The 5xFAD transgenic mouse model (Tg6799, Stock #034840-JAX)
carries a total of 5 familial AD mutations in APP and PSEN1 transgene,
and heterozygous B6SJLF1/J mice (Stock #100012), were supplied
from The Jackson Laboratory. Mice were bred by crossing these two
species and genotyping was performed with polymerase chain reaction
using genomic DNA taken from ear biopsies. The protocol provided by
The Jackson Laboratory was followed with the designed oligonucleotide
primers (listed in Supplementary File 1). The cycling conditions were as
follows: 3 min at 94 °C, 35 cycles of 30 s each at 94 °C, 60 s at 57.3 °C,
60 s at 72 °C, and 2 min at 72 °C. On a 3 % agarose gel, bands were
observed using Tris-acetate-EDTA running buffer containing 1X Gel
Loading Dye (NEB B7021-S) after 45 min run at 80 V (Supplementary
File 1). Mice were kept at 20 °C and 12 h day/12 h night cycle, food and
water were available ad libitum.
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PAL extracts dissolved in DMSO or DMSO (maximum 1 %) in saline
solution as a vehicle control were intraperitoneally administered to 12-
month-old 5xFAD mice and their age-matched non-transgenic Alz-
heimer’s littermates (ALM) over a period of 7 consecutively. The groups
were constructed as given below:

ALM (n = 6): Alzheimer’s littermates — treated with DMSO (healthy vehicle
control)

ALZ (n = 8): 5XxFAD Alzheimer’s mouse model treated with DMSO
PALL1 (n = 7): 5xFAD mice treated with 5 mg/kg PAL
PAL2 (n = 6): 5XFAD mice treated with 10 mg/kg PAL

The gender of the mice was distributed equally, with the exception of
one additional male in PAL1. After the behavioral tests, following the
anesthesia with isoflurane, mice were decapitated. The brains were
removed within one minute and preserved at — 80 °C for further ex-
periments either as a whole or dissected into three regions.

2.6. Morris water maze test

The mice’s spatial memory was assessed by the MWM as previously
described [23]. Briefly, on day 0, mice were habituated to water and the
environment. The next day, mice were released into water from 4
imaginary quadrants and allowed to swim for 60 s; the escape latency
was recorded when the mouse found the hidden platform, if not, the
mouse was placed onto the platform by an investigator, where it waited
for 20 s in each case. This procedure was continued for 6 days (acqui-
sition phase). On the 7th day (probe phase) the hidden platform was
removed, and the time spent in the target quadrant was determined. All
the records and analysis of the MWM were performed by fully auto-
mated Ethovision software (Noldus Information Technology Inc., Lees-
burg, VA, USA).

2.7. MRM-MS analysis

2.7.1. Sample preparation

The 10 um sections of the frozen brain (n = 4) were homogenized in
50 ul methanol and 50 ul acetonitrile (ACN) by using vortex (30 s) and
ultrasonic processor (10 x10 s on ice, VialTweeter, HielScher). 1 mL
acetone was added to the tube, vortexed for 2 min and centrifuged at
3500 rpm for 5 min. The supernatant was taken to a new tube and
evaporated in a speed vac (Eppendorf, vacufuge plus). Then, the residue
was reconstituted with a 50 pl mobile phase (30 % ACN, 70 % ammo-
nium acetate (AA), 0.1 % formic acid (FA)).

2.7.2. HPLC conditions

Chromatography was carried out on a C18 Hypersil GOLD aQ col-
umn (2.1 mm x 50 mm, 3 um, Thermo) at 40 °C temperature via a
gradient elution with a 0.15 mL/min flow rate. The mobile phase con-
sisted of A (0.08 % FA and 2 mmol/L AA) and B (ACN). The percentage
of mobile phase B was increased from 10 to 100 over a 6 min total run
time.

