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INTRODUCTION 
 

Alzheimer’s disease (AD) is the most common disorder 

that causes dementia. Amyloid β (Aβ)-containing 

plaques and neurofibrillary tangles deposited in the 

brains are the main pathological features [1]. Several 

mutations in the Aβ precursor protein (APP) and 

presenilin-1 (PS1) and -2 (PS2) genes have been shown 

to cause familial AD [2]. Aβ deposition is one of the 
early events in AD pathology [3]. APP is an integral 

membrane protein that is proteolyzed to generate a 

peptide containing 39–43 amino acids. The Aβ peptide 

composed of 42 amino acids (Aβ42) is the main peptide 

accumulated in the AD brains [4]. Aβ monomer 

misfolds into oligomers, pre-fibrillar and insoluble 

fibrillar aggregates that are toxic to neurons [5, 6]. The 

accumulated misfolded proteins cause neurotoxicity that 

leads to apoptosis [7, 8]. Thus, clearance of the 

abnormal Aβ aggregates has been suggested as a 

therapeutic method to modify disease progression in 

AD. 

 

Brain-derived neurotrophic factor (BDNF), a 

neurotrophic factor, is expressed ubiquitously in whole 
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ABSTRACT 
 

Decreased BDNF and impaired TRKB signaling contribute to neurodegeneration in Alzheimer’s disease (AD). We 
have shown previously that coumarin derivative LM-031 enhanced CREB/BDNF/BCL2 pathway. In this study we 
explored if LM-031 analogs LMDS-1 to -4 may act as TRKB agonists to protect SH-SY5Y cells against Aβ toxicity. 
By docking computation for binding with TRKB using 7,8-DHF as a control, all four LMDS compounds displayed 
potential of binding to domain d5 of TRKB. In addition, all four LMDS compounds exhibited anti-aggregation 
and neuroprotective efficacy on SH-SY5Y cells with induced Aβ-GFP expression. Knock-down of TRKB 
significantly attenuated TRKB downstream signaling and the neurite outgrowth-promoting effects of these 
LMDS compounds. Among them, LMDS-1 and -2 were further examined for TRKB signaling. Treatment of ERK 
inhibitor U0126 or PI3K inhibitor wortmannin decreased p-CREB, BDNF and BCL2 in Aβ-GFP cells, implicating the 
neuroprotective effects are via activating TRKB downstream ERK, PI3K-AKT and CREB signaling. LMDS-1 and -2 
are blood–brain barrier permeable as shown by parallel artificial membrane permeability assay. Our results 
demonstrate how LMDS-1 and -2 are likely to work as TRKB agonists to exert neuroprotection in Aβ cells, which 
may shed light on the potential application in therapeutics of AD. 

mailto:cmchen@cgmh.org.tw
mailto:sun@ntnu.edu.tw
mailto:t43019@ntnu.edu.tw
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/


www.aging-us.com 7569 AGING 

brain and plays a vital role in promoting neural 

plasticity, neuronal growth and cell survival [9]. 

BDNF has a high binding affinity to tropomyosin-

related kinase B (TRKB), also known as neurotrophic 

receptor tyrosine kinase 2, to induce TRKB 

dimerization and phosphorylation of TRKB, and 

subsequently to activate downstream cascades 

including, phosphoinositide 3-kinase (PI3K)-AKT 

serine/threonine kinase (AKT), extracellular signal-

regulated kinase (ERK)-cAMP responsive element 

binding protein 1 (CREB), and phospholipase C-γ1 

(PLC-γ1). The TRKB receptor activation would lead 

to enhanced memory formation and storage as well as 

neuroplasticity, neurogenesis, neurite outgrowth and 

neuronal survival [10, 11]. ERK phosphorylates CREB 

to promote transcription of genes for neuronal 

survival, neurite outgrowth and neuroplasticity [12], 

such as BDNF [13] and BCL2 apoptosis regulator 

(BCL2) [14]. The post-synaptic ERK signal would 

also enhance the neuroplasticity related long-term 

potentiation [11]. 

