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ARTICLE INFO ABSTRACT

The pathogenesis of Alzheimer's disease (AD) is involved in the aggregation of misfolded amyloid 3 (AB), which
upregulates the activity of acetylcholinesterase (AChE), increases the production of reactive oxygen species
(ROS), enhances neuroinflammation, and eventually leads to neuronal death. Therefore, compounds targeting
these mechanisms may be candidates for multitarget drugs in AD treatment. We found that two quinoline de-
rivatives, VB-030 and VB-037, markedly reduced AP aggregation and ROS levels in the thioflavin T biochemical
assay and Tet-On AP-green fluorescent protein (GFP) 293 AD cell model. These compounds further improved
neurite outgrowth, reduced AChE activity and upregulated the molecular chaperone heat shock protein family B
[small] member 1 (HSP27), whereas knockdown of HSP27 counteracted the compounds' neuroprotective effects
on the Tet-On AB-GFP SH-SY5Y AD neuronal model. Furthermore, VB-037 attenuated lipopolysaccharide (LPS)/
interferon (IFN)-y-induced activation of BV-2 microglial cells. In addition, VB-037 demonstrated its potential to
diminish LPS/IFN-y-induced upregulation of caspase 1 activity, expression of interleukin (IL)-1B, and active
phosphorylation of mitogen-activated protein kinase 14 (P38), mitogen-activated protein kinase 8 (JNK), and
Jun proto-oncogene, AP-1 transcription factor subunit (JUN) signalings, as well as improve cell viability in the
Tet-On AB-GFP SH-SY5Y AD neuronal model. Our findings strongly indicate the potential of VB-037 for mod-
ifying AD progression by targeting multiple mechanisms, thereby offering a new drug development avenue for
AD treatment.
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1. Introduction

Alzheimer's disease (AD) is the most common form of dementia
among older people (Querfurth and LaFerla, 2010). Past AD research
suggested that accumulations of abnormally folded amyloid-f3 (AP) and
tau proteins in amyloid plaques and neurofibrillary tangles are causally
related to neurodegenerative processes in the brains of AD patients
(Scheltens et al., 2016). Studies of familial AD patients with mutations
in the amyloid precursor protein (APP), presenilin 1 (PSEN1), or pre-
senilin 2 (PSEN2) (Hardy, 1997) have provided strong evidence for A
being the trigger or driver of the disease process (Selkoe and Hardy,
2016). APP is the precursor of the AP (da Cruz e Silva and da Cruz e
Silva, 2003) and APP mutations affect AP cleavage and aggregation
(Scheltens et al., 2016). PSEN1 and PSEN2 provide the catalytic subunit

to the y-secretases, which cleave APP (Takasugi et al., 2003). AP
spontaneously aggregates into oligomers and coalesces to form in-
soluble fibrils, which attract and activate microglia (Sondag et al.,
2009), resulting in production of proinflammatory cytokines, including
interleukin (IL)-1f, IL-6, tumor necrosis factor (TNF)-a and interferon
(IFN)-y (Wang et al., 2015a). These cytokines potentiate production and
dispersal of Af} oligomers (Dal Pra et al., 2015). Furthermore, exposure
of neurons to AP} oligomers upregulates the level of Toll-like receptor
(TLR)-4 (Calvo-Rodriguez et al., 2017), which mediated memory im-
pairment in an acute mouse model of AD (Balducci et al., 2017).
Therefore, strategies to minimize the production of AP while inhibiting
neuroinflammation are the mainstream of AD therapy development.
Quinoline is a heterocyclic aromatic organic compound with the
chemical formula CgH,N. Quinoline derivatives have received
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considerable attention because they exhibit various antimicrobial ac-
tivities (Abdallah et al., 2006; Eswaran et al., 2010; Desai et al., 2013;
Pitta et al., 2016). Several quinolines have exerted inhibitory effects on
the aggregation of amyloidogenic proteins such as lysozyme (Lieu et al.,
2007), tau (Pickhardt et al., 2005; Navarrete et al., 2012; Chang et al.,
2017), and AP (Wang et al., 2015b; Chang et al., 2016; Jones et al.,
2016). In addition, the quinoline framework has emerged as a new
template for the design and identification of novel anti-inflammatory
agents (Mukherjee and Pal, 2013). Cryptolepine—an quinoline deri-
vative found in Cryptolepis sanguinolenta—inhibits lipopolysaccharide
(LPS)-induced microglial activation and production of TNF-a, IL-6, IL-
1B, nitric oxide (NO), and prostaglandin E2 (PGE2) (Olajide et al.,
2013). Moreover, a reported cyclopentaquinoline hybrid that demon-
strates acetylcholinesterase (AChE) and A aggregation inhibitory ac-
tivities and has anti-inflammatory properties can be a new multi-
targeted treatment option for AD (Czarnecka et al., 2017). In the
present study, we examined the potential of two quinoline compounds
(VB-030 and VB-037) for modulating AB-mediated toxicity. In addition,
we evaluated whether VB-037 can inhibit microglial activation and
neuroinflammation.

2. Materials and methods
2.1. Compounds and cell culture

Curcumin was purchased from Sigma-Aldrich (St. Louis, MO, USA).
VB-030 (product ID: Z1157726443) and VB-037 (product ID:
746595412) were purchased from Enamine (Kiev, Ukraine). All three
compounds were soluble in a cell culture medium up to 100 pM.

Human AB-green fluorescent protein (GFP) 293 and SH-SY5Y cells
(Chang et al., 2016) were maintained in Dulbecco's modified Eagle's
medium (DMEM) (for 293 cells) or DMEM-F12 (for SH-SY5Y cells)
supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Sci-
entific, Waltham, MA, USA), with 5 pg/mL blasticidin and 100 pg/mL
hygromycin (InvivoGen, San Diego, CA, USA) added to the growth
medium. Mouse BV-2 microglial cells were derived from primary mouse
microglial cells (Blasi et al., 1990) (provided by Dr. Han-Min Chen,
Catholic Fu-Jen University, New Taipei City, Taiwan) and cultivated in
DMEM containing 10% FBS.