2.7.3. Tandem mass spectrometry

TSQ Quantum Access Max triple quadrupole mass spectrometer
(Thermo Scientific) coupled with an electrospray source was used to
analyse extracted tissues. Given parameters were set at: collision energy:
30 eV, collision gas pressure: 1.2 mTorr, sheath gas: 28 arbitrary units,
auxiliary gas: 10 arbitrary units, capillary temperature: 350 °C and spray
voltage: 3000 V. Samples were injected via syringe infusion at a flow
rate of 0.15 mL/min using a Kloehn syringe WPS-3000SL (part:
6822.002). TSQ Tune software was used for scanning the samples for 6
min in profile mode. A fixed half-peak width (FWHM) of 0.7 was used.
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2.7.4. Identification of palmatine

The molecular ion of [M] " PAL in the positive mode was observed at
m/z 352. Molecular formulas of the abundant fragment ions with 336,
337, 308, and 322 m/z values are [M - CH4]™", [M - CHs]™, [M - CHy -
CO]™, [M - 2CH3]", respectively. Intensity values and retention times
(RT; minute) of precursor and fragment ions obtained from pure PAL
were 352.100 (RT: 1.69), 336.100 (RT: 1.70), 337.100 (RT: 1.70),
308.100 (RT: 1.69) and 322.100 (RT: 1.70), respectively. Intensity
values and retention times (RT; minute) of the same precursor and
fragment ions with m/z values were investigated in order to reveal if PAL
passes through the blood-brain barrier (BBB).

2.8. Nano LC-MS/MS

Brain tissues previously sectioned into the cortex, hippocampus, and
cerebellum were prepared as described before [24]. Briefly, tissues were
homogenized with steel beads, then lysed in UPX (Expedeon) containing
protease inhibitor cocktail (Thermo Scientific) using an ultrasonic pro-
cessor (VialTweeter, HielScher), and boiled for 10 min in a
thermo-shaker (Biosan) at 1000 rpm and 95 °C. After cooling for 30 min
at 4 °C, the samples were centrifuged for 10 min at 14000xg, and the
supernatant was collected. Maximum 100 pg protein was taken from the
supernatant and well-known FASP (Filter Aided Sample Preparation kit,
Expedeon) [25] steps were followed: wash (8 M urea), alkylation (50
mM iodoacetamide), buffer exchange (25 mM ammonium bicarbonate)
and digestion proteins into peptides (trypsin, (enzyme-to-substrate ratio
1:100)). The peptides’ final concentration were adjusted to 200 pg/mL
with 0.1 % FA.

The nLC-MS/MS analysis was carried out using an ACQUITY UPLC
M-Class linked to a SYNAPT Xevo G2-XS system (Waters). Peptides were
introduced onto a trap column (Symmetry C18 5m, 180 m i.d. x 20 mm)
initially, and then separated by gradient elution through an analytic
column (CSH C18, 1.7 m, 75 m i.d. x 250 mm). As a lock mass reference,
100 fmol/pl Glu-1-fibrinopeptide B was used. Positive ion mode was
used to run the device. For MS data collection, a novel data independent
mode of acquisition named SONAR [26] was adopted, with a 24 Da
quadrupole transmission width. Without any precursor ion preselection
insensitivity mode, all ions in the 50-1950 m/z range were fragmented
collectively [24].

For the data analysis, Progenesis-QI for proteomics software (V.2.0
Waters) and reviewed Mus musculus from Uniprot (database date:
13.01.2021) were used. Peak intensity thresholds were set at 60 and 10
counts for low and elevated energy, respectively. Mass data were
analyzed with the following settings: the minimum number of frag-
mented ion matches per peptide = 2, the minimum number of fragment
ion matches per protein = 5, the minimum number of unique peptides
per protein = 1, and the maximum number of missed cleavage for tryptic
digestion = 1, fixed modification = carbamidomethyl C, variable mod-
ifications = oxidation M and deamidation N and Q, false discovery rate
(FDR) <1 %. 1 + charged ions were eliminated. Normalization between
samples was performed using the total ion intensity. The statistical
program contained in Progenesis QI for proteomics was used to calculate
expressional changes, p, and g values. Proteins were accepted as
differentially expressed if only met these criteria: ANOVA p < .05, q <
.05, unique peptide > 2 and fold change > 1.3.