 

Decreased BDNF has been shown in several 

neurodegenerative diseases [12]. Previous reports have 

shown that BDNF transcription and protein expression 

is reduced in hippocampus, cortex and Meynert basal 

ganglion of AD brains [13, 14]. It has been shown that 

accumulation of Aβ is associated with loss of BDNF 

[15] and Aβ inhibits protein kinase A to down-regulate 

the CREB phosphorylation and expression of BDNF 

[15, 16]. Oligomeric Aβ also interferes with Ras-ERK 

and PI3K-AKT pathways to aggravate neurotoxicity 

[17]. Several preclinical studies using AD mouse 

models have demonstrated that increased BDNF 

expression rescues neurotoxicity and improves 

cognitive function [18–20]. Nevertheless, the poor 

bioavailability of BDNF, or example the short half-life 

in plasma and the limited blood–brain barrier (BBB) 

permeability [21], restricts the application of BDNF. 

 

Developing novel small molecule agonists of TRKB 

receptor is a potential therapeutic strategy for 

neurodegenerative diseases including AD [22]. To 

identify compounds acting as TRKB agonists with a 

good BBB permeability is crucial for developing 

therapeutics for AD. Our previous studies have 

demonstrated that a novel coumarin derivative, LM-

031, displayed neuroprotective effects by upregulating 

CREB/BDNF/BCL2 pathway in our Flp-In Aβ-GFP 

SH-SY5Y cells [23]. In this study, we searched three 

online databases for LM-031 analogous compounds 

using compound similarity search software tools and 

identified four top-scoring compounds LMDS-1 to -4 as 
the candidate TRKB agonists. To examine their 

plausible role as TRKB agonists, docking computation 

was firstly conducted to investigate binding strength 

and conformation of LM-031 and the four analogs. We 

then examined if the four potential small TRKB 

agonists would exert neuroprotective effects and 

influence the TRKB downstream pathways in Aβ-GFP 

folding reporter SH-SY5Y cells. The BBB permeability 

was also examined by using parallel artificial membrane 

permeability assay (PAMPA). 

 

RESULTS 
 

Test compounds 

 

We tested the coumarin derivative LM-031 and the 

analogs LMDS-1 to -4 (Figure 1A). According to their 

molecular weight (MW), hydrogen bond acceptor 

(HBA), hydrogen bond donor (HBD), and octanol-water 

partition coefficient (cLogP), these five compounds 

fulfill five criteria of Lipinski’s rule for predicting oral 

bioavailability [24] (Figure 1B). All five compounds 

were anticipated to diffuse over the BBB with a polar 

surface area (PSA) of smaller than 90 Å2 [25], which 

were similarly supported by an online BBB predictor 

[26] (Figure 1B). 
 

Anti-amyloid and anti-oxidative stress are regarded as 

crucial AD therapeutic approaches. The thioflavin T 

fluorescence assay was applied to gauge the 

suppression of Aβ aggregation. Curcumin is known to 

reduce amyloid aggregation [27]. Both curcumin and 

coumarin were included for comparison. Half maximal 

effective concentration (EC50) values of curcumin, 

LM-031, LMDS-1 to -4 and coumarin to inhibit Aβ 

aggregation were: <5, 9, <5, 18, 14, <5 and 25 μM, 

respectively (Figure 1C). The free radical scavenging 

activity of the LM-031, analogs and coumarin was 

investigated using diphenylpicrylhydrazyl (DPPH) as a 

substrate. Kaempferol (a positive control [28]), LM-

031, LMDS-1 to -4 and coumarin had EC50 values of 

28, 104, 117, 146, 167, 116 and 179 μM, respectively 

(Figure 1D). 

 

Binding strength and conformation by docking 

computation 
 

Figure 2A shows the binding conformations of 7,8-

DHF, LM-031 and two representative LMDS 

compounds (LMDS-1 and -4) and Figure 2B shows the 

predicted binding strengths of these compounds. Of the 

tested compounds, the computations predicted that 

LMDS-1 and -2 were the top two compounds 

interacting with TRKB receptor. Note that the LMDS 

compounds have different binding modes in comparison 

with 7,8-DHF and LM-031. In addition, interestingly, 
all LMDS-1 to -3 have the same binding mode, 3 

hydrogen bonds with backbone of L315 and I334, and 

side chain of K312. In contrast, LMDS-4 binds with d5 
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domain in different orientation with a lower binding 

strength compared with LMDS-1 to -3. It only has a 

bifurcated hydrogen bond with side chain of K312. 

