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1  | INTRODUC TION

Alzheimer’s disease (AD), the most common type of dementia among 
the elderly, is characterized by the accumulation of amyloid β (Aβ) 
plaques and neurofibrillary tangles in the brain.1 Mutations in the Aβ 

precursor protein (APP) gene are a crucial genetic determinant of fa‐
milial AD.2 APP is a cell surface receptor and transmembrane precur‐
sor protein that is proteolytically processed to generate distinct Aβ 
peptides containing 39‐43 amino acids.3 Among these peptides, the 
42‐residue form of Aβ, Aβ42, is the predominant peptide deposited in 
amyloid plaques characteristic of AD.4 Aβ42 formation is favored by 
several APP mutations.5 Toxicity associated with aggregated Aβ42 is 
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Abstract
Background: Aggregation of misfolded amyloid β (Aβ) in senile plaques causes oxida‐
tive stress and neuronal death in Alzheimer’s disease (AD). Compounds possessing 
antiaggregation and antioxidant properties are promising candidate compounds for 
AD treatment.
Methods: We examined the potential of synthetic derivatives of licochalcone A and 
coumarin for inhibiting Aβ aggregation, scavenging reactive oxygen species (ROS), 
and providing neuroprotection by using biochemical assays and Tet‐On Aβ‐GFP 293/
SH‐SY5Y cell models for AD.
Results: Among test compounds, LM‐031, a novel chalcone‐coumarin hybrid, inhib‐
ited Aβ aggregation and scavenged free oxygen radicals. LM‐031 markedly reduced 
Aβ misfolding and ROS as well as promoted neurite outgrowth and inhibited acetyl‐
cholinesterase in Tet‐On Aβ‐GFP 293/SH‐SY5Y cells. Mechanistic studies showed 
upregulation of the HSPB1 chaperone, NRF2/NQO1/GCLC pathway, and CREB/
BDNF/BCL2 pathway. Decreased neurite outgrowth upon the induction of Aβ‐GFP 
was rescued by LM‐031, which was counteracted by knockdown of HSPB1, NRF2, or 
CREB.
Conclusion: Taken together, these findings demonstrate that LM‐031 exhibited an‐
tiaggregation, antioxidant, and neuroprotective effects against Aβ toxicity by en‐
hancing HSPB1 and the NRF2‐related antioxidant pathway as well as by activating 
the CREB‐dependent survival and antiapoptosis pathway. These results imply that 
LM‐031 may be a new therapeutic compound for AD.
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partly attributable to the overproduction of reactive oxygen species 
(ROS) and the disruption of oxidative stress pathways.6-8 In response 
to oxidative stress, cytosolic NRF2 (nuclear factor, erythroid 2 like 
2) translocates to the nucleus and binds to the antioxidant response 
element (ARE) in the promoter region of antioxidant genes to initi‐
ate their transcription.9 NRF2‐mediated transcription is not induced 
in AD neurons despite the presence of oxidative stress.10 Both Aβ 
aggregation and NRF2 downregulation impair neuronal differenti‐
ation.11 Compounds possessing antiaggregation and antioxidant 
properties may modify the disease course in various AD models.12-15

Licochalcone A (Lico A) is a major chalcone constituent obtained 
from the root of Glycyrrhiza inflata.16 Lico A activates the NRF2–ARE 
pathway, thereby reducing oxidative stress and polyglutamine aggre‐
gate formation in spinocerebellar ataxia type 3 cell models.17 In mouse 
RAW 264.7 macrophages, Lico A enhanced the NRF2‐mediated de‐
fense mechanism against oxidative stress and cell death.18 In addition, 
Lico A activated NRF2 in primary human fibroblasts and reduced oxida‐
tive stress in human skin.19 Coumarin, a natural product found in many 
green plants, also exhibits antioxidant activity.20,21 In the APP/presenilin 
1 (PS1) transgenic AD cell line, coumarin derivatives functioned as free 
radical scavengers to protect against H2O2‐induced oxidative stress.22 
In addition, coumarin derivatives could prevent misfolded Aβ aggre‐
gation.23 These studies have suggested that Lico A and coumarin are 
promising lead compounds for the synthesis of novel AD therapeutics.

In the present study, we synthesized new derivatives of Lico A 
and coumarin and investigated their ability to prevent Aβ aggregation 
and oxidation as well as promote neuroprotection by using biochemi‐
cal assays and Tet‐On Aβ‐GFP 293/SH‐SY5Y AD cells.24 Our findings 
indicate that the novel chalcone‐coumarin hybrid LM‐031 is a poten‐
tial lead candidate for the development of AD therapeutics, owing to 
its ability to prevent Aβ aggregation and oxidation in neuronal cells.