2.2. Thioflavin T binding assay

To stain amyloid, the Af4, peptide (final concentration: 5pM;
AnaSpec, Fremont, CA, USA) was incubated with curcumin (as a posi-
tive control) (Yang et al., 2005), VB-030, or VB-037 (5-20 uM) in
150 mM NaCl and 20 mM Tris-HCI (pH8.0) at 37 °C for 48 h (LeVine,
1999). To measure Af} aggregation, thioflavin T (final concentration:
10 uM; Sigma-Aldrich) was added and incubated for 5minat room
temperature and the fluorescence intensity of samples was recorded at
excitation/emission wavelengths of 420/485nm by using the FLx800
microplate reader (Bio-Tek, Winooski, VT, USA).

2.3. BV-2cell cytotoxicity assay

BV-2cells were seeded on a 48-well plate (5 x 103/well) and
treated with VB-030 or VB-037 (1-100 uM) for 24 h. Cell viability was
measured based on reduction of 3, (4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT). Absorbance of the insoluble purple
formazan dye was measured at 570 nm on the pQuant microplate
spectrophotometer (Bio-Tek). Half-maximal inhibitory concentration
(ICsp) was defined as the concentration of compounds required for re-
duction of 570-nm signals by 50%.

2.4. AB-GFP 293 cell fluorescence and cytotoxicity assays

On day 1, cells were seeded on a 96-well plate (8 x 103/well). On
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day 2, the cells were pretreated with curcumin, VB-030, or VB-037
(1.2-10 uM) for 8 h followed by induction of AB-GFP expression with
doxycycline (2 pg/mL; Sigma-Aldrich). On day 5, the cells were stained
with Hoechst 33342 (0.1 pg/mL; Sigma-Aldrich) for 30 min; cell images
were automatically recorded at excitation/emission wavelengths of
482/436 nm by using the ImageXpress Micro Confocal High-Content
Imaging System (Molecular Devices, Sunnyvale, CA, USA) and analyzed
using MetaXpress Image Acquisition and Analysis Software (Molecular
Devices). Relative GFP fluorescence was measured only if the propor-
tion of survived cells was greater than 80% of that of nontreated cells.
In addition, cell number counted by nucleus staining was used to
measure the cytotoxicity of test compounds in 293 cells expressing Ap-
GFP.

2.5. AB-GFP RNA analysis

On day 1, cells were seeded on a 6-well plate (3 x 10°/well).
Curcumin, VB-030, or VB-037 (5 uM) treatment and AB-GFP induction
were performed on day 2 as described. To measure AB-GFP RNA on day
5, total RNA was extracted using TRIzol reagent, treated with DNase to
remove chromosomal DNA, and used for c¢DNA synthesis with
SuperScript™ III reverse transcriptase (Thermo Fisher Scientific).
Relative AP-GFP expression was analyzed in 100ng cDNA through
quantitative, real-time and fluorogenic polymerase chain reaction
(PCR) (StepOnePlus™ Real-time PCR system; Applied Biosystems, Foster
City, CA, USA) with TagMan probes PN4331348 for enhanced GFP and
4326321E for hypoxanthine phosphoribosyltransferase 1 (HPRT1)
control (Applied Biosystems).

2.6. Reactive oxygen species analysis

AB-GFP 293 cells were seeded on a 12-well plate (6 X 10*/well) and
treated with a tested compound (5 uM); then, AB-GFP expression was
induced as described. On day 5, CellROX™ Deep Red (Molecular Probes,
Waltham, MA, USA) was added to a final concentration of 5uM and
incubated at 37 °C for 30 min. Reactive oxygen species (ROS) in cells
was measured using a flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) with excitation/emission wavelengths of 633/
661 = 8nm (FL4 channel).

2.7. Neurite outgrowth analysis

On day 1, AB-GFP SH-SY5Y cells were seeded on a 24-well plate
(3 x 10*/well) with retinoic acid (10 uM; Sigma-Aldrich) added to in-
duce neuronal differentiation (Pahlman et al., 1984). On day 2, the cells
were treated with a test compound (5 pM) and AB-GFP expression was
induced as described. On day 8, after being fixed (4% paraformalde-
hyde for 15min), permeabilized (0.1% Triton X-100 for 10 min), and
blocked (3% bovine serum albumin for 20 min), the cells were stained
with primary neuronal class III -tubulin (TUBB3) antibody (1:1000,
#MMS-435P) (Covance, Princeton, NJ, USA) at 4 °C overnight, followed
by a secondary donkey antirabbit Alexa Fluor “555 antibody (1:1000,
#A-31572) (Thermo Fisher Scientific) at room temperature for 3h.
After nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI;
0.1 pg/mlL; Sigma-Aldrich) for 30 min, neuronal images were captured
using a high-content analysis (HCA) system as described and analyzed
using the Neurite Outgrowth Application Module (Molecular Devices).

2.8. AChE assay

As described, AB-GFP SH-SY5Y cells were seeded on a 6-well plate
(4 x 10°/well) with retinoic acid (added on day 1) and treated with a
test compound (5 uM); induction of AB-GFP expression followed on day
2. On day 8, the cells were collected, resuspended in cold phosphate-
buffered saline, and lysed through sonication. After centrifugation to
collect the supernatant, AChE activity was measured using the AChE
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activity assay kit (Sigma-Aldrich) with 20 pg cell extracts. The mixture
was incubated for 2-10 min at room temperature and absorbance at
412nm was measured using the Multiskan™ GO spectrophotometer
(Thermo Fisher Scientific).

