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ARTICLE INFO ABSTRACT

Handling Editor: Prof F De Felice Familial Alzheimer’s disease (FAD) presenilin 1 E280A (PSEN1 E280A) is a severe neurological condition due to
the loss of cholinergic neurons (ChNs), accumulation of amyloid beta (Af), and abnormal phosphorylation of the
Keywords: TAU protein. Up to date, there are no effective therapies available. The need for innovative treatments for this
Alzheimer’s disease illness is critical. We found that minocycline (MC, 5 pM) was innocuous toward wild-type (WT) PSEN1 ChLNs but

significantly (i) reduces the accumulation of intracellular Af by —69%, (ii) blocks both abnormal phosphory-

Amyloid-beta

2::5;::; lation of the protein TAU at residue Ser202/Thr205 by —33% and (iii) phosphorylation of the proapoptotic
DJ-1 transcription factor c-JUN at residue Ser63/Ser73 by —25%, (iv) diminishes oxidized DJ-1 at Cys106-SO3 by
Hydrogen peroxide —29%, (v) downregulates the expression of transcription factor TP53, (vi) BH-3-only protein PUMA, and (vii)
Minocycline cleaved caspase 3 (CC3) by —33, —86, and —78%, respectively, compared with untreated PSEN1 E280A ChLNs.

Additionally, MC increases the response to ACh-induced Ca®* influx by +92% in mutant ChLNs. Oxygen radical
absorbance capacity (ORAC) and ferric ion-reducing antioxidant power (FRAP) analysis showed that MC might
operate more efficiently as a hydrogen atom transfer agent than a single electron transfer agent. In silico mo-
lecular docking analysis predicts that MC binds with high affinity to Ap (Vina Score —6.6 kcal/mol), TAU (VS
-6.5 kcal/mol), and caspase 3 (VS -7.1 kcal/mol). Taken together, our findings suggest that MC demonstrates
antioxidant, anti-amyloid, and anti-apoptosis activity and promotes physiological ACh-induced Ca?* influx in

PSEN1 E280A ChLNs. The MC has therapeutic potential for treating early-onset FAD.

1. Introduction

Familial Alzheimer’s disease (FAD) is a chronic, progressive neuro-
degenerative disorder characterized by memory loss due to deteriora-
tion of the cholinergic neurons of the nucleus basalis of Meynert (Ch4)
and medial septal nucleus (Chl) (Liu et al., 2015; Teipel et al., 2024),
deposition of extracellular amyloid beta (eAf) plaques, i.e., eAp1-42,
and intracellular neurofibrillary tangles (NFTs) composed of abnormally
phosphorylated TAU (p-TAU) (Acosta-Baena et al., 2011; Dinkel et al.,
2020; Mendez, 2017; Trejo-Lopez et al., 2022). Most, if not all, of the AD
cases presenting early-onset (EO) pertain to familial AD (FAD) are
caused by mutation in at least three highly penetrant genes: the amyloid
precursor protein (APP, >100 variants), presenilin (PSEN) 1 (PSEN1,
350 variants), and PSEN 2 (80 variants) (https://www.alzforum.org/
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mutations, accessed in May 2024). Accordingly, a large population
with EOAD (mean age onset 49 years) was first discovered in the state of
Antioquia, Colombia (Lopera, 1997), wherein a glutamic acid (Glu, E) to
alanine (Ala, A) mutation at codon 280 (E280A) occurs in the PSEN1
gene (Lalli et al., 2014). Although FAD PSEN1 E280A has been exten-
sively studied (e.g., https://www.alzforum.org/mutations/psenl-e280a
-paisa, accessed in May 2024) and pharmacological attempts have been
made (Reiman et al., 2023), therapies against this kind of AD are ur-
gently in need. Nonetheless, scientific awareness of the critical role
played by the accumulation of intracellular Ap (iAf) and apoptosis has
added another layer of complexity to FAD (Lauritzen et al., 2019;
Takahashi et al., 2017; Takasugi et al., 2023; Volloch and Rits-Volloch,
2023a). Therefore, medications that lower iAp levels given prior to the
neuron being implicated in the apoptotic pathway would have thera-
peutic significance (Volloch and Rits-Volloch, 2023b). Consequently,
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Abbreviations

Ap amyloid-beta

CASP3  caspase 3

ChLNs  cholinergic-like neurons

CC3 cleaved caspase 3

iAB intracellular amyloid-beta

MSCs mesenchymal stromal cells

MC Minocycline

oS oxidative stress

ORAC  oxygen radical absorbance capacity

PUMA P53 up-regulated modulator of apoptosis

EGCG epigallocatechin 3-gallate PHF paired helical filament

eAp extracellular amyloid-beta p-TAU  phosphorylated TAU

FAD familial Alzheimer’s disease PSEN1  presenilin 1

FRAP ferric ion-reducing antioxidant power TP53 tumor protein 53

E280A  glutamic acid 280 alanine WT wild-type

H202 hydrogen peroxide

1973); it is a highly lipophilic molecule able to cross the blood-brain

Table 1 barrier, promoting its accumulation in the central nervous system; it

List of antibodies used for immunocytochemistry and for flow cytometry.

Antibody Dilution =~ Company Cat #
Differentiation Markers
Goat anti-ChAT 1:200 Millipore cat# AB144P
Rabbit anti-VAChT 1:500 Sigma-Aldrich Cat# SAB4200559

Protein Aggregation Markers
“Mouse anti-Amyloid pA4 clone 1:500 Millipore clone 1E8 cat#
1E8 MABNG639
Rabbit anti-total TAU 1:500 Sigma-Aldrich cat# T6402

"Mouse anti-phosphorylated 1:500 Thermo Fisher Scientific cat#
TAU MN1020 (AT8)

Oxidative Stress Markers
“Rabbit anti-oxidized DJ-1- ox 1:500 Abcam cat# ab169520
(Cys106)DJ-1

Proapoptotic Markers
Rabbit anti-PUMA 1:500 Abcam cat# ab-9643
Mouse anti-P53 1:500 Millipore cat# MA5-12453
dGoat anti-phospho-c-Jun 1:500 Santa Cruz cat# sc-16312
Rabbit anti-caspase-3 1:500 Millipore cat# AB3623

Secondary Antibodies
DyLight 488 horse anti-rabbit 1:500 Vector laboratories DI 1088
DyLight 594 horse anti-rabbit 1:500 Vector laboratories DI 1094
DyLight 488 horse anti-goat 1:500 Vector laboratories DI 3088
DyLight 594 horse anti-goat 1:500 Vector laboratories DI 3094
DyLight 488 horse anti-Mouse 1:500 Vector laboratories DI 2488
DyLight 594 horse anti-Mouse 1:500 Vector laboratories DI 2594

# This monoclonal antibody is specific for the first 2 amino acids (i.e., Asp-Ala)
of the Amyloid beta (Af) peptide amino terminus.

b This antibody is specific for phospho-TAU (Ser202/Thr205).

¢ This recombinant monoclonal antibody is specific for PARK7/DJ1 -
Oxidized (Cys106-SO3).