These results suggest that bulky carboxylate group is 

not favorable functional group at the position of fused 

ring of LMDS compounds shown in Figure 1A. 

Aβ aggregation inhibition and reduction of Aβ-

induced oxidative stress 

 

Aβ-GFP SH-SY5Y cells [29] were used to examine  

Aβ aggregation inhibition of LM-031 and analogs 

(Figure 3A). The cell model uses GFP as a reporter to 

 

 
 

Figure 1. LM-031 and analogous compounds. (A) Structure and formula of LM-031 and analogs LMDS-1 to -4 and coumarin backbone. 

(B) Molecular weight (MW), hydrogen bond donor (HBD), hydrogen bond acceptor (HBA), calculated octanol-water partition coefficient 
(cLogP), polar surface area (PSA), and predicted blood-brain barrier (BBB) score of these compounds. (C) Aβ aggregation inhibition of 
curcumin (as a positive control), coumarin, LM-031 and analogs (5–20 μM) by the thioflavin T assay (n = 3). To normalize, the relative 
thioflavin T fluorescence of Aβ42 without compound treatment was set at 100%. Shown below are the EC50 values. (D) Radical scavenging 
activity of kaempferol (as a positive control), coumarin, LM-031 and analogs (10–160 μM) on DPPH (n = 3). Shown below are the EC50 values. 
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reflect the level of Aβ misfolding. The fast misfolding 

and formation of Aβ aggregates causes misfolding of 

fused GFP, thereby suppressing green fluorescence. 

Compounds that inhibit Aβ misfolding allow refolding 

of GFP monitored by an increase in green fluorescence 

on Aβ-GFP expressing cells [30]. Curcumin, which can 

modify the Aβ aggregation pathway and ameliorate Aβ-

induced toxicity [31], was considered as a positive 

control. Coumarin was also included for comparison. 

The intensity of GFP fluorescence in cells pre-treated 

with 2.5–5 µM curcumin and 1.2–5 µM coumarin was 

significantly increased (113–140%, P = 0.037–0.001; 

cell viability: 101–91%) compared to the untreated cells 

(100%). Treatment with LM-031, LMDS-1, -2, -4 at 

1.2–5 µM, or LMDS-3 at 2.5–5 µM significantly 

increased the intensity of green fluorescence (111–

149%, P = 0.048–0.001; cell viability: 106–92%) 

(Figure 3B), while Aβ-GFP RNA level was not affected 

 

 
 

Figure 2. Docking computations of 7,8-DHF, LM-031 and analogs. (A) The docking conformations of 7,8-DHF (as a positive control), 

LM-031, LMDS-1 and LMDS-4 binding to extracellular d5 domain (the second immunoglobulin-like domain, residues 250–340) of TRKB 
receptor. The TRKB-d5 domain (ribbon structures) is colored in beige and the wire-frame structures denote the compounds. The labeled 
amino acids were within 10 Å radii of examined compounds. Carbon, oxygen, hydrogen and nitrogen atoms of compounds or side chains of 
surrounding amino acids are shown in light blue, red, white and blue, respectively. The dotted orange lines indicate hydrogen bond 
interactions between compounds and protein. (B) Amino acid residues 301–350 of d5 domain. The amino acids within 10 Å radii of 
examined compounds are colored in red; the cysteines involved in disulfide linkage are underlined. Shown on the right were docking scores 
of 7,8-DHF, LM-031 and analogs calculated by the GOLD program. 
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Figure 3. Aβ aggregation and oxidative stress inhibitory effects of LM-031 and analogs in Aβ-GFP SH-SY5Y cells. (A) 