2.9. Propidium iodide cell cytotoxicity assay

As described, AB-GFP SH-SYS5Y cells were seeded on a 12-well plate
(1 x 10°/well) with retinoic acid (added on day 1) and treated with a
test compound (1.2-10 uM); induction of AB-GFP expression followed
on day 2. On day 8, cell viability was evaluated through propidium
iodide (PI; 12 pug/mL; Sigma-Aldrich) staining (37 °C for 30 min) and
flow cytometric quantitation (excitation and emission wavelengths of
488 and 585 + 21 nm, respectively) (FL2 channel, Becton-Dickinson).
In addition, after removal of retinoic acid, differentiated AR-GFP SH-
SYSY cells were stimulated with LPS (1 pg/mL; Sigma-Aldrich) and IFN-
y (0.1 pg/mL; PeproTech, Rocky Hill, NJ, USA) on day 6, and cell via-
bility was assessed through PI staining and flow cytometry on day 8.

2.10. NO and induction of brown adipocytes 1 assays

On day 1, BV-2 cells were seeded on a 12-well plate (1 x 10°/well)
in a medium containing 1% FBS. On day 2, the cells were pretreated
with VB-037 (10 uM) for 8h, followed by LPS (1 pg/mL) and IFN-y
(0.1 pg/mL) treatment for 20 h to induce activation. On day 3, the NO
level in the cultured medium was measured using the Griess reagent kit
(Thermo Fisher Scientific). Induction of brown adipocytes 1 (Ibal) level
in activated BV-2 cells was examined through Western blotting (1:500
anti-Ibal antibody, Wako, Osaka, Japan).

2.11. Caspase 1 activity and IL-1/TNF-a/IL-6 enzyme-linked
immunosorbent assays

As described, AB-GFP SH-SY5Y cells were seeded on a 12-well plate
(1 x 10%/well) with retinoic acid (added on day 1) and treated with a
test compound (5 pM); induction of AB-GFP expression followed on day
2 and stimulation with LPS/IFN-y was performed on day 6. On day 8,
caspase 1 activity in cells was assessed using the IL-1B-converting en-
zyme (ICE) fluorimetric assay kit (BioVision, Milpitas, CA, USA), with
excitation/emission wavelengths of 400/505 nm (FLx800 fluorescence
microplate reader, Bio-Tek). In addition, IL-1B, TNF-a and IL-6 were
measured using the enzyme-linked immunosorbent assay Ready-SET-
Go reagent (eBioscience, San Diego, CA, USA). All experimental pro-
cedures were performed following the corresponding manufacturers’
instructions.

2.12. RNA interference

To knockdown expression of heat shock protein family B [small]
member 1 (HSP27) in AB-GFP SH-SY5Y cells, lentiviruses with short
hairpin RNA (shRNA) targeting HSP27 (TRCN0000008753) and a ne-
gative control scrambled shRNA (TRC2.Void) were obtained from
National RNAi Core Facility, Institute of Molecular Biology/Genomic
Research Center, Academia Sinica, Taipei, Taiwan. On day 1, cells were
plated on 6-well plates (6 X 10%/well for protein analysis) or 24-well
plates (2 x 10*/well for neurite outgrowth analysis) in the presence of
retinoic acid as described. On day 2, the cells were infected with len-
tivirus (multiplicity of infection: 3) in the presence of polybrene (8 ug/
mL; Sigma-Aldrich) to increase infectivity. On day 3, the cells were pre-
treated with a compound (5 uM) for 8 h; induction of AB-GFP expres-
sion followed. On day 9, the cells were collected for HSP27 and AB-GFP
protein analysis or analyzed for neurite outgrowth as described.

2.13. Western blot

Total proteins from AB-GFP SH-SY5Y cells were obtained using a
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lysis buffer containing 50 mM Tris-HCl (pH8.0), 150 mM NacCl, 1 mM
ethylenediaminetetraacetic acid (pH8.0), 1 mM ethylene glycol tetra-
acetic acid (pH8.0), 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate, 1% Triton X-100 and a protease inhibitor cocktail
(Sigma-Aldrich). After quantitation using a protein assay kit (Bio-Rad,
Hercules, CA, USA), proteins (20 pg) were separated on 10% SDS-
polyacrylamide gel electrophoresis and blotted onto polyvinylidene
difluoride membranes (Sigma-Aldrich) through reverse electrophoresis.
After blocking, the membrane was probed with antibodies against
HSP27 (1:500, #sc-1049), GFP (1:500, #sc-9996) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), mitogen-activated protein kinase
14 (P38) (1:2000, #9212), phospho-P38 (T180,/Y182) (1:1000,
#9216), mitogen-activated protein kinase 8 (JNK) (1:1000, #9252),
phospho-JNK (T183/Y185) (1:1000, #9255), Jun proto-oncogene, AP-1
transcription factor subunit (JUN) (1:2000, #9165), phospho-JUN
(S63) (1:1000, #9261) (Cell Signaling Technology, Danvers, MA, USA),
glyceraldehyde-3-phosphate  dehydrogenase = (GAPDH) (1:1000,
#30000002) (MDBio Inc., Taipei, Taiwan), or p-actin (1:5000,
#MABT825) (Millipore, Billerica, MA, USA). Subsequently, immune
complexes were detected using a horseradish peroxidase-conjugated
goat antimouse (1:5000, #GTX77315) or goat antirabbit (1:5000,
#GTX77060) 1gG antibody (GeneTex, Irvive, CA, USA) and a chemi-
luminescent substrate (Millipore).

2.14. Statistical analysis

Data are presented as the mean + standard deviation of three in-
dependent experiments. Differences between groups were evaluated
using a two-tailed Student's t-test or analysis of variance (one way and
two way) with a post hoc LSD test where appropriate. A P value lower
than 0.05 was considered statistically significant.