4 This monoclonal antibody is specific for phospho-c-Jun (Ser63/Ser73).

finding small (natural or synthetic) chemical agents that stop or slow
down FAD has taken precedence in research. According to this
perspective, it is suggested that drug repurposing might hasten the
discovery of novel therapies for AD sufferers (Anderson et al., 2023;
Grabowska et al., 2023; Padhi and Govindaraju, 2022).

Minocycline (MC, PubChem Compound CID: 54675783, molecular
formula: C23H28CIN307) identified as (IUPAC Name)
4S,4aS,5aR,12aR) —4,7-bis(dimethylamino) —1,10,11,12a-tetrahy-
droxy-3,12-dioxo-4a,5,5a,6-tetrahydro -4H-tetracene-2-carboxamide) is
a second-generation tetracycline antibiotic widely used for the treat-
ment of bacterial infections (Brogden et al., 1975; Flamm et al., 2019;
Shortridge et al., 2021). Interestingly, MC has shown a variety of bio-
logical actions that are independent of their anti-microbial activity,
including anti-inflammatory, anti-oxidant, and anti-apoptotic activities
(Garrido-Mesa et al., 2013a; 2013b). Therefore, MC appears as an ideal
therapeutic molecule due to its unique features, involving fast and
completely absorption with a long half-life of approximately 16 h,
excellent tissue penetration, and 100% bioavailability (Macdonald et al.,

has shown antioxidant activity against oxidative and nitrosative stress
by direct scavenging activity of the superoxide (02.-) and hydroxyl (.
OH) free radicals, and the non-free radical hydrogen peroxide (H202),
and peroxynitrite (ONOO) (Kraus et al., 2005; Schildknecht et al., 2011;
Kiadna et al., 2012); it chelates divalent metals (e.g. Fe2+), attenuating
iron neurotoxicity (Chen-Roetling et al., 2009), and inhibits cell death
signaling (Griffin et al., 2011). In line with these observations, several in
vivo evidences have shown that MC might be of therapeutic use in AD
(Garcez et al., 2017; Gholami Mahmoudian et al., 2023; Zhao et al.,
2022), despite its clinical failure to ameliorate mild AD (Howard et al.,
2020). This last observation suggests that MC should be therapeutically
used at the earliest in the development of the disorder as it occurs in
autosomal-dominant AD patients (e.g., PSEN1 E280A patients, Acos-
ta-Baena et al., 2011). Although no data is yet available to confirm this
assumption, the use of in vitro models carrying the E280A mutation
(Frederiksen et al., 2019; Mendivil-Perez et al., 2023; Soto-Mercado
et al., 2020; Vallejo-Diez et al., 2019), wherein the intracellular accu-
mulation of AB (iAp) is critical for the mechanism of neuronal cell death
by apoptosis (Soto-Mercado et al., 2020) could advance our knowledge
on this issue.

The purpose of the study was to determine if MC affects the Alz-
heimer’s phenotype in an established in vitro model of FAD
(Soto-Mercado et al., 2020). Here we showed that MC is a multi-target
agent that can positively impact PSEN1 E280a ChLNs at reversing
neuronal dysfunction. Our findings suggest that MC operates as an
antioxidant, anti-amyloid, antiapoptotic, and restorative agent of Ca*
ion influx.

2. Materials and methods

2.1. Transdifferentiation of mesenchymal stromal cells (MSCs) into
cholinergic-like neurons (ChLNs)

To this end, wild-type (WT) and Wharton’s umbilical cord jelly
mesenchymal cells (WJ-MSCs) harboring the PSEN1 E280A mutation
were differentiated according to previous methods (Mendivil-Perez
et al., 2019). Briefly, WT MSCs PSEN1 (Tissue Bank Code # WJMSC-19)
and PSEN1 E280A (TBC# WJMSC-24) were seeded at a density of 1-1.5
x 10* cells/cm? on laminin-coated culture plates in regular culture
medium (RCm) for 24 h. Then, the cells were incubated in cholinergic
differentiation medium (Cholinergic-N-Run medium, hereafter referred
to as Ch-N-Rm) at 37 °C for 7 days. The neuronal cells were termed WT
PSEN1 or PSEN1 E280A ChLNs and further cultured in regular culture
medium (RCm) for an additional 4 days post-transdifferentiation.

2.2. Assay protocol

To determine whether MC (Sigma-Aldrich, cat #M9511) was
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Fig. 1. Chemical structure, molecular formula of minocycline, schematic diagram of experimental procedure and molecular assays. (A) Minocycline (MC), PubChem
Compound CID: 54675783, IUPAC Name: (4S,4aS,5aR,12aR)-4,7-bis(dimethylamino)-1,10,11,12a-tetrahydroxy-3,12-dioxo-4a,5,5a,6-tetrahydro-4H-tetracene-2-
carboxamide, molecular formula (MF): C33H2gCIN3O. The red broken line represents site with direct antioxidative activity, the green broken line represents the site
with poly(ADP-ribose) activity, and the blue broken line represents metal ion chelating. (B) Wild type (WT) or PSEN1 E280A menstrual stromal cells (MenSCs)
cultured in Cholinergic-N-Run (Ch-N-R) medium for 7 days transdifferentiated into cholinergic-like neurons (ChLNs). Reagents were added at day O (day seven
transdifferentiation), and left in culture in regular culture medium (RCm) for 4 additional days. (C) ChLNs were then evaluated for proteinopathy of disease such as
accumulation of intracellular Ap (i Ap), phosphorylation p-TAU at Ser202/Thr205; oxidative stress (OS) (e.g., oxidation of DJ-1 at residue Cys106-SO3 and phos-
phorylation of c-JUN at Ser63/Ser73), cell death markers (e.g., loss of mitochondrial membrane potential (A¥m), overexpression of tumor protein 53 (TP53), p53
upregulated modulator of apoptosis (PUMA), cleaved caspase 3 (CC3)), and functionality test (e.g., acetyl choline (ACh)-induced Ca®" ion influx).

cytotoxic, WT ChLNs were left untreated or exposed to increasing con-
centrations (1, 5, 10, 25 pM) of MC (n = 3). Given that the concentra-
tions tested were innocuous to neurons, the pharmacological
concentration of 5 pM MC was selected as the optimal concentration for
further experiments. Accordingly, four groups of ChLNs were cultured:
(i) untreated WT PSEN1, (ii) WT PSEN1 treated with MC (5 pM), (iii)
untreated PSEN1 E280A, and (iv) PSEN1 E280A treated with MC (5 pM).