2  | MATERIAL S AND METHODS

2.1 | Test compounds

Lico A, coumarin, and curcumin were purchased from Sigma‐Aldrich, 
St. Louis, MO, USA. The Lico A derivatives LM‐004 and LM‐006 
and the coumarin derivative LM‐016 were synthesized according 
to previous reports.25,26 LM‐026 was synthesized using the pro‐
cedure reported by Mazimba et al27 with some modifications, and 
LM‐031 was synthesized using the procedures reported by Dube et 
al28 and Tietze et al29 with some modifications. In a cell culture me‐
dium, LM‐004 and LM‐031 were soluble up to 1 mmol/L, whereas 
LM‐006, LM‐016, and LM‐026 were soluble up to 100 μmol/L.

2.2 | Thioflavin T binding assay

To examine the inhibition of Aβ aggregation, the thioflavin T assay was 
performed. The Aβ42 (5 μmol/L; AnaSpec, Fremont, CA, USA) peptide 
was incubated with test compounds (5‐20 μmol/L) at 37°C for 48 hours 
to form aggregates. Subsequently, thioflavin T (10 μmol/L; Sigma‐
Aldrich) was added and incubated for 5 minutes, and the fluorescence 
intensity of samples was recorded as described.24 The antiaggregation 
activity expressed as the half‐maximal effective concentration (EC50) 
was defined as the concentration of the extract or compound required 
for inhibiting Aβ aggregation by 50%.

2.3 | 1,1‐Diphenyl‐2‐picrylhydrazyl assay

The free radical scavenging activity of the test compounds 
(10‐160 µmol/L) was determined using the stable 1,1‐diphenyl‐2‐
picrylhydrazyl (DPPH, Sigma‐Aldrich) free radical assay as described 
previously.17 The radical scavenging activity was calculated using 
the following formula: [1 − (absorbance of the sample/absorbance of 
the control) × 100]. The antioxidant activity was expressed as EC50, 
which was defined as the concentration required for inhibiting DPPH 
radicals by 50%.

2.4 | Cell culture and IC50 assay

Tet‐On Aβ‐GFP 293/SH‐SY5Y cells24 were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) (293) or DMEM‐F12 (SH‐SY5Y) 
containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 
5 μg/mL of blasticidin, and 100 μg/mL of hygromycin (InvivoGen, 
San Diego, CA, USA). Cell viability was measured on the basis of the 
reduction of 3,(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium 
bromide (MTT, Sigma‐Aldrich). Briefly, 5 × 104 cells were plated into 
48‐well plates, grown for 20 hours, and treated with the test com‐
pounds. After a day, 20 µL of MTT (5 mg/mL in PBS, Sigma‐Aldrich) 
was added to the cells and incubated for 2 hours. The absorbance of 
the insoluble product was measured at 570 nm by using a spectro‐
photometer (µQuant, Bio‐Tek, Winooski, VT, USA). The half‐maximal 
inhibitory concentration (IC50) was defined as the concentration of 
a compound required for the reduction of 570‐nm signals by 50%.

2.5 | Aβ‐GFP fluorescence assay

Tet‐On Aβ‐GFP 293 cells were seeded in 96‐well plates at a density 
of 8 × 103 cells/well. The test compounds were added the following 
day. After 8 hours in culture, doxycycline (2 µg/mL, Sigma‐Aldrich) 
was added to induce Aβ‐GFP expression. On day 5, the cells were 

F I G U R E  1   Cytotoxicity of test compounds. A, Structure, formula, and molecular weight of Lico A, coumarin, synthetic derivative 
compounds LM‐004, LM‐006, LM‐026, LM‐016, and LM‐031, and positive control curcumin. Below is the ring closure reaction of chalcone 
to generate the coumarin‐chalcone hybrid. B, Cytotoxicity of test compounds against Aβ‐GFP 293 and SH‐SY5Y cells using the MTT 
assay. Uninduced cells were treated with 0.1‐100 μmol/L Lico A, coumarin, synthetic derivative compounds, or 1‐10 μmol/L curcumin, and 
cell viability was measured the following day (n = 3). To normalize, the relative viability in untreated cells was set at 100%. IC50 values are 
presented
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stained with Hoechst 33342 (0.1 µg/mL, Sigma‐Aldrich) for 30 min‐
utes, and images of the cells were automatically recorded at the 
wavelengths of 482 (excitation)/536 (emission) nm (ImageXpress 
Micro Confocal High‐Content Imaging System) and analyzed 
(MetaXpress Image Acquisition and Analysis Software) (Molecular 
Devices, Sunnyvale, CA, USA).