3. Results
3.1. Tested compounds and A aggregation inhibition

Two compounds, namely VB-030 and VB-037 (Fig. 1A), were tested.
In addition, curcumin—a potent AP aggregate inhibitor (Yang et al.,
2005)—was included for comparison. The results of the thioflavin T
assay, which was widely used to measure the misfolded level of amyloid
(LeVine, 1999), indicated that curcumin, VB-030, and VB-037 all de-
monstrated significant aggregation inhibition, with half-maximal ef-
fective concentration (ECso) of <5, 30, and 8uM, respectively
(Fig. 1B). Furthermore, we evaluated the aggregation-inhibitory effects
of tested compounds on the established Tet-On AR-GFP 293 cells
(Fig. 1C). In the AB-GFP fusion protein, AP aggregated rapidly, re-
sulting in misfolding of the fused GFP, which reduced the fluorescence
intensity. Inhibition of AP aggregation may improve GFP folding,
thereby increasing the fluorescent signal in AB-GFP-expressing cells
(Zhao et al., 2012). Fig. 1D shows the representative fluorescent images
of AB-GFP-expressing cells treated with or without curcumin or VB-037
(5uM). As a positive control, the green fluorescence intensity of cells
pretreated with 1.2-5pM  curcumin increased significantly
(102%-120%, P = 0.021 to < 0.001) compared with untreated cells
(100%). Treatment with VB-030 (116%-124%, P < 0.001) or VB-037
(127%-134%, P < 0.001) at 1.2-10 uM also significantly increased the
green fluorescence intensity (Fig. 1E). In AB-GFP-expressing 293 cells,
curcumin, VB-030, and VB-037 had ICs, values of 10, 22, and 76 uM,
respectively. Treatment with curcumin, VB-030, and VB-037 (5 uM) did
not significantly alter the AB-GFP RNA level (101%-105%, P > 0.05)
compared with untreated cells (100%) (Fig. 1F), indicating that the
increase in fluorescence intensity was not due to the change in gene
expression. In the oxidative stress analysis, AB-GFP expression sig-
nificantly elevated the ROS level of AB-GFP-expressing 293 cells (126%,
P < 0.001), whereas treatment with curcumin, VB-030, or VB-037
(5uM) effectively reduced the ROS level associated with AP
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Fig. 1. Prevention of A} aggregation and antioxidation of test compounds. (A) Structure, formula and MW of VB-030, VB-037, and curcumin. (B) A aggregation
inhibition of curcumin, VB-030, and VB-037 (5-20 uM) by the thioflavin T assay (n = 3). To normalize, the relative thioflavin T fluorescence of AP4, without
compound treatment was set at 100%. Shown below are the ECs, values. (C) Experimental flow chart. Tet-On AB-GFP 293 cells were plated on day 1. On day 2, the
cells were treated with curcumin, VB-030, or VB-037 for 8 h; addition of doxycycline (Dox, 2 ug/mL) followed. GFP fluorescence, AB-GFP messenger RNA (mRNA),
and ROS were assessed on day 5. (D) Fluorescent images of AB-GFP cells untreated or treated with curcumin or VB-037 (5 uM). Nuclei were counterstained with
Hoechst 33342 (blue). (E) GFP fluorescence assay with curcumin, VB-030, or VB-037 (1.2-10 uM) treatment (n = 3). The relative GFP fluorescence of untreated cells
(Untr.) was normalized as 100%. GFP fluorescence was measured in wells containing at least 80% viable cells. Shown below are ICs, values determined by the
percentage of survived cells. (F) Real-time PCR quantification of the AB-GFP mRNA level relative to HPRT1 mRNA in untreated cells and cells treated with curcumin,
VB-030, or VB-037 (5uM) (n = 3). (G) ROS assay with curcumin, VB-030, or VB-037 (5 uM) treatment (n = 3). The relative ROS of uninduced cells (without Dox)

was normalized (100%).
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overexpression (from 126% to 107%-83%; P = 0.003-0.001) (Fig. 1G).
These results suggested that VB-030 and VB-037 not only inhibited A}
aggregation but also reduced ROS induced by A overexpression.

(caption on next page)

3.2. Effects of tested compounds on AB-GFP-expressing SH-SY5Y cells

The neuroprotective effects of VB-030 and VB-037 were evaluated
using AP-GFP-expressing SH-SY5Y cells (Fig. 2A and B). AB-GFP-ex-
pressing SH-SY5Y cells were generated through stable integration of a
single-copy AB-GFP gene with 25-30 iterations of RNA expression in an
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Fig. 2. Neuroprotective effects of test compounds on Tet-On APB-GFP SH-SY5Y cells. (A) Experimental flow chart. On day 1, the cells were plated with retinoic acid
(RA; 10 uM). On day 2, curcumin, VB-030, or VB-037 was added to the cells for 8 h, followed by induction of AB-GFP overexpression with doxycycline (Dox, 2 ug/
mL) for 6 days. On day 8, neurite outgrowth was measured. In addition, cell viability, AChE activity, and HSP27 expression were examined. (B) Fluorescence
microscopy images of differentiated AB-GFP SH-SY5Y cells uninduced (Dox-), untreated (Dox+), or treated with curcumin, VB-030, or VB-037 (5 uM). TUBB3
staining was performed to quantify the extent of neurite outgrowth. Nuclei were counterstained with DAPI (blue). (C) Quantification of neurite outgrowth in cells
treated with curcumin, VB-030, or VB-037 (5 uM) (n = 3). The relative neurite outgrowth of uninduced cells was normalized as 100%. P values: comparisons
between induced (Dox +) and uninduced (Dox-) cells or between treated (Dox +/compound) and untreated (Dox +) cells. (D) Cytotoxicity of test compounds in Ap-
GFP SH-SY5Y cells examined using the PI assay. Cells were treated with curcumin, VB-030, or VB-037 (1.2-10 uM), and cell viability was measured on day 8 (n = 3).
To normalize, the relative viability of uninduced cells was set at 100%. ICs, values are presented below. (E) AChE activity of cells treated with curcumin, VB-030, or
VB-037 (5uM) in SH-SY5Y cells without or with AP expression (n = 3). The relative AChE activity of uninduced and untreated cells was normalized to 100%. P
values: comparisons between induced and uninduced cells or between treated and untreated cells. (F) HSP27 expression of cells with curcumin, VB-030, or VB-037
(5uM) treatment in SH-SYS5Y cells without or with AP expression (n = 3). The relative HSP27 level of uninduced and untreated cells was normalized to 100%. P
values: comparisons between induced and uninduced cells or between treated and untreated cells.