2.3. Immunofluorescence (IMF) and flow cytometry (FC) analyses

The cells were left untreated or treated with MC and assessed for
several molecular markers using flow cytometry and fluorescence mi-
croscopy, the two most reliable techniques to analyze fluorescence-
tagged proteins on a cell-by-cell basis (Costigan et al., 2023; Hollville
and Martin, 2016). Proteinopathy, oxidative stress (OS), and cell death
signaling markers were analyzed as previously described (Soto-Mercado
et al., 2020). Briefly, cells treated under different conditions were pro-
cessed by standard immunofluorescence protocols, which included pri-
mary antibodies and secondary fluorescent antibodies (Table 1). Nuclei
were stained with 1 pM Hoechst 33342 (Life Technologies, 5791 Van
Allen Way, Carlsbad, CA 92008, USA), and images were acquired using a
Zeiss Axio Vert.Al equipped with a Zeiss AxioCam Cm1 (Carl Zeiss
Microscopy, LLC, One North Broadway, Floor 15 White Plains, NY
10601, United States). Fluorescence analysis was performed using a BD
LSRFortessa II flow cytometer (BD Biosciences, Becton, Dickinson and
Company, BD Biosciences, 2350 Qume Dr, San Jose, CA 95131-1812,
USA). Cells incubated without primary antibodies were used as

controls. For evaluation, 10,000 events and the quantitative data were
obtained using FlowJo 7.6.2 data analysis software (TIBCO® Data Sci-
ence Palo Alto, CA, USA). Event analysis was performed by determining
the cell population (forward scatter analysis, Y-axis) that exceeded the
baseline fluorescence (488 nm or 594 nm, X-axis) of the no primary
antibody control. Consequently, contour/dot plots were created based
on event analysis, and the cells located within the quadrant represented
the cell population that exceeded the baseline fluorescence (Adan et al.,
2017).

2.4. Molecular docking analysis

For molecular docking experiments, we employed the protein
structure of monomeric Ap (protein data bank code: 6SZF), TAU protein
(Uniprot ID: P10636; PDB ID: 503L, 20N9), and caspase-3 (PDB ID:
1NME) which were obtained using x-ray diffraction crystallography. CB-
Dock version 2 (Liu et al., 2022), a cavity detection-guided protein-li-
gand blind docking online server that makes use of Autodock Vina
(version 1.1.2, Scripps Research Institute, La Jolla, USA) was used to
carry out the blind molecular docking. The SDF structure files of the
tested compounds (minocycline, compound CID: 54675783; NSCI,
compound CID: 11591540) was downloaded from PubChem (https://p
ubchem.ncbi.nlm.nih.gov/; accessed in May 2024). The molecular
blind docking was performed by uploading the 3D structure PDB file of
AP into the server with the SDF file of each compound. We chose the
docking positions in the binding pocket that had the highest Vina score
for study. The produced PDB files for the molecular docking of every
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Fig. 2. Minocycline (MC) is innocuous to wild-type (WT) presenilin 1 (PSEN1) cholinergic-like neurons (ChLNs). Representative fluorescence microscopy merged
images of (A) untreated WT ChLNs, or treated with MC (B) 1, (C) 5, (D) 10, and (E) 25 pM, or (F) untreated PSEN1 E280A ChLNs stained with antibodies against
cleaved caspase 3 (CC3, A-F). Nuclei were stained with Hoechst (A"-F"). (G) Quantitative data showing the mean fluorescence intensity (MFI) of CC3. The figures
represent 1 out of 3 independent experiments. The data are expressed as the mean + standard deviation (SD); significant values were determined by one-way analysis
of variance (ANOVA) test with Tukey’s post hoc test. Statistical significance: ***p < 0.001.

compound were compared to the experimentally verified X-ray struc-
tures of the interaction between epigallocatechin 3-gallate (compound
CID: 65064) and Af (Fang et al., 2022), TAU (Seidler et al., 2022), and
caspase 3 (CASP3). These visualizations were made using the CB-Dock2
interphase or BIOVIA Discovery Studio Visualizer (https://discover.3ds.
com/discovery-studio-visualizer-download; accessed in May 2024).

2.5. Intracellular calcium imaging

Changes in the intracellular calcium (Ca2+) concentration induced
by cholinergic stimulation were evaluated according to previous
methods (Pap et al., 2009; Sekiguchi-Tonosaki et al., 2009), with minor
modifications. The fluorescent dye Fluo-3 (Fluo-3 AM; Thermo Fisher
Scientific, cat: F1242 168, Third Avenue, Waltham, MA, USA) was used
for these measurements. The dye was dissolved in DMSO (1 mM) to form
a stock solution. Prior to the experiments, the stock solution was diluted
with neuronal buffer solution (NBS buffer (in mM): 137 NacCl, 5 KCl, 2.5
CaCly, 1 MgCly, pH 7.3, and 22 glucose). The working concentration of
the dye was 2 pM. WT and PSEN1 E280A ChLNs were incubated for 30
min at 37 °C with dye-containing NBS buffer and then washed five times.
Intracellular Ca?" transients were evoked by acetylcholine (1 mM final
concentration) 4 days after differentiation. Measurements were per-
formed using the 20 x objective of the microscope. Several regions of
interest (ROIs) were defined in the camera’s visual field. One ROI was
cell free, and the measured fluorescence intensity in this area was
considered background fluorescence (Fyg). The time dependence of the
fluorescence emission was determined, and the fluorescence intensities
(thus, Ca>" levels) were determined using pseudocolors. To calculate the
changes in average fluorescence intensity related to Ca®*, the Fpg value
was determined from the cell-free ROI, and the resting fluorescence
intensity (Frest) Of each of the ROIs containing cells was subsequently
obtained as the average of the points recorded during a consecutive 10-s
period prior to acetylcholine addition. Transient fluorescence peaks
were identified by averaging six consecutive points and identifying
those points that yielded the highest average value (Fyax). The ampli-
tudes of Ca®*-related fluorescence transients were expressed relative to

resting fluorescence (AF/F) and calculated using the following formula:
AF/F = (Fmax - Frest)/ (Frest - Fig). ImageJ was used for fluorescence in-
tensity calculations. Fluorescence intensity was used as an indirect in-
dicator of the intracellular Ca®* concentration. This evaluation was
repeated three times in independent blinded experiments.

2.6. Photomicrography and image analysis

Light and fluorescence microscopy images were taken using a Zeiss
Axio Vert.Al microscope connected to an AxioCam camera (Carl Zeiss
Microscopy, LLC One North Broadway, Floor 15 White Plains, NY
10601, United States), according to previous methods (Soto-Mercado
et al., 2020). The images were initially processed to remove background
information using the Zen3.4 software (Zen Lite) function Background
Subtraction to remove smooth backgrounds or correct uneven illumi-
nation. The implementation was adapted from the corresponding func-
tion in ImageJ and based on the rolling ball algorithm. Next,
fluorescence images were analyzed using ImageJ software (http://i
magej.nih.gov/ij/, accessed in May 2024). The figures were trans-
formed into 8-bit images, and background subtraction was performed.
Regions of interest (ROIs) were drawn around the nuclei (for tran-
scription factors and apoptosis effectors) or around the cells in general
(for cytoplasmic probes); subsequently, the fluorescence intensity was
determined by applying the same threshold to the cells under control
and treatment conditions. The mean fluorescence intensity (MFI) was
obtained by normalizing the total fluorescence to the number of nuclei.