2.6 | Aβ‐GFP RNA analysis

Tet‐On Aβ‐GFP 293 cells were plated at a density of 3 × 105 cells/
well in 6‐well plates. Test compound treatment (1‐10 µmol/L) and 
Aβ‐GFP induction were performed as described. To measure the 
content of Aβ‐GFP RNA on day 5, total RNA was extracted and re‐
verse‐transcribed to cDNA (SuperScript III Reverse Transcriptase; 
Invitrogen). Real‐time quantitative PCR experiments were performed 
using 100 ng of cDNA and the gene‐specific TaqMan fluorogenic 
probes PN4331348 (EGFP) and 4326321E (HPRT1) (StepOnePlus 
Real‐time PCR system, Applied Biosystems, Foster City, CA, USA). 
Fold change was calculated using the formula 2ΔCt, ΔCT = CT (con‐
trol) − CT (target), in which CT indicates the cycle threshold.

2.7 | ROS analysis

Tet‐On Aβ‐GFP 293 cells were plated at a density of 6 × 104 cells/
well in a 12‐well plate. Test compound treatment (1‐10 µmol/L) 
and Aβ‐GFP induction were performed as described. To meas‐
ure oxidative stress in the cells on day 5, a fluorogenic reagent 
(CellROX Deep Red, Molecular Probes, Waltham, MA, USA) was 
added at a final concentration of 5 μmol/L and incubated at 37°C 
for 30 minutes. After washing, the cells (104) were analyzed for 

red (ROS) fluorescence on a flow cytometer (Becton‐Dickinson, 
Franklin Lakes, NJ, USA) at excitation/emission wavelengths of 
635/661 ± 8 nm.

2.8 | Neurite outgrowth analysis

Tet‐On Aβ‐GFP SH‐SY5Y cells were seeded at a density of 
3 × 104 cells/well in a 24‐well plate, and retinoic acid (10 µmol/L, 
Sigma‐Aldrich) was added at the seeding time. On day 2, the cells 
were treated with test compounds (1‐10 µmol/L) for 8 hours before 
doxycycline (2 µg/mL) was added to induce Aβ‐GFP expression. On 
day 8, the cells were fixed in 4% paraformaldehyde for 15 minutes, 
permeabilized in 0.1% Triton X‐100 for 10 minutes, and blocked in 
1% bovine serum albumin (BSA) for 20 minutes. The primary TUBB3 
antibody (1:1000, Covance, Princeton, NJ, USA) was used to stain 
cells at 4°C overnight, followed by a secondary goat antirabbit Alexa 
Fluor 555 antibody (1:1000, Molecular Probes) at room temperature 
for 3 hours. After staining nuclei with 4′,6‐diamidino‐2‐phenylin‐
dole, images of the cells were captured, and total neurite outgrowth 
was analyzed (neurite outgrowth application module, Molecular 
Devices).

2.9 | Acetylcholinesterase activity assay

Tet‐On Aβ‐GFP SH‐SY5Y cells were seeded at a density of 4 × 105 
cells/well in a 6‐well plate, and retinoic acid (10 µmol/L) was added at 
the seeding time. On the following day, the cells were treated with the 
test compounds (1 µmol/L), and Aβ‐GFP expression was induced as 
described. On day 8, the cells were collected and resuspended in PBS, 
followed by sonication and centrifugation at 14 000 g for 5 minutes 

F I G U R E  2   Prevention of aggregation 
and oxidation by test compounds in 
biochemical assays. A, Aβ aggregation 
inhibition of Lico A, coumarin, LM‐004, 
LM‐006, LM‐026, LM‐016, LM‐031, 
and curcumin (5‐20 μmol/L) (n = 3). 
To normalize, the relative thioflavin T 
fluorescence of Aβ42 without compound 
addition was set at 100%. Shown below 
are the EC50 values. B, DPPH radical 
scavenging activity of kaempferol, 
Lico A, coumarin, LM‐004, LM‐006, 
LM‐026, LM‐016, LM‐031, and curcumin 
(10‐160 μmol/L) (n = 3). Shown below are 
the EC50 values
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at 4°C to collect the supernatant. Acetylcholinesterase (AChE) activ‐
ity was determined by using 20 µg of cell extracts (AChE activity assay 
kit, Sigma‐Aldrich). The mixture was incubated for 2‐10 minutes at room 

temperature, and absorbance was read at 412 nm in a spectrophotom‐
eter (Multiskan GO, Thermo Scientific, Waltham, MA, USA).
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2.10 | Western blot analysis