inducible fashion (Chang et al., 2016). Under neuronal differentiation effects by upregulating HSP27 expression.
with retinoic acid (10 uM) for 1 week, more than 90% of the AR-GFP-

expressing cells were viable, and AP overexpression significantly re- 3.4. Effects of VB-037 on LPS/IFN-y-activated BV-2 cells
duced the neurite length (from 100% to 86%; P = 0.001; Fig. 2C and

D). Pretreatment with curcumin, VB-030, or VB-037 (5 uM) successfully In the brain, activated microglia release proinflammatory mediators
rescued this impairment of neurite outgrowth (from 86% to in response to neuroinflammation (McGeer et al., 1993). Therefore, we
105%-109%; P < 0.001) (Fig. 2C). The ICso values of curcumin, VB- investigated the antineuroinflammatory effects of VB compounds on
030, and VB-037 in retinoic acid-differentiated AB-GFP-expressing SH- BV-2 microglial cells. VB-037 had a higher ICs, values (65 uM) than did
SYSY cells were 26, 38, and 53 uM, respectively (Fig. 2D). VB-030 (39 M) in BV-2 cells (Fig. 4A); therefore, VB-037 was chosen

In the brains of AD patients, AB aggregates colocalize with AChE, for further assessment with LPS/IFN-y-stimulated BV-2 microglia
which accelerates assembly of Af} peptides into Alzheimer fibrils (Brown et al., 2014) (Fig. 4B). As shown in Fig. 4C, the resting BV-2
(Inestrosa et al., 1996). Our AB-GFP-expressing SH-SY5Y cells suc- microglia exhibited a ramified morphology. After LPS (1 ug/mL) and
cessfully recapitulated this key disease feature and exhibited increased IFN-y (0.1 ug/mL) stimulation for 20 h, cells were activated and became
AChE activity (123%, P = 0.032), as demonstrated by AR over- elongated with extended processes. Treatment with VB-037 for 8h
expression (Fig. 2E). Treatment with curcumin, VB-030, or VB-037 mitigated this activated morphology. The production of NO in the
(5uM) attenuated the AChE hyperactivity induced by Af over- cultured medium (454%, P = 0.021) and expression of the activated
expression (from 123% to 101%-98%; P = 0.017-0.012) (Fig. 2E), microglia marker Ibal (237%, P = 0.014) were significantly increased
whereas these compounds did not exert any effects on the AChE activity after LPS/IFN-y stimulation, whereas treatment with VB-037 (10 uM)
of SH-SYSY cells without Ap expression (99%-103%, P > 0.05). The significantly reduced NO production (from 454% to 192%; P = 0.040)
small molecular chaperone HSP27 is involved in inhibition of A ag- and Ibal expression (from 237% to 158%; P = 0.032) (Fig. 4D and E).

gregation (Wilhelmus et al., 2006a). In AB-GFP-expressing SH-SY5Y These results suggested that VB-037 was able to reduce the microglial
cells, AR overexpression significantly downregulated HSP27 (69%, activation states.

P =0.001), whereas treatment with curcumin, VB-030, or VB-037
(5uM) significantly upregulated HSP27 expression (from 69% to
92%-100%; P = 0.025-0.005) (Fig. 2F). Nevertheless, enhancement of
HSP27 level by curcumin, VB-030, or VB-037 was not observed in SH-
SY5Y cells without AR expression (92%-103%, P > 0.05). These re-
sults suggested that VB-030 and VB-037 exerted neuroprotective effects
on Tet-On AB-GFP-expressing SH-SY5Y cells. In addition, VB-030 and
VB-037 downregulated AChE activity and upregulated HSP27 expres-
sion in Tet-On AB-GFP-expressing SH-SY5Y cells.

3.5. Effects of VB-037 on LPS/IFN-y stimulated AB-GFP-expressing SH-
SY5Y cells

LPS—a TLR4 agonist (Beutler, 2009)—leads to induction of proin-
flammatory genes in SH-SY5Y cells (Lawrimore and Crews, 2017),
whereas treatment of neuronal cells with IFN-y increases neuronal
death in response to AP (Bate et al., 2006). Neuroinflammation is also
linked to caspase-1-mediated IL-13 activation (Kaushal et al., 2015).
Thus, we applied LPS (1 pg/mL) and IFN-y (0.1 ug/mL) to the retinoic-

3.3. HSP27 as a therapeutic target in VB-compound-treated Af-GFP- acid-differentiated AP-GFP-expressing SH-SY5Y cells for 2 days to
expressing SH-SY5Y cells model neuroinflammatory damage to neurons in AD patients (Fig. 5A).
As shown in Fig. 5B, addition of LPS/IFN-y in differentiated A3-GFP-