2.7. Oxygen radical absorbance capacity (ORAC) assay

The hydrophilic oxygen radical absorbance capacity (ORAC) assay
was conducted following the protocol outlined in reference (Bravo et al.,
2020). Essentially, a peroxyl radical generator, AAPH (2,2-azobis
(2-amidinopropane) dihydrochloride), a standard compound, Trolox,
and a fluorescent probe, fluorescein, were employed. The ORAC values
are reported as pmol Trolox equivalents (TE)/g of solution.
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Fig. 3. Minocycline (MC) prevents the accumulation of intracellular Ap (iAp) and the oxidation of DJ-1 protein in PSEN1 E280A ChLNs. After 7 days of trans-
differentiation, wild-type (WT) PSEN1 and E280A Cholinergic-like neurons (ChLNs) were left untreated or treated with MC (5 pM) in regular culture medium (RCm)
for 4 days. (A) Flow cytometry (FC) density plots showing the percentage (number in circle) of iAp in WT PSEN1 ChLNs and (B) iAf in PSEN1 E280A ChLNs, (C)
Quantification of the percentage of iAB-positive cells, (D) FC density plots showing percentage (number in circle) of oxidized DJ-1 in WT PSEN1 ChLNs, (E) oxDJ-1 in
PSEN1 E280A ChLNs, (F) Quantification of the percentage of oxDJ-1-positive cells. (G-J) Representative immunofluorescence merge images (G-J) showing WT

PSEN1 and PSEN1 E280A ChLNs stained with antibodies against oxidized DJ-1 (

G'-J') and iAp (G"-J"). Nuclei were stained with Hoechst (G"-J"). (K) Quantitative

data showing the MFI of iAp. (L) Quantitative data showing the mean fluorescence intensity (MFI) of oxDJ-1. Density plots and figures represent 1 of 3 independent

experiments. Data are expressed as mean + standard deviation (SD). Significant v:
post hoc test. Statistical significance: *p < 0.05; **p < 0.01; ***p < 0.001.

2.8. Ferric reducing antioxidant power (FRAP) assay

The FRAP assay was performed as described previously (Bravo et al.,
2020). Briefly, the samples and the working FRAP solution were mixed
at a 1:25 ratio for 10 min of incubation at 37 °C in the dark. The FRAP
values are expressed as pmol Trolox equivalents (TE)/g of solution (pmol
TE/g).

alues were determined by one-way analysis of variance (ANOVA) test with Tukey’s

2.9. Data analysis

In this experimental design, two vials of MSCs were thawed (WT
PSEN1 and PSEN1 E280A), cultured and the cell suspension was
pipetted at a standardized cellular density of 2.8 x 10* cells/cm? into
different wells of a 24-well plate. Cells (i.e., the biological and obser-
vational unit (Lazic et al., 2018) were randomized to wells by simple
randomization (sampling without replacement method), and then wells
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Fig. 4. In silico molecular docking analysis of the binding of MC and epigallocatechin 3-gallate (EGCG, used as reference molecule) to monomeric Ap1-42. (A)
Representative CB-Dock2 3D image showing the molecular docking of A$1-42 (PDB ID: 6SFZ) with MC (CID: 54675783); (B) 2D diagram showing conventional
hydrogen bond between Af1-42-MC interaction, (C) Representative CB-Dock2 3D image showing the molecular docking of AB1-42 (ID: 6SFZ) with EGCG (CID:
65064); (D) 2D diagram showing conventional hydrogen bond between Af1-42-EGCG interaction.

(i.e., the experimental units) were randomized to treatments by a similar
method. Experiments were performed on three independent occasions
(n = 3) blind to the experimenter and/or flow cytometer analyst (Lazic
et al., 2018). The data from the three repetitions i.e., independent ex-
periments were averaged and a representative flow cytometry density or
histogram plot from the three independent experiments was selected for
illustrative purposes, whereas bar in quantification figures represent the
mean + SD and the three black dots show data point of each experi-
mental repetition. Based on the assumption that the experimental unit (i.
e., the well) data comply with the independence of observations, the
dependent variable is normally distributed in each treatment group
(Shapiro-Wilk test), and variances are homogeneous (Levene’s test), the
statistical significance was determined by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc comparison calculated with
GraphPad Prism 5.0 software. Differences between groups were only
deemed significant when a p-value of <0.05 (*), <0.001 (**) and
<0.001 (***). All data are illustrated as the mean 4= S.D. The ORAC and
FRAP assays were performed once for each molecule (MC or EGCG
>95%) in triplicated and the quantification was calculated using a
calibration curve with Trolox standards of known concentrations. The
results (mean + SD) to ORAC and FRAP assays were expressed as pmol
Trolox equivalent per g (umol TE/g).

3. Results

3.1. Minocycline (MC) is a harmless treatment for wild-type (WT)
cholinergic-like neurons (ChLNs) derived from Wharton'’s jelly
mesenchymal stromal cells (WJ-MSCs)

We initially wanted to evaluate whether MC (Fig. 1A) affects the
survival of ChLNs. To this end, WT ChLNs were exposed to increasing
concentrations of MC (0, 1, 5, 10, or 25 pM) for 24 h at 37 °C (Fig. 1B),
and cleaved caspase-3 (CC3) expression was evaluated as a marker of
cell death by apoptosis (Fig. 1C-Janicke et al., 1998). Fluorescence
microscopy (FM) analysis shows ChLNs expressed no CC3-positive cells
(Fig. 2A-E), indicating that MC did not induce apoptosis in ChLNs at the

concentrations tested when compared to untreated neurons (Fig. 2G).
PSEN1 E280A ChLNs, included as a positive control (Soto-Mercado
et al., 2020), showed a significantly increased number of CC3+ cells
(Fig. 2F and G). Given that there were no statistically significant dif-
ferences between MC concentrations, we selected MC at low concen-
tration (e.g., 5 pM) as the therapeutic pharmacological concentration for
further experiments with PSEN1 E280A ChLNs.

3.2. Minocycline (MC) decreases the accumulation of intracellular aff
(iAp), levels of oxidized DJ-1 at residue Cys106, and phosphorylated TAU
at residues Ser202/Thr205 in PSEN1 E280A ChLNs

Previous data have shown that accumulated iAp occurs simulta-
neously with oxidized DJ-1 Cys106-SOs and phosphorylated TAU in
PSEN1 E280A ChLNs (Soto-Mercado et al., 2020). We next wanted to
evaluate whether MC could diminish those neuropathological hallmarks
in PSEN1 E280A ChLNs. Thus, WT and mutant ChLNs were left un-
treated or treated with MC (Fig. 1B). As shown in Fig. 3A and C, MC
induced no important changes in the metabolic process of the amyloid
precursor protein (APP) in WT, whereas significantly reducing the
accumulation of i Ap by —69% in mutant ChLNs (Fig. 3B) compared to
untreated mutant cells (Fig. 3B and C) assessed by flow cytometry (FC)
assay (Fig. 3A-C). Similar observations were obtained by fluorescence
microscopy analysis (Fig. 3G-K). We further examined whether MC was
capable of binding to Ap (PDB: 6SZF, Santoro et al., 2021). In silico
molecular docking analysis predicts that MC binds to a pocket of
monomer A42 composed of amino acid (AA) residues Phe4 Arg5 Asp7
Tyr10 GInl5 Vall8 Phel9 Phe20 Glu22 (Fig. 4A and B, Table 2) with a
high binding energy (Vina Score —6.6 kcal/mol) similar to the pocket of
monomer AB42 bound by EGCG (Fig. 4C and D, Vina Score —6.5
kcal/mol), used as a control molecule (Table 2, Fang et al., 2022).
Interestingly, MC interacts with 70% (7/10) hydrophobic AA of Ap42
(Table 2) and with aa Phe4 Arg5 Val18 via conventional hydrogen bonds
(Fig. 4B).