Differentiated Tet‐On Aβ‐GFP SH‐SY5Y cells were treated with 
the test compounds (1 µmol/L). On day 8, the cells were collected, 
washed twice with ice‐cold PBS, and lysed in RIPA buffer containing 
a protease inhibitor cocktail (Sigma‐Aldrich) at 4°C for 30 minutes, 
followed by sonication. The cell lysate was centrifuged at 14 000 g 
for 20 minutes at 4°C, and the supernatant was stored at −70°C 
until further analysis. Protein samples (30 µg) were subjected to 
10% SDS‐PAGE and subsequently transferred onto polyvinylidene 
difluoride membranes through reverse electrophoresis. After 
blocking, the membranes were incubated with primary antibodies, 
namely anti‐NRF2, anti‐CREB, anti‐BDNF, anti‐BCL2, anti‐HSPB1, 
anti‐GFP (1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
anti‐NQO1 (1:500), anti‐β‐tubulin (1:5000) (Sigma‐Aldrich), anti‐
GCLC (1:1000, Abcam, Cambridge, MA, USA), anti‐pCREB (Ser133; 
1:500), anti‐β‐actin (1:5000) (Millipore, Billerica, MA, USA), anti‐
BAX (1:500, Biovision, Milpitas, CA, USA), anti‐CASP3 (1:500, Cell 
Signaling, Danvers, MA, USA), and anti‐GAPDH (1:1000, MDBio, 
Taipei, Taiwan), at 4°C overnight. The resultant membranes were 
washed and incubated with the corresponding secondary antibod‐
ies coupled with a horseradish peroxidase‐conjugated goat anti‐
mouse, goat antirabbit, or donkey antigoat IgG antibody (1:5000, 
GeneTex, Irvive, CA, USA) at room temperature for 1 hour. 
Immunoreactive bands were detected using a chemiluminescent 
substrate (Millipore).

2.11 | RNA interference

Lentiviruses containing short hairpin RNA (shRNA) tar‐
geting HSPB1 (TRCN0000008753, target sequence: 
CCGATGAGACTGCCGCCAAGT), NRF2 (TRCN0000007558, 
target sequence: CCGGCATTTCACTAAACACAA), and CREB 
(TRCN0000226466, target sequence: ACATTAGCCCAGGTATCTATG) 
and a negative control scrambled shRNA (TRC2.Void) were obtained 
from the National RNAi Core Facility, IMB/GRC, Academia Sinica. SH‐
SY5Y Aβ‐GFP cells were plated at a density of 2 × 104/well (24‐well 
plates for neurite outgrowth analysis) or 6 × 105/well (6‐well plates 
for protein analysis) with retinoic acid (10 µmol/L) added on day 1 and 

transduced with lentivirus (multiplicity of infection: 3) in a medium con‐
taining 8 µg/mL of polybrene (Sigma‐Aldrich) on day 2. At 24 hours 
postinfection, the culture medium was changed and cells were pre‐
treated with LM‐031 (1 µmol/L) for 8 hours, followed by the induction 
of Aβ‐GFP expression for 1 week. Subsequently, the cells were ana‐
lyzed for neurite outgrowth as described or were collected for HSPB1, 
NRF2, and CREB protein analysis.

2.12 | Statistical analysis

For each set of values, data were represented as the mean of three 
independent experiments. Differences between groups were 
evaluated using two‐tailed Student’s t test or analysis of variance 
(ANOVA; one‐way, and two‐way) with post hoc LSD adjustment 
when appropriate. P values <0.05 were considered statistically 
significant.

3  | RESULTS

3.1 | Test compounds and IC50 cytotoxicity

The test compounds were classified into two groups: one is defined 
in terms of the structure of Lico A (LM‐004, LM‐006, and LM‐026) 
and the other is a coumarin‐chalcone hybrid (LM‐016 and LM‐031) 
generated through a ring closure reaction of chalcone (Figure 1A). 
Naturally occurring coumarin and Lico A possessing the antioxidant 
property17,20,21 were also included for comparison. The MTT assay 
was performed using uninduced Aβ‐GFP 293 and SH‐SY5Y cells 
following treatment with the test compounds (0.1‐100 μmol/L) for 
24 hours (Figure 1B). The potent Aβ aggregate inhibitor curcumin30 
reduced cell viability by 50% at a concentration of up to 10 μmol/L 
in uninduced Aβ‐GFP 293 and SH‐SY5Y cells. The IC50 values of 
Lico A, LM‐004, LM‐006, LM‐026, coumarin, LM‐016, and LM‐031 
in uninduced 293/SH‐SY5Y cells were 51/47, 51/8, 51/10, 71/45, 
>100/>100, >100/55, and >100/>100 μmol/L, respectively. These 
results demonstrated the low cytotoxicity of the test compounds. 
In uninduced Aβ‐GFP 293/SH‐SY5Y cells, the IC50 value of LM‐031 
(>100 μmol/L) was similar to that of coumarin (>100/>100 μmol/L), 
whereas the IC50 value of Lico A was lower (51/47 μmol/L).