To validate the potential of HSP27 as a therapeutic target of VB expressing SH-SY5Y cells resulted in a significant decrease in cell via-
compounds, we knocked down HSP27 expression through lentivirus- bility (80%, P = 0.014). Treatment with VB-037 or curcumin sig-

mediated shRNA targeting of HSP27 in A[B-GFP-expressing SH-SY5Y nificantly improved cell viability (94%-95%, P = 0.011-0.010)
cells (Fig. 3A). In scrambled shRNA-infected cells, AR overexpression (Fig. 5B). Furthermore, the upregulation of caspase 1 activity (161%,
significantly downregulated HSP27 expression (64%, P = 0.037). In P < 0.001) and IL-1P (150%, P < 0.001), TNF-a (162%, P = 0.007),
addition, treatment with curcumin, VB-030, or VB-037 significantly and IL-6 (268%, P = 0.016) expression in differentiated APB-GFP-ex-
increased HSP27 expression (93%-96%, P = 0.035-0.025). These up- pressing SH-SY5Y cells caused by 2 days of LPS/IFN-y stimulation was
regulations were counteracted by HSP27-specific ShRNA (60%-51%, mitigated by treatment with VB-037 or curcumin (caspase activity:
P = 0.045-0.021) (Fig. 3B). In line with HSP27 expression, the in- 128%-134%, P < 0.001; IL-1B: 116%-115%, P < 0.001; TNF-a:
creased level of soluble AB-GFP after treatment with curcumin, VB-030, 111%-121%, P = 0.006-0.008; IL-6: 137%-157%, P = 0.015-0.017)
or VB-037 (116%-131%, P = 0.044-0.021) was significantly reduced (Fig. 5C and D). Neither VB-037 nor curcumin had any effect on IL-1,
by HSP27-specific shRNA (91%-102%, P = 0.019-0.012) (Fig. 3B). TNF-a, or IL-6 expression in SH-SY5Y cells without AB-GFP induction
Furthermore, improvement in neurite outgrowth by curcumin, VB-030, or LPS/IFN-y exposure (93%-103%, P > 0.05; Fig. 5D).

or VB-037 (scrambled: 107%-109%; P = 0.002 to < 0.001 compared Upon binding to the IL-1 receptor and accessory proteins, IL-1(
with no treatment: 88%) was significantly attenuated by HSP27 shRNA triggers activation of signaling pathways, including P38 and JNK mi-
knockdown (89%-97%, P = 0.005 to < 0.001) (Fig. 3C and D). These togen-activated protein kinase pathways (O'Neill, 2002), both of which
results suggested that VB-030 and VB-037 exerted neuroprotective play a critical role in inflammatory cell signaling (Goldstein and
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Gabriel, 2005; Cui et al., 2007). As shown in Fig. 5E, phosphor/total
ratios of P38 (124%, P = 0.036), JNK (114%, P = 0.018), and JUN
(126%, P = 0.029) were significantly increased after addition of LPS/
IFN-y to differentiated AB-GFP-expressing SH-SY5Y cells, whereas
treatment with VB-037 or curcumin reduced the phosphor/total ratios
of P38 (from 124% to 86%-84%; P = 0.004-0.005), JNK (from 114%

(caption on next page)

to 98%-92%; P = 0.004-0.001), and JUN (from 126% to 84%—-79%;
P =0.011-0.002). These results demonstrated the antineuroin-
flammatory effect of VB-037 on AD neuronal models.
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Fig. 3. HSP27 as a therapeutic target in VB-compound-treated AB-GFP SH-SY5Y cells. (A) Experimental flow chart. On day 1, AB-GFP SH-SY5Y cells were plated with
retinoic acid (RA; 10 uM). On day 2, the cells were infected with lentivirus-expressing HSP27-specific or scrambled shRNA. At 24 h postinfection, curcumin, VB-030,
or VB-037 (5 uM) was added to the cells for 8 h, followed by induction of AB-GFP expression (Dox, 2 ug/mL) for 6 days. On day 9, the cells were collected for HSP27
and AB-GFP protein analyses through immunoblotting (B-actin as a loading control) and high-content neurite outgrowth analysis. (B) Western blot analysis of HSP27
and AB-GFP protein levels in compound-treated cells infected with HSP27-specific or scrambled shRNA-expressing lentivirus. To normalize, the relative HSP27 level
of uninduced cells or the AB-GFP level of untreated cells was set at 100%. P values: comparisons between induced and uninduced cells, between compound-treated
and untreated cells, or between scrambled and HSP27 shRNA-infected cells (n = 3). (C) Microscopic images of uninduced or induced AB-GFP SH-SY5Y cells with
scrambled or HSP27-specific ShRNA or compound (5 uM) treatments. TUBB3 staining was used to quantify the extent of neurite outgrowth. Nuclei were counter-
stained with DAPI (blue). (D) Neurite outgrowth assay of compound-treated AB-GFP SH-SY5Y cells infected with HSP27-specific or a scrambled shRNA. To normalize,
the relative neurite outgrowth of uninduced cells infected with scrambled shRNA without compound treatment was set at 100%. P values: comparisons between
induced and un-induced cells, between compound-treated and untreated cells, or between scrambled shRNA and HSP27-specific shRNA-infected cells (n = 3).

4. Discussion

Lines of evidence have shown the crucial role of misfolded Af in the
pathogenesis of AD (Selkoe and Hardy, 2016), and strategies to reduce
AP production or enhance Af clearance have been suggested as ther-
apeutic strategies for AD (Barage and Sonawane, 2015). In addition,
chemical or molecular chaperones are another possible target class for
therapeutic intervention in protein misfolding disease states. For ex-
ample, several heterocyclic aromatic organic compounds including in-
doles and quinolines have been identified as chemical chaperones that
can help refold AB with conformational changes (Chang et al., 2016). In
the present study, in addition to the chemical chaperone activity in the
thioflavin T assay, we demonstrated that the quinoline compounds VB-

030 and VB-037 could reduce AP misfolding and promote neurite
outgrowth by upregulating the small molecular chaperone HSP27 in
AB-GFP-expressing 293/SH-SY5Y AD cell models (Figs. 1 and 2). VB-
037 further attenuated LPS/IFN-y-induced microglial activation and
neuroinflammation signaling pathways in the AB-GFP-expressing SH-
SY5Y neuroblastoma cell model (Figs. 4 and 5). These findings sup-
ported the potential of VB-037 as a novel AP aggregation inhibitor with
antineuroinflammatory activity for AD treatment.