In parallel, we assessed whether MC abridged the oxidation of DJ-1
Cys106-SH (Kinumi et al., 2004). Flow cytometry analysis shows that



D. Giraldo-Berrio et al.

Table 2

Neuropharmacology 261 (2024) 110152

In silico molecular docking analysis of Af single chain (PDB: 6SZF), TAU single chain (Uniprot ID: P10636), TAU PHF6 (PDB: 20N9), TAU (4R-3R) AD PHF (PDB:
503L), caspase 3 (PDB: 1NME) with minocyline (MC), epigallocatechin 3-gallate (EGCG) or caspase 3 inhibitor NSCI as reference molecules (Fang et al., 2022; Seidler

et al., 2022).

Submitted Protein Submitted Ligandh Vina Cavity volume Center (%, y, Docking size (x, Contact residue
PDB’ Score® (A% z) y,2)
6SZF Minocycline —6.6 9 -12, -4,1 23, 23, 23 chain a: Phe4 Arg5 Asp7 Tyrl0 GInl5 Val18 Phe19 Phe20
CID: 54675783 Glu22
EGCG —6.5 9 -12, 4,1 23, 23,23 chain a: Phe4 Arg5 Asp7 Tyr10 Glul1 His14 Gln15 Leul7 Vall8
CID: 65064 Phel9 Glu22
P10636 Minocycline —6.5 181 —-38, —15, 23, 23,23 chain a: Phe303 His304 Val305 Glu306 11e307 Thr308 Asn310
CID: 54675783 -19 GIn653 Val654 Glu655 Val656 Lys657
EGCG —6.9 181 —38, —15, 23, 23, 23 chain a: Phe301 Thr302 Phe303 His304 Val305 Glu306 Val654
CID: 65064 -19 Glu655 Val656 Lys657
503L Minocycline —8.8 496 190, 126, 23, 23, 23 chain c: His329 Lys331
CID: 54675783 143 chain d: Glu338 Val339 Lys340
chain e: Asn327 His329 Lys331
chain f: Glu338 Val339 Lys340
chain g: Asn327 His329 Lys331
chain h: Glu338 Lys340
chain j: Glu338 Lys340
EGCG —8.4 496 190, 126, 23, 23, 23 chain b: Lys340
CID: 65064 143 chain d: Glu338 Val339 Lys340
chain e: His329 Lys331
chain f: Glu338 Val339 Lys340
chain g: Asn327 His329 Lys331
chain h: Glu338 Val339 Lys340
chain j: Glu338 Val339 Lys340
20N9 Minocycline —4.8 0 1, -14,6 23, 23,23 chain a: Val306 GIn307 11e308 Tyr310
CID: 54675783 chain b:Val306 GIn307 11e308 Val309 Tyr310
EGCG —4.5 0 1,-14,6 23, 23,23 chain a: GIn307 I1e308 Val309 Tyr310
CID: 65064 chain b: Val306 GIn307 11e308
1NME Minocycline -7.1 216 23,118, 14 23, 23, 23 chain a: Met39 Met44 Thr77 Asn80 Leu81 Lys82
CID: 54675783 chain b: Leu223 Lys224 GIn225 Tyr226 Ala227 Asp228 Lys229
Phe275 Tyr276 His277
NSCI (conformer —6.5 216 23,118, 14 23, 23, 23 chain a: Met44 Thr77 Asn80 Leu81 Lys82
11591540) chain b: Leu223 Lys224 Ala227 Asp228 Phe275 Tyr276 His277

Bold represents the amino acid of Ap42, TAU, and CASP3 involved in the conventional hydrogen bonding with MC, EGCG and NSCI.

@ According to RCSB Protein Data Base (https://www.rcsb.org/).
b According to PubChem database (https://pubchem.ncbi.nlm.nih.gov/).

¢ According to CB-dock2: An accurate protein-ligand bind cocking tool (https://cadd.labshare.cn/cb-dock2/php/index.php).

though MC did not affect the DJ-1 Cys106-SH status in WT ChLNs
(Fig. 3D-F), it moderately reduced the oxidized DJ-1 Cys106-SOs
marker from 35% (untreated) to 25% (treated cells), i.e., —29% (Fig. 3E
and F). These observations were confirmed by fluorescence microscopy
analysis (Fig. 3G-J, L). Given that MC is recognized as having antioxi-
dant activity (Kiadna et al., 2012; Kraus et al., 2005), we further
investigated whether MC was able to perform hydrogen atom transfer
and/or single electron transfer (HAT and SET, respectively) reactions in
vitro. Effectively, MC was able to perform HAT and SET reactions, albeit
with different strengths. MC displayed a (HAT)-based ORAC value of 49,
297.65 + 3486.75 mmol TE/g, whereas it showed a (SET)-based FRAP
value of 13,096.97 + 83.63 mmol TE/g. For comparative purposes, we
used the epigallocatechin-3-gallate (EGCG), a polyphenol amply used as
reference molecule due to its known chemical structure (Nagle et al.,
2006), biochemical effects, pharmacokinetic properties, as well as
pharmacodynamic and physiological effects (Legeay et al., 2015; Kapoor
et al.,, 2017), involving antioxidant activity (e.g., Song et al., 2022),
anti-amylogenic (e.g., Andrich and Bieschke, 2015; Soto-Mercado et al.,
2021, 2024), and anti-TAU aggregation agent (Guéroux et al., 2017).
Therefore, EGCG used as a positive control displayed an ORAC value of
37,870.75 + 671.43 mmol TE/g and a FRAP value of 28,350.29 +
914.20 mmol TE/g. Interestingly, MC presented an increase of +30%
HAT reaction but a reduction of —54% SET reaction over EGCG re-
actions. Accordingly, MC is driven to perform HAT rather than SET
interactions.