F I G U R E  4   Neuroprotective effects of test compounds on Tet‐On Aβ‐GFP SH‐SY5Y cells. A, Experimental outline. Cells were plated 
with retinoic acid (RA, 10 µmol/L). On the following day, 1 µmol/L Lico A, coumarin, LM‐006, LM‐026, 1‐10 µmol/L LM‐016, LM‐031, or 
5 µmol/L curcumin were added to cells for 8 hours, followed by the induction of Aβ‐GFP expression (+ Dox, 2 µg/mL) for 6 days. Neurite 
outgrowth was assessed after TUBB3 staining. In addition, the CASP3 level and AChE activity were assessed. B, CASP3 protein level 
was analyzed through immunoblotting using CASP3 and GAPDH (internal control) antibodies (n = 3). To normalize, the expression level 
in uninduced (−Dox) cells was set at 100%. P values between induced and uninduced cells as well as between treated and untreated cells 
were compared. C, Fluorescence microscopy images of uninduced or induced Aβ‐GFP cells treated with or without 1 µmol/L Lico A, 
coumarin, LM‐016, LM‐031, or 5 µmol/L curcumin. Shown next to the uninduced image is the image segmentation of uninduced cells with a 
multicolored mask to assign each outgrowth to a cell body for quantification. D, Quantification of neurite outgrowth with 1 µmol/L Lico A, 
coumarin, LM‐006, LM‐026, 1‐10 µmol/L LM‐016, LM‐031, or 5 µmol/L curcumin treatment (n = 3). To normalize, P values between induced 
and uninduced cells as well as between treated and untreated cells were compared, with the relative neurite outgrowth of uninduced cells 
as 100%. E, AChE activity assay with 1 µmol/L Lico A, coumarin, LM‐006, LM‐026, LM‐016, LM‐031, or 5 µmol/L curcumin treatment 
(n = 3). The relative AChE activity of uninduced cells was normalized to 100%. P values between induced and uninduced cells (#P < 0.05 and 
##P < 0.01) as well as between treated and untreated cells (*P < 0.05, **P < 0.01, and ***P < 0.001) were compared
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3.2 | Inhibition of Aβ aggregation and radical 
scavenging activity of test compounds

The inhibition of Aβ aggregation and that of oxidative stress are 
considered important treatment approaches for AD. The inhibi‐
tion of Aβ aggregation by the test compounds was measured on the 
basis of fluorescence generated by thioflavin T binding. As shown in 
Figure 2A, Lico A, LM‐004, LM‐006, LM‐026, coumarin, LM‐016, 
LM‐031, and curcumin had EC50 values of 18, 21, 12, 30, 27, 15, 
11, and 27 μmol/L, respectively. LM‐031 showed the best activity in 
inhibiting Aβ aggregation among the test compounds.

The ROS scavenging activity of the test compounds was examined 
using the DPPH assay. Kaempferol, a natural flavonol with a strong 
antioxidant property,31 was also included as a positive control. As 
shown in Figure 2B, kaempferol, Lico A, LM‐004, LM‐006, LM‐026, 
coumarin, LM‐016, LM‐031, and curcumin had EC50 values of 27, 130, 
103, 145, 56, 178, 169, 105, and 55 μmol/L, respectively. The number 
and position of the active OH group for trapping a free radical32 may 
account for the radical scavenging efficacy of test compounds.

3.3 | Effects of test compounds on Tet‐On Aβ‐GFP 
293 cells

We examined the potential of test compounds to prevent cellular 
Aβ aggregation and the associated oxidation. In Aβ‐GFP fusion pro‐
tein, Aβ aggregates rapidly, resulting in misfolding of the fused GFP, 
thereby reducing the fluorescence intensity. The inhibition of Aβ 
aggregation may improve GFP folding, thus increasing the fluores‐
cent signal in Aβ‐GFP‐expressing cells.33 Tet‐On Aβ‐GFP 293 cells 
were used to assess the effect of the test compounds on Aβ aggre‐
gation (Figure 3A). Figure 3B presents the representative fluores‐
cent images of Aβ‐GFP cells with or without curcumin treatment. 
Relative GFP fluorescence (Figure 3C) was measured in wells show‐
ing >80% viability. As a positive control, curcumin at a concentra‐
tion of 2.5‐5 μmol/L (effective dose) significantly increased Aβ‐GFP 
fluorescence (107%‐120%). Treatment with Lico A (0.001‐1 μmol/L, 
105%‐115%), LM‐004 (0.001‐0.1 μmol/L, 103%‐111%), LM‐006 
(0.001‐1 μmol/L, 105%‐112%), LM‐026 (0.01‐1 μmol/L, 102%‐105%), 
coumarin (0.01‐1 μmol/L, 103%‐109%), LM‐016 (0.001‐10 μmol/L, 
103%‐117%), and LM‐031 (0.001‐10 μmol/L, 107%‐125%) also sig‐
nificantly increased Aβ‐GFP fluorescence. By contrast, treatment 
with Lico A (1 μmol/L), coumarin (1 μmol/L), LM‐031 (1‐10 μmol/L), 
or curcumin (5 μmol/L) did not significantly alter the Aβ‐GFP RNA 
level (24.2‐25.2 vs 25.0 times; Figure 3D). Among all the test com‐
pounds, the effective concentration of LM‐031 had the widest 
range.