2.9. Western blot analysis

To confirm the proteomics findings, analysis was performed with the
same protein extracts that previously used for nLC-MS/MS analysis. All
experiments were performed with 3 technical replicates. Lysates were
mixed with 2x Laemmli sample buffer (Bio-rad) and B-Mercaptoethanol
and boiled at 95 °C for 5 min. Then, an equal concentration of proteins
and an unstained protein marker (Bio-rad) were loaded into a gel that
was prepared as described in the TGX Stain-Free FastCast Acrylamide kit
(12 %). Proteins were transferred to a PVDF membrane with Trans-Blot
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Turbo Transfer System (Bio-Rad) and then blocked for 1 h in RT with 5
% skim milk (Sigma) in PBST (1 % Tween (Sigma)). Primary antibody
incubations were performed overnight at + 4 °C with the following
antibodies: HS105 (Santa Cruz, sc-74550, 1:100), RL12 (Biorbyt,
orb315691, 1:500), HS12A (Biorbyt, orb184235, 1:500). After 3 washes
with PBST, the membrane was incubated for 1 h in RT with secondary
antibodies, either goat anti-mouse IgG-HRP (Santa Cruz, sc-2005,
1:4000) or goat anti-rabbit IgG-HRP (Santa Cruz, sc-6721, 1:4000). 5
min streptactin HRP conjugate (Bio-Rad, 1:10000) incubation at RT
enabled visualization of the unstained marker. After washing, the image
was detected using Clarity Western ECL Substrate (Bio-Rad) and
ChemiDoc MP Imaging System (Bio-Rad). Image Laboratory Software
Version 6.1 (Bio-Rad) was used to quantification of the bands with total
protein normalization.

2.10. Statistical analysis

Statistical analysis of MWM was conducted with SPSS (version 23.0,
IBM, Armonk, NY). The Shapiro-Wilks test indicated the non-normal
distribution of the learning and memory phase, while the swim speeds
of mice were distributed normally. For non-parametric data, statistical
significance (p < .05) was assessed between each day of a group
compared to its first day with Friedman, following its post-hoc Wil-
coxon, and between the groups on a daily basis with Kruskal Wallis and
its post-hoc Mann Whitney U test. Ties were corrected by using the Exact
test. For normally distributed data, one-way ANOVA and its post-hoc
Tukey’s multiple comparisons test.

Graphpad Prism software (version 7.04 for Windows, GraphPad
Software, La Jolla California USA, www.graphpad.com) was used for
statistical analysis of Western blot results. Normally distributed data
were assessed by one-way ANOVA (for HS105 and RL12) while Kruskal-
Wallis was used for non-normally distributed data (for HS12A). If those
tests showed significance, their post-hocs, unpaired t-test, or Mann-
Whitney U test, respectively, were carried out. Figures of MWM and
Western blots were prepared with Graphpad Prism.

2.11. Bioinformatic analysis

For Principal Component Analysis (PCA) and Hierarchical Clustering
(HC), online Clustvis software was used [27]. For PCA unit variance
scaling is applied to rows, and singular value decomposition (SVD) with
imputation was used to calculate principal components. Prediction el-
lipses are such that with a probability of 0.95, a new observation from
the same group will fall inside the ellipse (n = 9). Heatmap was con-
structed by given parameters: rows are centered; unit variance scaling is
applied to rows. Rows and columns were clustered by correlation dis-
tance and average linkage. Cluster groups were constructed automati-
cally by the software.

Gene Ontology (GO) functional enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis were
performed in DAVID bioinformatics resources (version 6.8) [28,29] and
visualized by Graphpad Prism (version 9.2.0) and Inkscape (version
1.01).

Cytoscape software (3.8.2) [30] was employed for visualizing and
constructing the protein-protein interaction map and detecting hub
proteins through STRING [31] database protein query, CytoNCA [32],
and CytoHubba plug-ins [33] respectively. The top 3 hub proteins were
revealed with CytoNCA using the Local Average Connectivity-Based
Method (LAC) and CytoHubba using the Density of Maximum Neigh-
borhood Component (DMNC) method.

3. Results
3.1. Isolation of palmatine from Berberis sibirica root methanolic extract

PAL, as a compound eluted next to berberine due to a large structural
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similarity in their chemical structure, was difficult to isolate using
classical isolation techniques, especially those based on the use of silica
gel as the stationary phase (Table 1). The conditions elaborated on with
the help of a centrifugal partition chromatograph provided a clear sep-
aration of PAL from berberine and its recovery in sufficiently high
quantity suitable for in vivo studies (Fig. 1). The compound was eluted
from the rotating column of the CPC chromatograph within 50 min,
which confirms a high selectivity of the applied solvent system
composed of ethyl acetate, butanol, ethanol, and water (3:1:1:6 v/v/v/
v). The purity of the isolated alkaloid was indicated by the MassHunter
Workstation program and was equal to 95.77 %.