We also assessed whether MC affects p-TAU and whether MC could
bind to the protein TAU. As shown in Fig. 5, MC did not affect p-TAU
(Ser202/Thr205) in WT ChLNs (Fig. 5A-C) but significantly reduced p-
TAU (Ser202/Thr205) by —33% in PSEN1 E280A ChLNs (Fig. 5B and C)

compared to untreated mutant cells (Fig. 5C). Similar results were ob-
tained by fluorescence microscopy examination (Fig. 5D-H). To explore
the possible interaction between MC and TAU, we used molecular
docking analysis to predict the binding of MC with full-length mono-
meric TAU protein (Uniprot structure ID: P10636), the (4R-3R) AD
paired helical filament (PHF, PDB structure: 503L; N-Term: Val306—C-
Term: PHE378, (Pinzi et al., 2023), or with the third repeat structure
(R3) insertion, namely PHF6, (Val306 GIn307 Ile308 Val309 Tyr310
Lys311, PDB: 20N9, (Sawaya et al., 2007), which act as nucleation
center of protein aggregation (von Bergen et al., 2000). Fig. 6 shows that
MC binds with similar binding affinity to full-length TAU protein (Vina
score (VS) —6.5 kcal/mol, Fig. 6A and B) compared to EGCG (VS -6.9
kcal/mol, Fig. 6C, D), a widely used small molecule in simulation models
(Seidler et al., 2022). Interestingly, MC binds with a slightly higher
binding affinity (VS -8.8 kcal/mol, Fig. 6E-G) to (4R-3R) AD PHF than
EGCG (—8.4 kcal/mol, Fig. 6H-J). A similar trend was observed with
regard to binding affinity of MC toward a much simpler TAU structure,
PHF6 (VS -4.8 kcal/mol, Fig. 6K and L) when compared to EGCG (—4.5
kcal/mol, Fig. 6M and N, Table 2). Of note, MC and EGCG interact with
similar AA at the binding pocket of the TAU protein (Fig. 6A-N, Table 2).

3.3. Minocycline (MC) decreases apoptosis markers in PSEN1 E280A
ChLNs

Previously, it has shown that PSEN1 E280A ChLNs endogenously
expressed apoptosis-related signaling molecules such as c-JUN, TP53,
and CC3 (Soto-Mercado et al., 2020). We therefore sought to evaluate
whether MC could decrease the activation of such signaling molecules in
mutant ChLNs. As expected, MC was innocuous to WT ChLNs. Indeed,
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Fig. 5. Minocycline (MC) reduces phosphorylation of TAU (Ser202/Thr205) protein in PSEN1 E280A Cholinergic-like neurons (ChLNs). After 7 days of trans-
differentiation, wild-type (WT) PSEN1 and E280A ChLNs were left untreated or treated with MC (5 uM) in regular culture medium (RCm) for 4 days. Flow cytometry
(FC) density plots showing the percentage (number in circle) of p-TAU (Ser202/Thr205) in (A) WT PSEN1 ChLNs and (B) in PSEN1 E280A ChLNs, (C) Quantification
of the percentage of p-TAU (Ser202/Thr205)-positive cells. Representative immunofluorescence merged images (D-G) showing WT PSEN1 and PSEN1 E280A ChLNs
stained with antibodies against p-TAU (Ser202/Thr205) (D"-G). Nuclei were stained with Hoechst (D'-G"). (H) Quantitative data showing the mean fluorescence
intensity (MFI) of p-TAU (Ser202/Thr205). Density plots and figures represent 1 of 3 independent experiments. Data are expressed as mean + standard deviation
(SD). Significant values were determined by one-way analysis of variance (ANOVA) test with Tukey’s post hoc test. Statistical significance: ***p < 0.001.

neither phosphorylation of c-JUN (Fig. 7A-C), expression of TP53
(Fig. 8A-C), PUMA (Fig. 8D-F), nor CC3+ cells (Fig. 9A-C) were
observed in those cells. In contrast, compared to untreated mutant
ChLNs, MC significantly reduced p-c-JUN Ser63/Ser73 by —25%
(Fig. 7B and C), TP53 by —33% (Fig. 8B and C), PUMA (Fig. 8E and F) by
—86%, and CC3+ by —78% (Fig. 9B and C) in PSEN1 ChLNs. These data
were confirmed by fluorescence microscopy (Figs. 7D-H, 8G-L, 9D-H).
Thus, we theoretically tested whether MC might bind to caspase-3
(CASP3). As a reference molecule, we used NSCI (1-(4-Methox-
ybenzyl)-5-[2-(pyridin-3-yl-oxymethyl)pyrrolidine-1-sulfo-
nyl]-1H-indole-2,3-dione, PubChem CID 11591540, molecular weight
507.56, molecular formula C26H25N306S) -a nonpeptide CASP3 se-
lective inhibitor (Chu et al., 2005). According to molecular docking
evaluation, MC binds to a binding pocket of CASP3 with a higher
binding affinity (Vina score —7.1 kcal/mol, Fig. 91 and J) than NSCI
(Vina score —6.5 kcal/mol, Fig. 9K and L, Table 2).

3.4. Minocycline (MC) lessens dysfunctional Ca®" ion influx in PSEN1
E280A ChLNs

We finally explored whether MC reverses dysfunctional Ca%* influx
in mutant ChLNs when they are stimulated with acetylcholine (ACh).
WT and mutant ChLNs were cultured in the presence of ACh, after which
cellular Ca%" influx was analyzed via fluorescence microscopy. Fig. 10
shows that ACh induced a temporary elevation in intracellular Ca?* in
untreated WT neurons (Fig. 10A-E), but Ca?" ion influx was even more
stimulated in the presence of MC (Fig. 10B-E), according to ca?t

response imaging (Fig. 10F). Remarkably, compared with untreated
mutant ChLNs, which showed a decrease in ACh-induced Ca®" influx
(Fig. 10C-E, F), MC significantly increased the Ca®" influx response (by
a 1.91-fold increase) in ChLNs bearing the mutation E280A in PSEN1
(Fig. 10D, E, F).

4. Discussion

In the present investigation, we show that MC regressed the neuro-
pathologic markers intrinsically produced by PSEN1 E280A ChLNs, i.e.,
accumulation of iAf, OS, p-TAU, cell death, and ACh-induced Ca%*
influx dysfunction (Soto-Mercado et al., 2020). This action of MC on the
mutant ChLNs might obey several mechanisms, including anti-amyloid,
anti-oxidant, anti-TAU, anti-apoptotic, and ACh-induced Ca’* influx
enhancer. The following observations support that assumption. We
found that MC efficiently reduced the accumulation of iAf in mutated
ChLNs by about —69% compared to untreated mutant cells (Fig. 3A-C).
A possible explanation is that MC directly binds to the Af42 monomer,
thereby interfering with the process of A fibril formation, as previously
shown in microglial cells (Familian et al., 2006). According to molecular
binding analysis (Fig. 4A and B), similar to EGCG (Fang et al., 2022)
(Fig. 4C and D). MC binds to a pocket of monomer Af with a high
binding energy of -6.6 kcal/mol, involving the aromatic hydrophobic
core region of Ap42 (from Tyr10 to Phe20), which affects Ap42 aggre-
gation and can, consequently, disrupt interchain interactions in the
Ap42 protofibril structure and lead to the distortion of the protofibril
structure and disassembly of Af (Firouzi et al., 2023). Briefly, the central
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Fig. 6. In silico molecular docking analysis of the binding of MC and epigallocatechin 3-gallate (EGCG, used as reference molecule) to TAU protein. (A) Repre-
sentative CB-Dock2 3D image showing the molecular docking of monomeric TAU (Uniprot ID: P10636) with MC (CID: 54675783); (B) 2D diagram showing con-
ventional hydrogen bond between monomeric TAU-MC interaction, (C) Representative CB-Dock2 3D image showing the molecular docking of monomeric TAU with
EGCG (CID: 65064); (D) 2D diagram showing conventional hydrogen bond between TAU-EGCG interaction. (E) Representative CB-Dock2 3D image showing the
molecular docking of (4R-3R) AD PHF (PDB ID: 503L) with MC (CID: 54675783); (F) Closed-up of image in Fig. E, (G) 2D diagram showing conventional hydrogen
bond between (4R-3R) AD PHF-MC interaction, (H) Representative CB-Dock2 3D image showing the molecular docking of (4R-3R) AD PHF with EGCG (CID: 65064);
(I) Closed-up of image in Fig. H, (J) 2D diagram showing conventional hydrogen bond between (4R-3R) AD PHF-EGCG interaction; (K) Representative CB-Dock2 3D
image showing the molecular docking of third repeat structure (R3) insertion, namely PHF6 (PDB ID: 20N9) with MC (CID: 54675783); (L) 2D diagram showing
conventional hydrogen bond between PHF6-MC interaction, (M) Representative CB-Dock2 3D image showing the molecular docking of PHF6 with EGCG (CID:
65064); (N) 2D diagram showing conventional hydrogen bond between PHF6-EGCG interaction.
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Fig. 6. (continued).