Experimental flow chart. On day 1, cells were plated with retinoic acid (RA, 10 µM) added to the culture medium. On day 2, curcumin, 
coumarin, LM-031 or analogs (1.2–5 µM) was added to the cells for 8 h, followed by inducing Aβ-GFP expression with doxycycline (Dox, 5 
µg/ml) for 6 days. On day 8, Aβ-GFP fluorescence, Aβ-GFP RNA and ROS (CellROX® Deep Red stain) were measured. (B) Assessment of GFP 
fluorescence with curcumin, coumarin, LM-031 or analogs (1.2–5 µM) treatment (n = 3), with EC50 values shown below. Shown underneath 
are cell number analyzed in each treatment. The relative GFP fluorescence/cell number of untreated cells (Untr) was normalized as 100%. 
(two-tailed Student’s t test; *P < 0.05 and **P < 0.01) (C) Aβ-GFP RNA of Aβ-GFP SH-SY5Y cells untreated or treated with curcumin, coumarin, 
LM-031 or analogs at 5 µM (n = 3). HPRT1 was used for normalization. (D) Images of CellROX® Deep Red stain (red) and ROS assay of Aβ-
GFP cells uninduced, untreated, or treated with curcumin, coumarin, LM-031 or analogs at 5 µM (n = 3). The relative ROS of uninduced cells 
(Dox-) was normalized (100%). (C, D) P values: comparisons between induced (Dox+) vs. uninduced (Dox-) cells (###P < 0.001), or compound-
treated vs. untreated (Dox+) cells (***P < 0.001). (one-way ANOVA with post hoc Tukey test). 
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by LM-031 and analogs at 5 µM concentration (24.8–

27.3 folds, P > 0.05) (Figure 3C). For Aβ aggregation 

inhibition, curcumin, LM-031, LMDS-1 to -4 and 

coumarin had EC50 values of 6.1, 5.9, 6.0, 7.5, 11.0, 7.2 

and 9.8 μM, respectively. In an analysis of oxidative 

stress, the level of reactive oxygen species (ROS) 

increased significantly in Aβ-GFP-expressing SH-

SY5Y cells (161%, P < 0.001), while treatments with 

curcumin, LM-031, analogs and coumarin at a 

concentration of 5 μM decreased the ROS level induced 

by induced Aβ expression (117–92%, P < 0.001) 

(Figure 3D). These results indicated that the LM-031 

and analogs not only hindered the aggregation of 

amyloid, but also attenuated oxidative stress caused by 

Aβ overexpression. 

 

Neuroprotective activity of LM-031 and analogs 

 

The neuroprotective efficacy of LM-031 and analogs, 

including acetylcholinesterase (AChE) and caspase 1 

activity, and neurite outgrowth, were evaluated. Aβ 

overexpression significantly reduced length (from 30.6 

μm to 23.1 μm, P = 0.002), process (from 3.9 to 3.0, P 

= 0.005) and branch (from 3.0 to 2.0, P = 0.002) of 

neurites. Respective curcumin, LM-031 or analogs (5 

µM) treatment successfully increased neurite length 

(from 23.1 μm to 27.5–31.2 μm, P = 0.036–<0.001) 

and branch (from 2.0 to 2.7–2.9, P = 0.047–0.006), 

while rescue of process was evident only for curcumin 

and LM-031 (from 3.0 to 3.7–3.8, P = 0.011–0.002) 

(Figure 4A). AChE (120%, P = 0.007) and caspase 1 

(153%, P < 0.001) activities were also considerably 

elevated by Aβ overexpression, whereas treatment with 

curcumin, LM-031 and analogs (5 µM) decreased 

AChE (from 120% to 103–83%; P = 0.027–<0.001) 

and caspase 1 (from 153% to 137–115%; P = 0.014–

<0.001) activities in comparison to no treatment 

(Figure 4B). 

 

TRKB knockdown in Aβ-GFP-expressing SH-SY5Y 

cells 

 

Next, we used lentivirus-mediated shRNA targeting to 

knock down TRKB expression to assess the role of 

TRKB and downstream signaling (Figure 5A), since the 

investigated TRKB agonists had neuroprotective 

activity on Aβ-GFP-expressing SH-SY5Y cells. Aβ-

GFP overexpression had no significant impact on 

TRKB expression in cells infected with control 

(scrambled) shRNA (72%; P > 0.05). TRKB expression 

was unaffected by treatment with LM-031 and analogs 

(97–106%; P > 0.05). In contrast, TRKB-specific 

shRNA decreased the amount of TRKB in Aβ-GFP-

expressing cells without (from 75% to 30%, P = 0.002) 

or with (from 97–106% to 28–32%; P < 0.001) LM-031 

and analogs treatment (Figure 5B). 