3.2. Morris water maze test

In order to reveal the effect of PAL, the cognitive differences of the
12-month-old 5xFAD mice model were evaluated with the MWM test
following the compound administration. Within-group comparisons
showed that the 4th day of the ALM, 4th and 5th day of the ALZ, 5th day
of the PAL1, and 6th day of the PAL2 in the learning phase were
significantly decreased compared to the 1st day of each group (data not
shown). In the learning phase between-group comparisons reached
statistical significance 4th X3(3) = 12.621, p = .006) and 6th X3(3) =
17.177 p = .001) days. Pairwise comparisons revealed that ALM, in the
4th (U < 0, p =.002) and 6th (U < 0, p = .001) day, and PAL2, in 6th (U
< 0, p =.001) day in the learning phase significantly better than 5xXFAD
mice at finding the hidden platform (Fig. 2A). Statistical significance
was reached across the groups in the probe phase (X3(3) = 9.496,
p = .023), post-hoc revealed both ALM (U = 2, p = .004) and PAL2 (U =
8.5, p = .044) spent more time in the target quadrant compared to ALZ
(Fig. 2B). Analysis of variance showed swim speed varied across groups
(F (2, 15) =11.63, p = .0009). Pairwise analyses revealed that swim
speed was lower for ALZ (p = .0006) and PAL2 (p = .034) in comparison
to ALM. However, no statistical improvement in swim speed was
detected in ALZ mice after the PAL administration (p =.145). These
results suggest that 10 mg/kg PAL administration has a significant
improving effect on learning and memory, eliminating its possible effect
on motor function in ALZ. Based on these observations the same dose
was selected for further analyses performed in the study.

3.3. Detection of the BBB passag of the PAL via MRM-MS

Before the investigation of the molecular alterations likely caused by
PAL2, it was important to verify the BBB passage of the compound. To
achieve this, PAL’s precursor ion and 4 characteristic MRM fragments
were scanned in the brain tissues. Pure PAL was used as a standard,
precursor, and fragments were detected with the highest intensity
(Fig. 3A). No precursor or fragment peak of PAL was detected in the
tissue of the ALZ control group which was injected with pure DMSO into
5xFAD mouse brain (Fig. 3B). However, the precursor and all its’ frag-
ments were detected with high intensity in the PAL2 mouse brain tissue
(Fig. 3C). According to the measurement of PAL in brain tissues of the
PAL2 group, the BBB passage capacity of PAL were detected
successfully.

3.4. Proteome analysis of the brain regions

In order to find out whether any protein expression was altered by
PAL2 which improves learning and memory, the bottom-up proteomics
method was used. Expressional changes in the mice brain proteome
were investigated in 3 regions: cortex, hippocampus, and cerebellum.
The number of identified proteins, with an estimated FDR of 1 %, across
the sample set was 1704 in the cortex, 1656 in the hippocampus, and
1478 in the cerebellum (Table 2). The 7 days injection of 10 mg/kg PAL
led to differential expressions (unique peptide > 2; fold change > 1.3; q
< 0.05andp < .05) of 0, 8 and 110 proteins in comparison to ALZ, in the
cortex, hippocampus, and cerebellum, respectively (Table 2). All
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Table 1
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The tentative identification of the major alkaloids in the tested methanolic extract from Berberis sibirica root (RDB — double bond equivalent, delta — the error of m/z

measurement, Rt — retention time).

No Tonization Rt (min) Molecular formula m/z calculated m/z experimental

Delta (mmu)

RDB  MS/MS fragments Proposed compound References

[M-+H]™"
[M-+H]™"
[M-+H]"
[M-+H]*
[M-+H]™"
[M-+H]"
[M-+H]™*
[M-+H]™"
9 [M+H]"
[M+H]"
[M+H]
[M-+H]™"

5.86
6.14
8.1
9.44
9.8
10.59
11.3
11.7
13.2
13.9
14.2
22.8

300.1594
314.1751
342.1700
314.1751
609.2959
356.1856
623.3116
324.1230
338.1385
322.1074
352.1543
336.1230