hydrophobic core (Leul7 Vall8 Phel9 Phe20 Ala21) of the AB42 pep-
tide shows dramatic changes under the influence of MC. In conclusion,
MC can inhibit the conformational change of AB42 peptide (Hiroaki,
2023; Ngo et al., 2017) and delay the amyloidogenic potential of
monomeric AB42 peptide (Doig and Derreumaux, 2015). Alternatively,
MC may inhibit BACE-1, the p-secretase indispensable for the generation
of Ap42 (Ferretti et al., 2012). Whatever the mechanism, we show that
MC significantly reduced the accumulation of iAf (Fig. 3A-C, G’-J, K).
Therefore, MC is promising agent in inhibiting the misfolding confor-
mation and self-assembly of Ap42.

Similar to its anti-amyloid action, MC significantly reduced the
oxidation of DJ-1 (Fig. 3D-F, G’-J", L), resulting from the oxidation of
residue Cys106-SH into Cys106-SOs (Kinumi et al., 2004). Effectively,
MC has been shown to exhibit powerful free-radical scavenging activity
(Kraus et al., 2005) due to its phenol ring structure (Fig. 1A, red broken
line). Because of the resonance stabilization and steric hindrance sur-
rounding the phenol group, free radicals have the ability to remove the
hydrogen atom from the phenolic hydroxyl group in the MC molecule,
producing a phenol-derived free radical that is significantly less reactive
(Kraus et al., 2005). This agrees with MC displaying high (HAT)-based
ORAC activity (this work). MC might also work by avoiding the oxida-
tion of Cys106-SH, thereby maintaining this susceptible residue to
oxidation in a reduced state. Taken together, these observations suggest
that MC might exert antioxidant activity in PSEN1 E280A ChLNs against
Ap-induced OS due to its free scavenging activity or its reducing activity
(Ktadna et al., 2012; Kraus et al., 2005).

We report for the first time that MC diminished TAU pathology, i.e.,
p-TAU Ser202/SerThr205 (Fig. 5A-H). However, no data is available to
explain this outcome. One possible explanation is that MC binds with
high affinity to the TAU protein, according to molecular docking anal-
ysis (Fig. 6A, B, E-G, K, L). Similar to EGCG (Seidler et al., 2022) (Fig. 6C,
D, H-J, M, N), the MC molecule stacks in polar clefts between the paired
helical protofilaments that pathologically define AD. Moreover, MC in-
teracts with the local sequence motif PHF6 (Val306 GIn307 I1s308
Val309 Tyr309 Lys311), involved in paired helical filament formation
and aggregation (von Bergen et al., 2000). Given that phosphorylation at

10

residues Ser202 and Thr205 is located in a proline-rich region (PRR) and
the motif PHF6 is located at the microtubule binding region (MBR) of the
protein TAU (Pinzi et al., 2023), it is reasonable to think that MC, upon
binding, might induce tridimensional structural changes of the protein,
thereby altering the phosphorylation sites and blocking its aggregation
(Sonawane et al., 2020). Alternatively, the early anti-amyloid and
antioxidant actions of MC might downregulate phosphorylation at TAU
Ser202/Thr205. Taken together, these findings suggest that MC might
work as a small-molecule inhibitor of TAU aggregation and/or phos-
phorylation by targeting either monomeric (Kiss et al., 2018; Pickhardt
etal., 2015) or TAU fibrils (Seidler et al., 2022) (Fig. 6). MC might serve
as a lead molecule for the design of TAU aggregation inhibitors (Wang
et al., 2021).

Cell death in AD involves complex pathways (Goel et al., 2022).
However, typical apoptosis, involving the activation of several mole-
cules such as c-JUN, TP53, PUMA, and CASP3, has been identified in
cortical and hippocampal brain sections from AD patients (Goel et al.,
2022; Li, 2021; Wolfrum et al., 2022). We found that MC reduced the
phosphorylation of c-JUN (Fig. 7A-H) as well as the expression of TP53
(Fig. 8A-C, G’-J, K), PUMA (Fig. 8D-F, G’’-J’, L), and the activation of
the executor CASP3 (Fig. 9A-H), in PSEN1 E280A ChLNs. Therefore,
drugs targeting the JNK/p-c-JUNSer63/Ser73, TP53>PUMA > CASP3
pathway (Soto-Mercado et al., 2020) could potentially be useful in the
treatment of FAD conditions (e.g., Cho and Hah, 2021; Wdjcik et al.,
2023; Yarza et al., 2016). Since caspases (Sahoo et al., 2023) and spe-
cifically activated executor caspase-3 (CASP3) have been identified in
cortical and hippocampal brain sections from AD patients (Stadelmann
et al., 1999; Su et al., 2001; Zhang et al., 2022), the pharmacological
inhibition of CASP3 could potentially inhibit neuronal loss in cholin-
ergic and hippocampal neurons in FAD. Surprisingly, we found that MC
binds with a higher binding affinity to CASP3 (—7.1 kcal/mol) (Fig. 91
and J) than its chemical non-peptide pharmacological inhibitor NSCI
(—6.5 kcal/mol) (Fig. 9K and L) according to molecular docking analysis
(Fig. 9I-L). Therefore, MC might be a potential inhibitor of CASP3 in
PSEN E280A ChLNs. Further cell-free assays, however, are necessary to
confirm such assumption.
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Fig. 7. Minocycline (MC) reduces phosphorylation of JUN (Ser63/Ser73) protein in PSEN1 E280A Cholinergic-like neurons (ChLNs). After 7 days of trans-
differentiation, wild-type (WT) PSEN1 and E280A ChLNs were left untreated or treated with MC (5 pM) in regular culture medium (RCm) for 4 days. Flow cytometry
(FC) density plots showing the percentage (number in circle) of phosphorylated c-JUN (Ser63/Ser73) in (A) WT PSEN1 ChLNs and (B) in PSEN1 E280A ChLNs, (C)
Quantification of the percentage of p-c-JUN (Ser63/Ser73)-positive cells. Representative immunofluorescence merged images (D-G) showing WT PSEN1 and PSEN1
E280A ChLNs stained with antibodies against p-c-JUN (Ser63/Ser73). (D'-G). Nuclei were stained with Hoechst (D"-G"). (H) Quantitative data showing the mean
fluorescence intensity (MFI) of p-c-JUN (Ser63/Ser73). Density plots and figures represent 1 of 3 independent experiments. Data are expressed as mean =+ standard
deviation (SD). Significant values were determined by one-way analysis of variance (ANOVA) test with Tukey’s post hoc test. Statistical significance: **p < 0.01,

#Hxp < 0.001.