In addition to examining the level of TRKB, the levels 

of downstream signaling effectors including ERK, AKT 

and CREB in TRKB-knockdown cells in response to 

treatment with LMDS compounds were also examined 

(Figure 5C). Aβ-GFP overexpression decreased the 

expression of p-ERK (47%, P < 0.001), p-AKT (46%,  

P < 0.001), and p-CREB (48%, P = 0.002) in cells 

infected with scrambled shRNA, and the reduction was 

not worsened by TRKB-specific shRNA infection (P > 

0.05). Treatment with LM-031 or analogs rescued the 

reduced p-ERK (from 47% to 100–110%, P < 0.000), p-

AKT (from 46% to 79–106%, P = 0.017–<0.000) and p-

CREB (from 48% to 119–138%, P < 0.000) levels, and 

the rescue was blocked by TRKB-specific shRNA (p-

ERK: 56–60%, P = 0.006–<0.001; p-AKT: 56–68%, P 

= 0.227–<0.001; p-CREB: 67–91%; P = 0.037–<0.001). 

 

In the aforementioned TRKB-knockdown Aβ-GFP 

cells, the effects of LM-031 and analogs on increasing 

neurite outgrowth were assessed (Figure 5D). 

Overexpression of Aβ-GFP resulted in a significant 

decrease in length (from 30.2 µm to 22.4 µm), process 

(from 4.0 to 2.6), and branch (from 3.1 to 1.8) (P < 

0.001) of neurite, and shRNA targeting TRKB 

furthermore decreased neurite length/branch to 18.7 

µm/1.5 (P = 0.040–0.020). In Aβ-GFP cells, treatment 

with the LM-031 or analogs rescued the reduced neurite 

length (from 22.4 µm to 27.7–30.9 µm) and branch 

(from 1.8 to 2.6–2.9) (P < 0.001), and the rescue was 

blocked by shRNA targeting TRKB (length: 21.9–18.9 

µm, branch: 1.6–1.4; P < 0.001). Neurite process was 

significantly increased only by LM-031 (from 2.6 to 

3.8, P < 0.001), which was deterred by shRNA targeting 

TRKB (2.5, P < 0.001). 

 

Therapeutic targets of LMDS-1 and -2 in Aβ-GFP-

expressing SH-SY5Y cells 

 

The effects of LMDS-1 and LMDS-2 on expression 

levels of ERK, AKT and downstream targets of TRKB 

were examined by applying ERK inhibitor U0126 or 

PI3K inhibitor wortmannin (10 μM) to LMDS-1/2-

treated SH-SY5Y cells expressing Aβ-GFP (Figure 6A). 

Overexpression of Aβ-GFP down-regulated p-ERK and 

p-AKT (70–71%, P = 0.004–0.007), LMDS-1 and -2 

treatment rescued the reduction (110–115%, P < 0.001), 

whereas U0126 treatment lowered the elevation of p-

ERK (from 115% to 38–43%, P < 0.001) and 

wortmannin treatment lowered the elevation of p-AKT 

(from 110–111% to 30–29%, P < 0.001) (Figure 6B). 

Additionally, induced expression of Aβ-GFP reduced p-

TRKB Y516 and Y817 (61–64%, P = 0.004–0.001), p-

CREB (66%, P < 0.001), pro- and m-BDNF (68–52%, 
P = 0.022–0.005) and BCL2 (44%, P = 0.009), and 

increased BCL2 associated X, apoptosis regulator 

(BAX) (225%, P = 0.012). In contrast, treatment with 
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LMDS-1 and -2 increased p-TRKB Y516 and Y817 

(113–123%, P < 0.001), p-CREB (127–142%,  

P < 0.001), pro- and m-BDNF (100–169%, P = 0.025–

<0.001) and BCL2 (156–199%, P < 0.001), and reduced 

BAX (121–130%, P = 0.045–0.080). Treatment with 

U0126 or wortmannin attenuated the increase in 

 

 
 