300.1618
314.1776
342.1724
314.1788
609.3011
356.1883
623.3159
324.1258
338.1384
322.1085
352.1577
336.1240

Cl 8H21 NO3
C19H23NO3
C20oH24NO4
Ci19H23NO3
C37H40N206
C21HasNO4
C3gH42N206
C19H17NO4
CaoH2004N
C19H15NO4
C21H2204N
CaoH17NO4

©NOU A WN -

-7.96 9

-8.08 9

-7.08 10
-11.91 9

-8.53 19
-7.5 10
-6.97 19
-8.56 12
0.84 12
-3.47 13
-9.58 12
-2.88 13

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[35]
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Fig. 1. The total ion chromatogram of the methanolic extract from the roots of Berberis sibirica. A. positive ionization mode and the B. total ion chromatogram of the

isolated PAL used for the activity studies.

identified and differentially expressed proteins (DEPs) in all regions
were presented in Supplementary File 2. Hence, further analyses were
focused on DEPs in the hippocampus and cerebellum regions of the PAL2
group’s brain.

Unbiased PCA analysis demonstrated the extensive alteration of
proteins between the ALM, ALZ, and PAL2 groups in both hippocampus
and cerebellum which were evidently separated with principal compo-
nents 1 (89.9 %) and principal components 2 (8.8 %) in the former
(Fig. 4A) and principal components 1 (60.6 %) and principal compo-
nents 2 (26.9 %) in the latter (Fig. 5A). The samples in the same groups
were gathered closely showing good reproducibility.

For a better understanding of the PAL’s effect on AD, a pairwise
comparison was performed. In the hippocampus, all DEPs identified in
PAL2 (compared to ALZ) were also found to be altered in the ALZ
(compared to ALM) (Fig. 4B). On the other hand, in the cerebellum out
of the 110 DEPs that were detected in PAL2 (compared to ALZ), 58 of

them overlapped with those of in ALZ (compared to ALM) (Fig. 5B).
These DEPs were further assessed with heatmap, 8 DEPs (100 %) in the
hippocampus and 46 (79 %) DEPs in the cerebellum were either low in
the ALM, increased in ALZ then decreased in PAL2; or high in the ALM,
decreased in ALZ then increased in PAL2 (Fig. 4C-Fig. 5C).

Then, functional annotations and enrichments of those DEPs were
performed with Gene Ontology (GO) which provides interpretations of
the proteins’ biological functions with three ontologies: biological pro-
cess (BP), molecular function (MF), and cellular component (CC). The
top 5 terms in each ontology are presented in the bubble chart the
hippocampus (Fig. 6A) and cerebellum (Fig.6B).

The top 3 MFs that DEPs are primarily enriched in were transition
metal ion binding, A binding, and identical protein binding in the
hippocampus with glutamate decarboxylase activity, glutamate binding,
and protein binding in the cerebellum. In GO-BP, DEPs were taking part
in the regulation of response to oxidative stress, neuromuscular process
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controlling balance and cholesterol metabolic process pathways in
hippocampus and cell proliferation, substantia nigra development, and
negative regulation of intrinsic apoptotic signaling pathway in response
to hydrogen peroxide pathways in the cerebellum. DEPs were mostly

CCs of the extracellular exosome, lysosome, and extracellular space in
the hippocampus, on the other hand in the cerebellum they were com-
ponents of the myelin sheath, extracellular exosome, and focal adhesion
(Fig. 6).
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Table 2

The number of identified and differentially expressed proteins (DEPs) in cortex,
hippocampus, and cerebellum in 5XxFAD Alzheimer’s model (ALZ) group in
comparison to healthy (ALM) group and 10 mg/kg PAL injected (PAL2) 5xFAD
group compared to ALZ group.

Regions Groups Identified DEPs  Upregulated = Downregulated

cortex ALZ/ 1704 252 87 166
ALM
PAL2/ 0 0 0
ALZ

hippocampus ~ ALZ/ 1656 101 20 81
ALM
PAL2/ 8 2 6
ALZ

cerebellum ALZ/ 1478 296 32 264
ALM
PAL2/ 110 59 51
ALZ

By KEGG, a database to comprehend the functions and utilities of
biological systems, DEPs were found to be enriched in AD pathways in
the hippocampus, also in the cerebellum top enriched pathways
included the other neurodegenerative diseases (Parkinson’s disease
(PD), Huntington’s disease (HD)) and nervous system (GABAergic syn-
apse) pathways (Fig. 6).