In addition, we examined the ROS level in Tet‐On Aβ‐GFP 293 cells 
following treatment with the test compounds. The ROS level (122%) 
significantly increased in cells with induced Aβ‐GFP expression com‐
pared with uninduced control cells (100%; Figure 3E). Treatment with 
the test compounds significantly reduced the ROS level (75%‐98% of 
the control) compared with no treatment (122%). LM‐031 at a con‐
centration of 1‐10 μmol/L showed the best performance in reducing 
the ROS level (89%‐75% of the control) among the test compounds.

Aβ promotes oxidative stress, resulting in ROS formation, lipid 
peroxidation, protein oxidation, Ca2+ dysregulation, mitochondrial 
impairment, and other cellular responses that contribute to neuronal 
death.34-36 Anthocyanins protected PC‐12 cells from Aβ‐induced in‐
jury through the inhibition of oxidative damage, intracellular calcium 
influx, mitochondrial dysfunction, and apoptosis.37 The antioxidant 
activity represented by the scavenging of DPPH free radicals and 
the decrease in the ROS level in Aβ‐GFP 293 cells indicated that 
LM‐031 is a promising compound for the treatment of AD and other 
oxidative stress‐related neurodegenerative diseases.

3.4 | Effects of test compounds on Tet‐On Aβ‐GFP 
SH‐SY5Y cells

To further evaluate the neuroprotective effect of test compounds, 
we applied these compounds to the Tet‐On Aβ‐GFP SH‐SY5Y cells 
(Figure 4A).38 The induction of Aβ‐GFP significantly upregulated 
the CASP3 expression level (168% of the control). Treatment of 
cells with Lico A, coumarin, LM‐006, LM‐026, LM‐016, LM‐031 
(1 µmol/L), and curcumin (5 µmol/L) significantly attenuated 
the CASP3 expression level (92%‐104% vs 168%; Figure 4B). 
Aβ‐GFP induction significantly reduced the neurite length (87% 
of the control). Pretreatment with Lico A, coumarin, LM‐006, 
LM‐026 (1 µmol/L), LM‐016, LM‐031 (1‐10 µmol/L), and cur‐
cumin (5 µmol/L) reversed this negative effect (98%‐110% vs 
87%; Figure 4C‐D). Among the test compounds, LM‐031 showed 
the best activity in promoting neurite outgrowth (104%‐110% in 
1‐10 μmol/L).

In the brains of patients with AD, Aβ aggregation colocalized 
with AChE, which accelerated Aβ misfolding.39 A monoclonal 
antibody against AChE reduced the formation of Aβ aggrega‐
tion.40 Specific inhibitors of AChE provide an attractive possibil‐
ity for treating AD.41 Thus, we assessed the potential of the test 
compounds to inhibit AChE in Aβ‐GFP SH‐SY5Y cells. After the 
induction of Aβ‐GFP for 6 days, AChE activity significantly in‐
creased (122% of the control). Treatment of cells with Lico A, 
LM‐006, LM‐026, coumarin, LM‐016, LM‐031 (1 μmol/L), and 
curcumin (5 μmol/L) attenuated the AChE activity induced by Aβ 

F I G U R E  5   Enhanced expression of HSPB1, NRF2, and CREB pathways following test compound administration in Aβ‐GFP SH‐SY5Y cells. 
On day 2, differentiated SH‐SY5Y cells were pretreated with 1 μmol/L LM‐031, Lico A, or coumarin for 8 hours, and Aβ‐GFP expression was 
induced for 6 days. Relative A, HSPB1 and soluble Aβ‐GFP, B, NRF2, GCLC, and NQO1, and C, CREB, pCREB, BDNF, BCL2, and BAX protein 
levels were analyzed through immunoblotting using specific antibodies. Protein levels were normalized to β‐actin or β‐tubulin internal 
control. Relative protein levels are shown on the right side of the representative Western blot images. To normalize, the expression level in 
uninduced (−Dox) cells was set at 100%. For Aβ‐GFP, the soluble level in induced (+Dox) cells was set at 100%. P values between induced 
and uninduced cells (#P < 0.05 and ##P < 0.01) as well as between treated and untreated cells (*P < 0.05 and **P < 0.01) were compared
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overexpression (97%‐109% vs 122%; Figure 4E). LM‐031 showed 
the best activity in reducing AChE activity (97% in 1 μmol/L) and 
thus was selected for further investigation.