Amyloid plaques are a central feature of AD pathology and are
considered a major factor in neuronal cell loss (Hardy and Higgins,
1992). Ultrastructurally, plaques are fibrous masses composed pri-
marily of AR (Jarrett et al., 1993), which is derived through en-
doproteolysis of the integral membrane APP that results in secretion of
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Fig. 4. Anti-inflammatory activity of VB-037 in LPS and IFN-y-activated BV-2 cells. (A) Cytotoxicity of VB compounds against BV-2 examined using the MTT assay.
Cells were treated with VB-030 or VB-037 (1-100 uM) and cell viability was measured the next day (n = 3). To normalize, the relative viability of untreated cells was
set at 100%. ICsq values are presented below. (B) Experimental flow chart. BV-2 cells were plated in 1% FBS at 0 h. After 20 h, the cells were pretreated with VB-037
(10 uM) for 8 h, followed by LPS (1 pg/mL) and IFN-y (0.1 pg/mL) treatment to induce activation. After 20 h, the cells were examined for microglial activation by
morphology, NO release in cell culture medium, and Ibal Western blotting. (C) Morphology of inactive BV-2 cells, activated by LPS and IFN-y or pretreated with VB-
037 (4 VB-037/LPS & IFN-y). (D) NO production of LPS/IFN-y-activated BV-2 cells pretreated with VB-037 (n = 3). For normalization, the relative NO level in the
cell culture medium prepared from inactive cells was set as 100%. P values: comparisons between inactive and activated cells or between treated and untreated cells.
(E) Ibal level of LPS/IFN-y-activated BV-2 pretreated with VB-037 (n = 3). For normalization, the relative Ibal level in the cell lysate prepared from inactive cells
was set as 100%. P values: comparisons between inactive and activated cells, or between treated and untreated cells.
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Fig. 5. Neuroprotection of VB-037 in LPS and IFN-y-stimulated AB-GFP SH-SY5Y cells. (A) Experimental flow chart. On day 1, AB-GFP SH-SY5Y cells were plated
with retinoic acid (RA; 10 uM). On day 2, compound (5 uM) was added to the cells for 8 h; induction of AB-GFP overexpression (Dox, 2 ig/mL) followed. On day 6,
retinoic acid was removed and LPS (1 pg/mL) and IFN-y (0.1 pg/mL) were added to the cells. Cell viability (by PI staining); caspase 1 activity (by the fluorimetric
assay); IL-1f, TNF-a, and IL-6 levels; and phospho/total P38, JNK, and JUN ratios (by immunoblotting) were examined on day 8. Cell viability (B); caspase 1 activity
(C); IL-1B, TNF-a, and IL-6 levels (D); and phospho/total P38, JNK, and JUN ratios (E) of LPS/IFN-y-stimulated AB-GFP SH-SY5Y pretreated with VB-037 or
curcumin. To normalize, the relative level of cells without Dox induction and LPS/IFN-y stimulation was set at 100%. P values: comparisons between induced and
stimulated versus uninduced and unstimulated cells or between compound-treated and untreated cells (n = 3).

the peptide by normal cellular pathways, as well as intracellular ac-
cumulation. Under pathogenic conditions, AB self-associates into a
well-defined supramolecular fibril with a high 3-sheet content (Inouye
et al., 1993). AP aggregation is a multistage process initiated by asso-
ciation of individual A} monomers into small nucleating “seeds” and
accompanied by a transition from a predominately random coil to an
amyloidogenic B-sheet conformation (Lomakin et al., 1997). AP seeds
subsequently assemble in an intermediate protofibrillar structure,
which further converts to ramified fibrils (Walsh et al., 1997). Forma-
tion of AP fibrils can be affected by chaperones that may control A
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self-association. Chaperones can be classified into chemical and mole-
cular groups. Chemical chaperones are low-molecular-weight com-
pounds that specifically bind to proteins and induce refolding or
structural stabilization. In the thioflavin T assay, VB-030 and VB-037
demonstrated their potential as chemical chaperones for reduction of
Ap misfolding (Fig. 1). Interaction between these quinoline compounds
and AP likely leads to strong hydrophobic interactions, which may
disrupt fibrils formation and prevent oligomerization (Kundaikar and
Degani, 2015). A comprehensive structural activity analysis could be
helpful to reveal atomistic mechanisms underlying inhibition of Af
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aggregation by quinoline derivatives.

In this study, VB-030 and VB-037 modulated AB aggregation by
upregulating the molecular chaperone HSP27 and downregulating
AChE activity (Fig. 2). HSP27 is a small molecular chaperone that re-
duces AP aggregation (Wilhelmus et al., 2006a). Extracellular expres-
sion of HSP27 was observed in the senile plaques of AD brains; in ad-
dition, HSP27 was observed in astrocytes associated with senile plaques
(Wilhelmus et al., 2006b). Overexpression of HSP27 inhibited Af-
mediated toxicity in cultured cortical neurons (King et al., 2009) and
reduced deposition of A plaques in APP/PS1 mice (T6th et al., 2013).
Moreover, HSP27 directly mediates neurite outgrowth beyond the
chaperoning of misfolded proteins. In the neurons of the dorsal root
ganglion, overexpression of HSP27 positively affects neurite outgrowth,
whereas HSP27 knockdown reduces neurite complexity and length
(Williams et al., 2006). Inhibition of HSP27 phosphorylation generates
an atypical growth pattern in the neurons of the dorsal root ganglion
(Williams et al., 2005); this pattern is linked to the ability of HSP27 to
regulate cytoskeletal stability. Furthermore, HSP27 silencing also sup-
pressed both pituitary adenylate cyclase-activating polypeptide 38- and
Rin-mediated neurite outgrowth in PC6 cells, thereby supporting the
role of HSP27 in neurite outgrowth (Shi et al., 2008). Our study results
showed that VB-030 and VB-037 prevented APB-mediated neurite out-
growth impairment by upregulating HSP27 (Figs. 2 and 3), thereby
consolidating the role of these small molecules in improving neurite
outgrowth.