Additionally, protein-protein interaction analysis was performed to
identify core regulatory genes. Among 46 proteins determined in the
cerebellum, HS105, HS12A, and RL12 were appointed as the top 3 hub
proteins via both LAC and DMNC methods (Fig. 7).

3.5. LC-MS/MS analysis validations by Western blot

For the validation of nLC-MS/MS results, the top 3 hub proteins were
chosen for the Western blot analyses. Statistical differences were
assessed as described in the methods. Western blot analyses showed that
HS105 was statistically significantly reduced in ALZ (t(4) = 8.216,
p =.0012) in comparison to ALM, while increased in PAL2 (t(4) =
6.458, p = .003) compared to ALZ. RL12 showed significant decrease in
ALZ (t(4) = 3.202, p = .0328) compared to ALM and increase in PAL2 (t
(4) = 2.951, p =.0419) against the ALZ. These results are consistent
with data obtained by nL.C-MS/MS analyses and support the hypothesis

A. C.
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that PAL likely recovers the proteomic alterations caused by AD in
5xFAD mouse brains (Fig. 8).

4. Discussion

AD is a progressive neurodegenerative disorder with dramatic
degradation of cognitive, social, and emotional function [1]. There are
only a few medications for AD which provide symptomatic relief [1,43]
or one controversial disease-modifying drug [44]. Therefore, the need
for the treatment of AD continues to be a sought-after goal.

Isoquinoline alkaloids are interesting metabolites that have
remarkable medicinal implications including neuroprotective functions.
Berberine, one of the isoquinoline alkaloids, is the best studied and most
widespread compound known as a chemotaxonomic marker of the
Ranunculales order [35]. It was proven that berberine gets involved in a
wide range of biological processes including memory-enhancing activ-
ity, reducing the formation of Ap plaques and NFTs, exhibit lipid- and
glucose-lowering properties [45]. In light of recent findings, PAL has
received considerable attention as a potential compound that is often
accompanying berberine in plant extracts and exerts a marked phar-
macologic potential which often exceeds the pharmacological action of
berberine [46]. The structural similarity of PAL to berberine makes it
difficult to separate them from each other and obtain high-purity com-
pounds on a preparative scale. For this reason, a novel isolation tech-
nique, namely CPC was applied in the study and succeeded in the
recovery of the compound of interest from the rich matrix of Berberis
sibirica quantities sufficient in vivo tests. CPC chromatography uses in-
struments which are equipped in a stainless-steel column with engraved
twin cells connected by ducts that play an important role in the
affinity-based fractionation of metabolites between the two immiscible
solvents as mobile and stationary phases [35]. The application of CPC in
the recovery of PAL was especially important due to the fact that iso-
quinoline alkaloids are capable of irreversible adsorption on classical
solid stationary phases which decreases the separation efficiency of the
process and also favors the tailing of major components (like berberine)
throughout the analysis, leading to decresed purity of the final isolates.
Although PAL was isolated by different chromatographic techniques
using a hydrodynamic mode of action in the previous studies [47-49],
the suggested method in this study was the first method dedicated to
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hydrostatic instruments. The herein-described protocol of PAL isolation
was successful in that it provided high-purity alkaloids directly from the
methanolic extract of B. sibirica in a sufficient quantity for the biological
activity tests.

5xFAD exerts most of the human AD characteristics [11]; A plaque
formation, neuronal loss, synaptic degeneration, gliosis, and memory
impairment which are observed at early onset and worsen in an
age-dependent manner [2,13,50,51]. 12-month-old 5XxFAD was chosen
since it shows cognitive impairment and progressed pathological pro-
cesses and a similar gene/protein expression profile to that of human AD
brains [52,53].