3.5 | Molecular targets of LM‐031, Lico A, and 
coumarin in Tet‐On Aβ‐GFP SH‐SY5Y cells

Small heat shock proteins may regulate Aβ aggregation and serve 
as antagonists of the biological action of misfolded Aβ.42 Among 
them, HSPB1 demonstrated the potential to protect cortical neu‐
rons against Aβ toxicity,43 and overexpression of HSPB1 reduced the 
amount of amyloid plaques in APP/PS1 mice.44 Thus, we examined 
the expression levels of HSPB1 and soluble Aβ‐GFP following treat‐
ment with LM‐031, Lico A, and coumarin in Tet‐on Aβ‐GFP SH‐SY5Y 
cells. As shown in Figure 5A, the induction of Aβ‐GFP in differenti‐
ated SH‐SY5Y cells significantly attenuated the expression of HSPB1 
(77% of the control). This reduction could be rescued through treat‐
ment with LM‐031, Lico A, or coumarin (90%‐93% vs 77%), accom‐
panied by an increased soluble Aβ‐GFP protein level (162%‐171% 
of the untreated cells). Previously, we reported that the synthetic 
indole/indolylquinoline compounds NC009‐1/NC009‐7 reduced Aβ 
and tau misfolding and aggregation by facilitating appropriate fold‐
ing and enhancing HSPB1 expression.24,37 Similar to the reported 
NC009 compounds, LM‐031 facilitated appropriate folding and en‐
hanced HSPB1 expression to reduce Aβ misfolding and aggregation.

To determine molecular targets involved in preventing oxi‐
dation, we examined whether LM‐031, Lico A, and coumarin up‐
regulated NRF2 and its downstream gene expression in Tet‐On 
Aβ‐GFP SH‐SY5Y cells, because NRF2 provides protection against 
Aβ‐induced neural stem/progenitor cell toxicity.11 As shown in 
Figure 5B, the induction of Aβ‐GFP for 6 days significantly attenu‐
ated the expression of NRF2 (76%), GCLC (84%), and NQO1 (75%) 
compared with that in uninduced control (100%). This reduction 
can be rescued by the addition of LM‐031, Lico A, or coumarin, 
which significantly increased the expression of NRF2 (108%‐112%), 
GCLC (110%‐115%), and NQO1 (117%‐137%) compared with that 
in untreated cells (76% for NRF2, 84% for GCLC, 75% for NQO1).

Accumulation of Aβ reduces CREB activation/phosphoryla‐
tion,45 which plays a central role in synaptic dysfunction and memory 

impairment in AD.46 Following phosphorylation at Ser133, CREB up‐
regulated BCL247 and BDNF48 gene expression through the recruit‐
ment of the coactivator CBP to promote cell survival and modulate 
synaptic activity. CREB‐dependent BDNF and BCL2 pathways are 
impaired in the hippocampus of APP transgenic mice, and the over‐
expression of CREB could protect against Aβ‐induced neuronal apop‐
tosis in rat primary hippocampal neurons.49 Thus, we examined the 
protein levels of CREB/pCREB, BDNF, and BCL2 following treatment 
with LM‐031, Lico A, or coumarin in Tet‐On Aβ‐GFP SH‐SY5Y cells. 
The protein expression of CREB (84%), pCREB (70%), pro‐BDNF (88%), 
mature BDNF (93%), and BCL2 (87%) was attenuated after the induc‐
tion of Aβ‐GFP for 6 days relative to the control (100%, Figure 5C). 
The addition of LM‐031, Lico A, or coumarin rescued the reduction 
of CREB (94% vs 84%), pCREB (103%‐122% vs 70%), pro‐BDNF 
(104%‐110% vs 88%), mature BDNF (99%‐106% vs 93%), and BCL2 
(94%‐107% vs 87%). In response to the antiapoptotic BCL2 change, 
the expression of proapoptotic BAX increased after the induction of 
Aβ‐GFP (133% of the control), whereas addition of LM‐031, Lico A, or 
coumarin attenuated the BAX expression level (83%‐91% vs 133%).

Aβ deposition causes neuronal death through many possible mech‐
anisms including oxidative stress, excitotoxicity, energy depletion, 
inflammation, and apoptosis.50 Catalpol protected primary cultured 
cortical neurons induced by Aβ42 through a mitochondrial‐dependent 
caspase pathway.51 Hyperbaric oxygen and a Ginkgo biloba extract 
(EGB761) improved escape latency in rats administered with Aβ25‐35 
by increasing SOD and GSH expression and reducing BAX and caspase 
3 expression.52 In our study, treatment with LM‐031 upregulated an‐
tioxidant NRF2 pathways and reduced BAX and CASP3 expression in 
Aβ‐GFP SH‐SY5Y cells, supporting the role of LM‐031 in treating AD 
by preventing oxidative stress and blocking mitochondria‐mediated 
apoptosis pathways. In addition, LM‐031 demonstrated its potential as 
an enhancer of CREB‐mediated pathways, further highlighting its pos‐
sible role as a novel compound with multiple targets in AD treatment.

3.6 | HSPB1, NRF2, and CREB as therapeutic 
targets in LM‐031‐treated Aβ‐GFP SH‐SY5Y cells

We explored the effect of silencing HSPB1, NRF2, and CREB genes 
on neurite outgrowth by using lentivirus‐mediated RNA interference. 