Figure 4. Neuroprotective effects of LM-031 and analogs in Aβ-GFP SH-SY5Y cells. (A) Neurite outgrowth (length, process and 

branch) assay of Aβ-GFP cells uninduced, untreated, or treated with curcumin, LM-031 or analogs at 5 µM (n = 3). Shown below are images of 
TUBB3 (yellow)-stained cells, with nuclei counterstained with DAPI (blue), and segmented images with multi-colored mask to assign each 
outgrowth to a cell body for quantification. In uninduced cells, processes and branches are indicated with red and white arrows, respectively. 
(B) Caspase 1 and AChE activity assays with curcumin, LM-031 or analogs (5 µM) treatment (n = 3). The relative caspase 1 or AChE activity of 
uninduced cells (Dox-) was normalized (100%). P values: comparisons between induced (Dox+) vs. uninduced (Dox-) cells (##P < 0.01 and ###P < 
0.001), or compound-treated vs. untreated (Dox+) cells (*P < 0.05, **P < 0.01, ***P < 0.001). (one-way ANOVA with post hoc Tukey test). 
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Figure 5. TRKB RNA interference of Aβ-GFP SH-SY5Y cells. (A) Experimental flow chart. On day 1, Aβ-GFP SH-SY5Y cells were plated 
with retinoic acid (RA; 10 µM). On day 2, the cells were infected with lentivirus-expressing TRKB-specific or scrambled shRNA. At 24 h post-
infection, LM-031 or LMDS-1 to -4 (5 µM) was added to the cells for 8 h, followed by induction of Aβ-GFP expression (Dox, 5 µg/ml) for 6 
days. On day 9, TRKB and neurite outgrowth analyses were performed. Western blot analysis of (B) TRKB, (C) p-ERK (T202/Y204), ERK, p-AKT 
(S473), AKT, p-CREB (S133), and CREB in compound-treated cells infected with TRKB-specific or scrambled shRNA-expressing lentivirus (n = 3). 
GAPDH was used as a loading control. To normalize, the relative protein level of uninduced cells was set at 100%. (D) Microscopic images and 
neurite outgrowth (length, process and branch) assay of Aβ-GFP-expressing cells with TRKB-specific or scrambled shRNA, and with or without 
LM-031 or analogs (5 μM) treatments (n = 3). TUBB3 staining (yellow) was used to quantify the extent of neurite outgrowth. Nuclei were 
counterstained with DAPI (blue). Also shown were segmented images with multi-colored mask to assign each outgrowth to a cell body for 
quantification. In uninduced cells, processes and branches are indicated with red and white arrows, respectively. P values: comparisons 
between induced vs. uninduced cells (###P < 0.001), compound-treated vs. untreated (induced) cells (***P < 0.001), or TRKB shRNA-treated vs. 
scrambled shRNA-treated cells (&P < 0.05, &&P < 0.01, &&&P < 0.001). (one-way ANOVA with a post hoc Tukey test). 
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p-CREB (52–84%, P < 0.001), pro- and m-BDNF (65–

88%, P = 0.198–<0.001) and BCL2 (80–121%, P < 

0.001), and reduced the decrease in BAX (152–191%, P 

> 0.05) (Figure 6C). 

 

 
 

Figure 6. Activation of ERK, AKT and CREB pathways downstream to TRKB in Aβ-GFP SH-SY5Y cells. (A) Experimental flow 

chart. On day 1, cells were plated with retinoic acid (RA, 10 µM) added to the culture medium. On day 2, LMDS-1 or -2 (5 µM) was added to 
the cells for 8 h, followed by inducing Aβ-GFP expression with doxycycline (Dox, 5 µg/ml). Kinase inhibitors U0126 or wortmannin (10 µM) 
were added to the cells on day 6. On day 8, ERK, AKT, TRKB, CREB, BDNF, BCL2 and BAX levels were measured. (B) p-ERK (T202/Y204), ERK, 
p-AKT (S473), AKT, (C) p-TRKB (Y516 and Y817), TRKB, p-CREB (S133), CREB, BDNF (31/13 kDa), BCL2 and BAX levels analysed by 
immunoblot using GAPDH as a loading control (n = 3). To normalize, protein expression level in untreated cells was set at 100%. P values: 
comparisons between induced vs. uninduced cells (#P < 0.05, ##P < 0.01), compound-treated vs. untreated cells (*P < 0.05, **P < 0.01, ***P < 
0.001), or kinase inhibitor-treated vs. untreated cells (&P < 0.05, &&&P < 0.001). (one-way ANOVA with a post hoc Tukey test). 



www.aging-us.com 7577 AGING 

Comparative effects of LMDS-1, -2 and BDNF on 

TRKB signaling 

 