Consistent with the literature, we determined the statistically sig-
nificant decrease in the learning and memory of ALZ (compared to ALM)
by MWM test [14,54,55]. On the other hand, in comparison to the ALZ
group, the PAL2 group showed significant improvement not only in the
learning phase but also in the memory phase. Recently, it has been
revealed that after 10 months, 5xFAD shows motor impairment [54,56],
which might confound the cognitive performance results. Therefore, we
also checked the swim speed, which was statistically decreased in ALZ in
comparison to ALM. Even though the velocity of mice was slightly
higher after PAL treatment, we could not detect any statistical changes.
Therefore, we speculate, the improvement that we observe in MWM
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reflects the learning and memory ability of the mice. Also, as in the other
neurodegenerative diseases, (HD, PD) motor and cognitive deficits can
occur simultaneously and an effective therapy can target and improve
both functions [57].

The BBB is the primary obstacle to most of the drugs that target
especially central nervous system disorders. Following that the BBB
penetration of PAL was proved by MRM-MS analysis which was

corroborated by earlier studies [22,58]. The underlying molecular
mechanism of PAL (10 mg/kg) that led to improvement of cognition was
investigated via label-free MS analysis. The pairwise comparison was
carried out between PAL2 versus ALZ and ALZ versus ALM groups. This
approach aimed to reveal PAL2’s effects on AD-induced changes in
5xFAD mice by eliminating alterations caused by other parameters.
Diseases and therapeutics affect the brain regionally through the
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magnitude and direction of changes in abundance [59]. Therefore,
proteomics analysis was carried out on the cortex, hippocampus, and
cerebellum, individually. Interestingly, the cerebellum was found to be a
prominently affected brain region by PAL2 in addition to minor alter-
ations in the hippocampus. The most striking result to emerge from both
regions’ data is that the proteins decreased in AD were increased again
(or vice versa) following PAL2 administration, which makes PAL a
strong potential therapeutic agent.

Hippocampus is the part of the brain that is critical for learning,
memory, and stores long-term memories. Dysfunctions in the hippo-
campus are thought to contribute greatly to memory impairment in AD
[60]. GO analysis indicated that DEPs in the hippocampus of PAL2 were
most significantly enriched in response to oxidative stress, transition
metal ion binding, and AP binding pathways, which are known to be
highly associated with each other and AD. KEGG analysis also supported
this finding by revealing that DEPs were enriched in the AD pathway.
The increase of oxidative stress in AD, shown by many studies, pointed
out its early-stage involvement in the disease’s mechanism [61-63].
Even some theories suggested the major hallmarks of AD, Ap, and NFTs
were formed to compensate for the oxidative stress [64], oxidative
damage is found to be positively correlated with the amount of the Ap
plaques [64,65]. Furthermore, Af and its precursor APP have been
associated with biometals through their high-affinity binding sites
[66-68]. Copper was detected in Ap plaques in high concentrations. It
also plays role in oxidative stress in AD as a mediator of reactive hydroxy
radicals [69,70]. Similarly increased concentrations of zinc were
detected in memory and cognition-related parts of the brain, exclusively
in the hippocampus [71]. This increase was associated with oxidative
stress induced by the uncontrolled accumulation of zinc and Af [72].
Therefore, PAL2-induced alterations in the hippocampus through the
aforementioned pathways might contribute to the reversal of the
learning and memory of AD mice.

Compared to the hippocampal formation, the cerebellum was
thought to be a silent bystander in AD. However, recent studies impli-
cated the cerebellum as playing an active role in AD through undergoing
structural, functional, and degenerative changes [73-78]. The cerebellar
volume, which was reduced with the severity of dementia [79], is
correlated with cognitive function, memory, and thought organization
[74-77,80]. Two recent genome-wide association studies pointed out
that intelligence and cognitive function-related genes were mostly
expressed in the cerebellum, along with the cortex [81,82] and these
genes were enriched in similar pathways as those in our study. GO
analysis in our research showed that DEPs were mostly associated with
cell proliferation, glutamate binding, and glutamate decarboxylase ac-
tivity. In AD, cell proliferation in the hippocampus, known as hippo-
campal neurogenesis, was reported to be inhibited by Ap [83].
Glutamate is the primary excitatory neurotransmitter in the CNS which
plays an important role in learning and memory. Glutamic acid decar-
boxylase 1 (DCE1; GN=GAD1) and glutamic acid decarboxylase 2
(DCE2; GN=GAD2) which synthesize the principal inhibitory neuro-
transmitter GABA [84] and glutamine synthetase (GLNA, GN=Glul)
which converts glutamate to glutamine to be used by neurons were re-
ported to be downregulated in AD [85,86]. Another remarkable
outcome of this study was that the expression levels of these proteins
were upregulated again by PAL2.