Evidence suggests that AP affects expression of AChE. Af} increased
AChE activity in the primary cultures of cortical neurons and astrocytes
(Saez-Valero et al., 2003). AChE level was also increased in the cortex
of rat that received intracerebroventricular injections of AB (Sédez-
Valero et al., 2002). In AD patients, AChE level increased around
amyloid plaques and in tangle-bearing neurons (Mordn et al., 1994).
AChE may play a role in A fibrillogenesis by promoting and accel-
erating the generation of Af fibrils (Inestrosa et al., 1996). Amyloid
plaques appeared sooner and were more prominent in APP and AChE
double-transgenic mice than in parental APP transgenic mice (Rees
et al., 2003). Although the disease-modifying benefits of AChE in-
hibitors for AD remain controversial, the inhibition of AChE activity by
VB-030 and VB-037 (Fig. 2) indicates that these compounds may
modulate AP misfolding by downregulating AChE.

AR accumulation promotes significant neuroinflammation by
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activating microglia. Overproduction of pro-inflammatory cytokines
(IL-13, TNF-a, IFN-vy, and IL-6) by activated microglia upregulates the
activities of (- and y-secretases, thereby promoting A production
(Hickman et al., 2008). By contrast, emerging evidence indicates that
infectious agents such as bacterial LPS may be crucial for triggering Ap-
mediated neurotoxicity. LPS colocalizes with A in the amyloid plaques
of AD patients (Zhan et al., 2016). LPS and AP bind to the TLR4 re-
ceptor (Tang et al., 2008; Beutler, 2009; Vollmar et al., 2010) and
upregulate caspase 1 and IL-1B in human neurons (Kaushal et al.,
2015). IL-1f3 activates inflammatory signaling such as the JNK and P38
pathways (O'Neill, 2002), both of which are involved in AD pathology
and neurodegeneration (Atzori et al., 2001; Savage et al., 2002). Fur-
thermore, upregulation of IL-13 promotes AR accumulation (Griffin
et al., 1998), thereby initiating a vicious feedback loop for AP cascade.
In the present study, VB-037 demonstrated inhibitory potential for
microglial activation and AB/LPS-induced neuroinflammation in Af-
GFP-expressing SH-SY5Y cells (Figs. 4 and 5), indicating that VB-037
plays a role in AD treatment by blocking this vicious cycle of neu-
roinflammation. The anti-inflammatory property of VB-037 may be a
result of its quinoline structure, which can occupy the COX-2 active site
and demonstrate strong inhibitory potential for COX-2 (Hosseinzadeh
et al., 2017).

In our study, VB-037 reduced Af-induced oxidative stress in the Af-
GFP-expressing 293 model (Fig. 1). VB-037 possesses a structure of
tetrahydro-1,4-oxazine (C4HoNO). Derivatives of tetrahydro-1,4-ox-
azine demonstrated potential against lipid peroxidation (Kourounakis
et al., 2008). The antioxidative effect of the 1,4-oxazine structure may
also contribute to neuroprotection of VB-037 in an AD model.

Lipinski's rule of 5, including a molecular weight (MW) of <500 Da,
<5 hydrogen bond donors (HBDs), <10 hydrogen bond acceptors
(HBAs), and a CLog P of <5 (the octanol-water partition coefficient
measures the lipophilicity of a compound), is commonly used to predict
the bioavailability of oral medications (Lipinski et al., 1997). With an
MW of 296.4-412.4 Da, 0 HBDs, 2-7 HBAs, and a Clog P of 5.0-4.5,
both VB-030 and VB-037 meet Lipinski's criteria (ChemDraw; http://
www.perkinelmer.com/tw/category/chemdraw) and are believed to
demonstrate high oral bioavailability. Simple diffusion through the
blood-brain barrier (BBB) is another important aspect of drug devel-
opment targeting neurodegenerative diseases. According to the online
BBB predictor (https://www.cbligand.org/BBB/) (Zhao et al., 2007),
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both VB-030 and VB-037 can diffuse across the BBB. Additional in vivo
experimental approaches are required to clarify these concerns re-
garding VB-030 and VB-037.

The multifactorial nature of AD requires simultaneous modulation
of multiple targets to manage disease progression, leading to an urgent
need for multitarget drugs. For example, curcumin may modify AD
pathology by inhibiting AP formation and aggregation, AChE activity,
and microglial activation, as well as by mediating the insulin signaling
pathway (Tang and Taghibiglou, 2017). In this study, VB-037 demon-
strated AP aggregation inhibition and neuroprotection through upre-
gulation of chaperones, reduction of AChE activity, microglial activa-
tion, and neuroinflammation, thereby indicating its potential as a novel
compound with multiple targets for treating AD. Compared with cur-
cumin, VB-037 demonstrated lower cellular toxicity (Figs. 1 and 2),
suggesting a wide therapeutic window for treatment. Future in vivo and
clinical studies are warranted to provide a promising avenue for ap-
plication of VB-037 to modify the disease progression of AD patients.

5. Conclusions

In summary, our findings indicated that AR misfolding increased
AChE activity and ROS levels, as well as neuronal damage. The novel
compound VB-037 could reverse these negative effects of Ap over-
expression, reduce neuroinflammation, and directly inhibit AR ag-
gregation. VB-037 improved neuronal damage and neuroinflammation
by regulating the chaperone HSP27 and the P38/JNK signaling
pathway. These findings strongly support the potential of VB-037 as a
novel multitarget therapeutic candidate for treating AD.
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