As LMDS-1 and -2 target ERK, AKT and downstream 

CREB, effects of BDNF and LMDS compounds on 

TRKB signaling were compared. Oxidative stress 

attenuation was first evaluated by treating Aβ-GFP cells 

with BDNF at 1–100 ng/ml concentration or LMDS-1, -

2 at 1.2–5 μM concentration (Figure 7A). The ROS 

level induced by Aβ overexpression was successfully 

 

 
 

Figure 7. Comparison of BDNF’s and LMDS compound’s signaling activation. (A) Assessment of ROS in Aβ-GFP cells uninduced, 

untreated, treated with treated with BDNF at 1–100 ng/ml, or LMDS-1, -2 at 1.2–5 µM (n = 3). The relative ROS of uninduced cells (Dox-) was 
normalized (100%). Shown below are images of CellROX® Deep Red stain (red). (B) Assessment of p-ERK (T202/Y204), ERK, p-AKT (S473), AKT, 
p-CREB (S133) and CREB levels with LMDS-1, -2 (5 µM) or BDNF (100 ng/ml) treatment by immunoblot using GAPDH as a loading control (n = 
3). To normalize, protein expression level in untreated cells was set at 100%. P values: comparisons between induced vs. uninduced cells (#P < 
0.05, ##P < 0.01), or compound-treated vs. untreated cells (*P < 0.05, **P < 0.01, ***P < 0.001). (one-way ANOVA with a post hoc Tukey test). 
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Table 1. Permeability of LM-031, analogs and QC compound by PAMPA-BBB method. 

Compound name Measured Pe (10−6 cm/s) or % transport PAMPA-BBB classificationa 

LM-031 4.80 ± 0.12  BBB+ (high) 

LMDS-1 14.88 ± 3.61 BBB+ (high) 

LMDS-2 3.81 ± 0.13 BBB+ (moderate) 

LMDS-3 11.83 ± 4.11 BBB+ (high) 

LMDS-4 – Not determined (due to low mass recovery) 

Bupropion 17.06 ± 1.09 High marker [33] 

Piroxicam 1.65 ± 0.17 Low marker [32] 

Lucifer yellow 0.00 (% Transport) Integrity marker 

aSuggested BBB permeability classification: Pe > 4 × 10−6 cm/s (high), 4 > Pe > 2 × 10−6 cm/s (moderate), and Pe < 2 × 10−6 cm/s (low). 

 

decreased by BDNF at 1–100 ng/ml, LMDS-1 at 1.2–5 

μM, and LMDS-2 at 2.5–5 μM (from 163% to 135–92%, 

P = 0.007–<0.001). BDNF at 100 ng/ml and LMDS-1, -

2 at 5 μM were then selected to compare the efficacy in 

TRKB signaling (Figure 7B). Overexpression of Aβ-

GFP down-regulated p-ERK (64%, P = 0.001), p-AKT 

(65%, P = 0.014) and p-CREB (42%, P < 0.001), and 

BDNF, LMDS-1 and -2 treatment rescued the reduction 

(p-ERK: 94–111%, P = 0.005–<0.001; p-AKT: 115–

118%, P = 0.001–<0.001; p-CREB: 85–97%, P = 0.002–

<0.001). No significant differences in p-ERK, p-AKT 

and p-CREB were detected between BDNF and LMDS-

1/2 groups (P > 0.05). 

 

BBB permeability of LM-031 and analogs 
 

As of now, the PAMPA model has been proposed to 

analyze membrane permeability, including BBB [32, 

33]. The in vitro BBB permeability of LM-031 and 

analogs was then estimated using the PAMPA-BBB 

approach. Quality controls, including high permeability 

bupropion [33], low permeability piroxicam [32], and 

integrity marker lucifer yellow, were included for 

comparison. Bupropion and piroxicam, which represent 

high (> 4 × 10−6 cm/s) and low (< 2 × 10−6 cm/s) BBB 

permeable controls, had effective permeability (Pe) 

values of 17.06 and 1.65 (10−6 cm/s), respectively 

(Table 1). Well-accepted membrane integrity (below the 

0.1% cut-off) was demonstrated by the unnoticeable 

transport of Lucifer yellow. The Pe values of LM-031, 

LMDS-1, -2 and -3 were 4.80 ± 0.12 [34], 14.88 ± 3.61, 

3.81 ± 0.13 and 11.83 ± 4.11 (10−6 cm/s) respectively, 

suggesting to be categorized as BBB permeable (Pe > 2 

×10−6 cm/s) in PAMPA-BBB measurement. Due to the 

low mass recovery (12.7%), the Pe value of LMDS-4 

was not determined. 