KEGG pathway analysis revealed that DEPs were enriched in other
neurodegenerative diseases: Parkinson’s disease (PD) and Huntington’s
disease (HD). PD is known for motor dysfunctions, and its underlying
mechanism is associated with basal ganglia. However, just as in AD, in
recent years researchers have been pointing out the importance of the
cerebellum through its pathophysiological and compensatory mecha-
nisms in HD [87-89]. Neurodegenerative diseases shared common
properties such as being progressive and debilitating, instigated by the
death of brain cells, and their mechanisms involve aggrega-
ted/misfolded proteins [90].

In an effort to reveal key proteins among DEPs, we applied two
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commonly used and advised protein-protein interaction analysis
methods together, LAC and DMNC. In agreement, these methods indi-
cated HS105, HS12A, and RL12 as the top 3 hub proteins. All 3 proteins
were found to be downregulated in ALZ compared to ALM and upre-
gulated in PAL2 compared to ALZ. Hence, we can suggest that AD’s
effect on these proteins’ expressions was mitigated by PAL2. This finding
further supports these proteins as being key players. In order to reveal
the association of these proteins to AD, their roles will be briefly
mentioned below.

HS105 (Heat shock protein 105 kDa), an isoform of heat shock
protein 110, is a part of the major disaggregase machinery in mamma-
lians [91]. HS105 is shown to be the main player in refolding the mis-
folded proteins to their native state and protecting the cell against
stress-induced cell death [92,93]. Loss of HS105 in mice caused tau
hyperphosphorylation and early accumulation of Ap [94]. HS105 also
collaborates with our other hub protein HS12A to form powerful
chaperone machinery which can unfold and solubilize misfolded and
aggregated proteins [95]. HS12A (Heat shock 70 kDa protein 12 A) is a
member of the HSP70 family, reported having neuroprotective activity
[96]. Even though information about its function is scarce, HS12A was
identified as an exclusive adaptor protein for SorLa, which is a cargo
molecule that carries amyloid protein to where they are broken down
[97]. RL12 (60 S ribosomal protein L12) is a component of the large
subunit (60 S) of the ribosome. The expression of various ribosomal
proteins (RPLs) was reported to be changed in the brains of mice and
patients with AD, pointing out the altered protein synthesis machinery
in AD [98-100]. RL12 is significantly altered in between blood and brain
in the AD mouse [101]. A network-based computational study suggested
RL12 as one of the key signaling and regulatory molecules in AD [102].
Re-regulation of these proteins in PAL2 might play essential role in the
restoration of the learning and memory abilities of 12-month-old 5xFAD
mice model.

In recent years, researchers have been suggesting that combination
therapies have a greater capacity for the treatment of multifactorial
disease AD [103,104]. Our recent work showed galantamine, FDA
approved AD drug, and several other alkaloids and coumarins exerted
their effect in the cortex, prominently [23,24]. Whereas here, PAL
mainly targeted the cerebellum. Therefore, we can suggest that PAL can
be further evaluated/investigated as a part of combination therapy.

5. Conclusions

In summary, PAL’s potential therapeutic effect was evaluated on the
AD mouse model. After isolation and 7-day administration of PAL
(10 mg/kg) to 12-month-old 5xFAD mice, statisticallysignificant im-
provements in learning and memory were detected via the MWM test.
BBB passage was proven with MRM analysis. The underlying mechanism
which led to improvement in cognition was investigated by nLC-MS/MS
in the cortex, hippocampus, and cerebellum of the brain. Surprisingly,
the cerebellum was the prominent site of the alterations in PAL. A
pairwise comparison of the DEPs revealed that most of the changes in
PAL compared to ALZ were opposite of those in ALZ in comparison to
ALM. Bioinformatic analyses revealed HS105, HS12A, and RL12 pro-
teins as hub proteins, and their protein expression levels were verified
with Western blot analysis. Collectively, here we present PAL as a po-
tential therapeutic candidate owing to its alleviating effect in 5xFAD
mice on not only cognitive impairment but also proteomes in the cere-
bellum and hippocampus. Also, we speculate that PAL might be a good
candidate for combination therapies since it distinctively targets the
cerebellum.
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