F I G U R E  6   HSPB1, NRF2, and CREB as therapeutic targets in LM‐031‐treated Aβ‐GFP SH‐SY5Y cells. A, Experimental outline. Aβ‐GFP 
SH‐SY5Y cells were plated into 6‐well (for protein analysis) or 24‐well (for outgrowth analysis) plates with retinoic acid (RA, 10 µmol/L) 
added on day 1. On the following day, cells were infected with lentiviruses expressing shRNA (HSPB1, NRF2, CREB‐specific, or scrambled). 
At 24 hours postinfection, LM‐031 (1 µmol/L) was added to the cells for 8 hours, followed by the induction of Aβ‐GFP expression (+ Dox, 
2 µg/mL) for 6 days. Then, the cells were collected for HSPB1, NRF2, or CREB protein analysis through immunoblotting (GAPDH as a 
loading control) and neurite outgrowth analysis through high‐content analysis. B, Western blot analysis of HSPB1, NRF2, and CREB protein 
levels in LM‐031‐treated cells infected with HSPB1, NRF2, CREB‐specific, or a negative control scramble shRNA. To normalize, the relative 
HSPB1/NRF2/CREB level of uninduced cells was set at 100%. P values: comparisons between induced vs uninduced cells, LM‐031‐treated 
vs untreated cells, or scramble vs HSPB1/NRF2/CREB shRNA‐infected cells (n = 3). C, Microscopic images of uninduced or induced Aβ‐GFP 
SH‐SY5Y cells infected with scramble shRNA or LM‐031 (1 μmol/L) treated cells infected with scramble or HSPB1/NRF2/CREB‐specific 
shRNA. Nuclei were counterstained with Hoechst 33342 (blue). D, Neurite outgrowth assay, including length, process, and branch, of 
LM‐031‐treated Aβ‐GFP SH‐SY5Y cells infected with HSPB1/NRF2/CREB‐specific or a scramble shRNA. To normalize, the relative neurite 
length/process/branch of scramble shRNA‐infected, uninduced cells without LM‐031 treatment was set at 100%. P values: comparisons 
between induced vs uninduced cells, LM‐031‐treated vs untreated cells, or scramble shRNA vs HSPB1/NRF2/CREB‐specific shRNA‐infected 
cells (n = 3)
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Aβ‐GFP SH‐SY5Y cells were infected with HSPB1‐specific, NRF2‐
specific, CREB‐specific, or scramble (negative control) shRNA. On 
the following day, cells were pretreated with LM‐031 for 8 hours, 
followed by the induction of Aβ‐GFP expression by using doxycy‐
cline for 6 days (Figure 6A). In scramble shRNA‐infected cells, the 
induction of Aβ‐GFP reduced the expression of HSPB1 (79%), NRF2 
(56%), and CREB (77%) relative to the control (100%). Treatment 
with LM‐031 significantly increased the expression of HSPB1 (125% 
vs 79%), NRF2 (136% vs 56%), and CREB (101% vs 77%), the effect 
of which was attenuated by HSPB1‐specific (75% vs 125%), NRF2‐
specific (27% vs 136%), and CREB‐specific (68% vs 101%) shRNA 
(Figure 6B). In line with the expression of HSPB1, NRF2, and CREB, 
we observed an improvement in neurite outgrowth, including in its 
length (109% vs 86%), process (107% vs 87%), and branch (106% vs 
73%; Figure 6C‐D), in scramble shRNA‐infected cells treated with 
LM‐031 compared with untreated cells. In addition, decreased neu‐
rite outgrowth (85%‐67% vs 109%), process (96%‐82% vs 107%), 
and branch (74%‐63% vs 106%) were observed in LM‐031‐treated 
cells infected with HSPB1, NRF2, or CREB shRNA compared with 
the scramble control.

4  | CONCLUSION

Currently, no effective treatment exists for modifying or prevent‐
ing AD progression. Aβ misfolding and aggregation cause oxidative 
stress, neuronal cell injury, and death. Novel synthetic LM‐031 ex‐
erted neuroprotective effects in Aβ‐GFP SH‐SY5Y cells by upregulat‐
ing molecular chaperone HSPB1 and NRF2/NQO1/GCLC to reduce 
oxidative stress and by activating CREB‐dependent BDNF/AKT/
ERK for cell survival and CREB‐dependent BCL2 for antiapoptosis. 
Because LM‐031 is soluble in the cell culture medium at a concentra‐
tion up to 1 mmol/L, we are optimistic regarding the bioavailability 
of LM‐031. With low cytotoxicity in human cells and a wide range of 
the effective concentration for inhibiting Aβ aggregation and neu‐
roprotection, novel LM‐031 has potential for being developed as an 
AD therapeutic. Additional in vivo and clinical studies are required to 
confirm the application of this multitargeted compound in modifying 
the progression of AD.
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