Generally, cholinergic neurons responsive to ACh-induced Ca?" in-
ward flux are considered physiologically functional (Brini et al., 2014).
As previously reported (Soto-Mercado et al., 2020), we confirm that
PSEN1 E280A ChLNs are irresponsive to ACh-induced Ca®" influx most
probably as a result of the high affinity binding between Ap42 and the
a7nAChR (Wang et al., 2000), which are voltage-dependent ion chan-
nels (Brown, 2019). Here, we found that MC is capable of restoring
ACh-induced Ca®* jon influx in PSEN1 E280A ChLNs (Fig. 10A-D). One
possible explanation for this beneficial effect of MC on ChLNs is that MC
might restrain, via anti-amyloid interactions, the selective inhibition of
the a7-nAChR by AB42 (Liu et al., 2001). Whatever the mechanism, MC
increased the ACh-induced Ca®" by +92% in mutant ChLNs (Fig. 10E
and F). Therefore, MC might work as a neuronal physiological enhancer.

Using PSEN1 E280A ChLNs as an in vitro model of FAD offers an
unprecedent opportunity to screening for potential new drugs or eval-
uate repurposed drugs (e.g., MC) before enter clinical trials. Given that
PSEN1 E280A ChLNs reproduce the neuropathology of FAD in 11 days
(Soto-Mercado et al., 2020), this in vitro system become critical for the
discover of anti-amyloid, anti-TAU, anti-oxidant, and anti-apoptosis
agents in a fast and economical fashion, enabling reliable and efficient
drug discovery studies. However, a major drawback of the PSEN1 E280A
ChLNs in vitro system is its failure to capture the inherent complexity of
the patient’s brain alterations such as cell-to-cell interactions (e.g.,
neuron-microglia-astrocytes), loss of memory, disorientation, and
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behavioral changes, among others (Mendez, 2017). Unfortunately, the
lack of a vivo model of FAD PSEN1 E280A has deterred us to evaluate
the effect of MC in such a model. Therefore, the creation of a mouse
model of FAD bearing the mutation PSEN1 E280A is a topmost priority
to advance drug research. Nevertheless, several in vivo data suggest that
MC might be beneficial for the treatment of FAD. Indeed, it has shown
that MC reduced cholinergic dysfunction, modulated the antioxidant
status and AChE enzymes, and reduced neuroinflammation-mediated
cognitive impairment and amnesia in scopolamine-induced Alz-
heimer’s rat model (Amirahmadi et al., 2022; Eshaghi Ghalibaf et al.,
2023). Furthermore, MC improved anxiety-like behavior, recovered
ApB-induced learning and memory deficits, increased GSH and decreased
MDA levels, and prevented neuronal loss and the accumulation of Ap
plaques in rats exposed to Ap (Gholami Mahmoudian et al., 2023). Also,
MC reduces inflammatory parameters (e.g., IL-18, TNF-a, IL-4) in the
brain structures (e.g., hippocampus) and serum and reverses memory
impairment caused by the administration of amyloid p1-42 in mice
(Garcez et al., 2017). We therefore anticipate that MC might ameliorate
AD in mice model (Yokoyama et al., 2022).

In conclusion, MC could ameliorate Alzheimer’s PSEN1 E280A pa-
thology by interfering with the Ap-induced cascade of lethal events:
iAp>H02>DJ-1Cys106-SO3, JNK > TAUSer202/Thr205, TP53, p-c-
JUN > PUMA > CC3>nuclei fragmentation apoptosis; and
eAp>a7nAChRs (bold indicates MC target). In agreement with in vivo
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Fig. 8. Minocycline (MC) reduces the cellular presence of TP53 (tumor protein p53) and PUMA (p53 upregulated modulator of apoptosis) protein in PSEN1 E280A
Cholinergic-like neurons (ChLNs). After 7 days of transdifferentiation, wild-type (WT) PSEN1 and E280A ChLNs were left untreated or treated with MC (5 pM) in
regular culture medium (RCm) for 4 days. Flow cytometry (FC) density plots showing the percentage (number in circle) of TP53 (tumor protein p53) in (A) WT
PSEN1 ChLNs and (B) in PSEN1 E280A ChLNs, (C) Quantification of the percentage of TP53-positive cells. FC density plots showing the percentage (number in circle)
of PUMA (p53 upregulated modulator of apoptosis) in (D) WT PSEN1 ChLNs and (E) in PSEN1 E280A ChLNs, (F) Quantification of the percentage of PUMA-positive
cells. Representative immunofluorescence merged images (G-J) showing WT PSEN1 and PSEN1 E280A ChLNs stained with antibodies against PUMA (G-J') and TP53

-

(G"-J"). Nuclei were stained with Hoechst (G"-J"). (K) Quantitative data showing the MFI of PUMA; (L) Quantitative data showing the mean fluorescence intensity
(MFI) of TP53. Density plots and figures represent 1 of 3 independent experiments. Data are expressed as mean + standard deviation (SD). Significant values were

determined by one-way analysis of variance (ANOVA) test with Tukey’s post hoc test. Statistical significance: **

data (e.g., Noble et al.,

2009), MC might operate as an effective

Data availability

p < 0.01, ***p < 0.001.

anti-amyloid, anti-TAU, antioxidant, anti-apoptotic, and Ca®* inward
facilitator (This work). Overall, MC has the potential to be repurposed as
a drug for EOFAD therapy.
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dysregulation in PSEN1 E280A Cholinergic-like neurons (ChLNs). After 7 days of transdifferentiation, wild-type (WT)

PSEN1 and E280A ChLNs were left untreated or treated with MC (5 pM) in regular culture medium (RCm) for 4 days. (A-D) Time-lapse images (0, 10, 20, 30, 40, 50,
and 60 s) of Ca®* fluorescence in PSEN1 WT (A, B) and E280A ChLNs (C, D) in response to ACh treatment. ACh was added to the culture at 0 s (arrow), and Ca®t
fluorescence of cells was monitored at the indicated times. The color contrast indicates fluorescence intensity: dark blue < light blue < green < yellow < red. (E)

Normalized mean fluorescence signal (AF/F) over time from cells indicating temporally elevated cytoplasmic Ca

" in response to ACh treatment; (F) Calculated area

under the curve (AUC). Figures represent 1 of 3 independent experiments. Data are expressed as mean + standard deviation (SD). Significant values were determined
by one-way analysis of variance (ANOVA) test with Tukey’s post hoc test. Statistical significance: ***p < 0.001.
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