 

DISCUSSION 
 

There are several reasons for identifying small 

molecules acting as novel potential TRKB agonists for 

AD therapeutic uses. First, there is no available 

treatment currently to cure AD or to halt its progression. 

Second, substantial evidence has shown that decreased 

BDNF and impaired TRKB pathways, including ERK, 

CREB and PI3K-AKT, contribute to neurodegeneration 

in AD [13–17]. Third, agents enhancing BDNF 

expression or TRKB agonists provide beneficial effects 

to AD [35–37]. Fourth, BDNF hardly penetrates BBB 

into brain [21]. Thus, identifying TRKB agonists with 

good BBB permeability may provide a therapeutic 

strategy for AD. In the present study, we identified 

novel potential TRKB agonists with good 

bioavailability (Figure 1). This is supported by the 

calculated values of MW, HBD, HBA and cLogP of 

these compounds because they satisfy the Lipinski’s 

criteria [24]. Furthermore, PSA of less than 90 Å2 [25] 

and predicted BBB scores of greater than threshold 0.02 

[26] support a good BBB permeability of these 

compounds (Figure 1). The binding scores predicted by 

docking computations suggest these compounds have a 

good affinity to d5-domain of TRKB (Figure 2), 

providing evidence of their potential as TRKB agonists. 

 

LM-031 and LMDS-1 to -4 significantly reduced ROS 

production (Figure 3) and promoted neurite outgrowth 

(Figure 4) in induced Aβ-GFP SH-SY5Y cells. TRKB 

signaling is a key factor regulating neuron survival, 

differentiation, dendritic and axonal growth and 

branching, as well synaptic plasticity [38–40]. In 

addition, TRKB agonist 7,8-DHF displayed anti-

oxidative, anti-inflammatory, and anti-apoptotic effects 

to protect against cerebral injury [41]. Consistent with 

these previous reports, our results showed that LM-031 

and analogs stimulated neurite outgrowth and branching 

by activating TRKB signaling, and knock-down of 

TRKB significantly attenuated the neurite outgrowth 

promoting effects (Figure 5). 

 

In addition to targeting TRKB, neurotrophic receptor 

tyrosine kinase 1 (TRKA) agonist D3 have been 

shown to provide beneficial effects to activate TRKA-
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related signaling cascades and enhance cholinergic 

neurotransmission in transgenic mice overexpressing 

human APP with KM670/671NL and V717F 

mutations [42]. Targeting neurotrophic receptor 

tyrosine kinase 3 (TRKC) signaling may also be an 

effective approach to rescue impaired cholinergic 

function in AD [43]. Our study results demonstrate 

that LMDS compounds specific for TRKB binding 

enhance neurite outgrowth by activating signaling 

downstream of TRKB. Whether TRK receptor 

isoforms TRKA and TRKC could potentially be 

activated by LMDS compounds remains to be 

determined. In addition, future in vitro biding assay 

should be performed to provide evidence of LMDS 

compounds binding to extracellular domain of TRKB 

[22] to show their specificity of TRKB binding. 

 

Once TRKB is activated, three major signaling 

cascades, PLC-γ1, ERK and PI3K-AKT, ensue [44]. 

CREB can be phosphorylated at S133 by both p-ERK 

and p-AKT, and p-CREB (S133) can further enhance 

BDNF expression. We examined if LM-031, LMDS-1 

and -2 would act on TRKB signaling pathways, 

including ERK-CREB and PI3K-AKT-CREB. As 

shown in Figure 6, ERK inhibitor U0126 and PI3K 

inhibitor wortmannin, respectively, decreased p-CREB 

and mature BDNF in SH-SY5Y cells expressing Aβ-

GFP, suggesting that LM-031, LMDS-1 and -2 exerted 

their neuroprotection effects via enhancing PI3K-AKT-

CREB and ERK-CREB pathways. CREB 

phosphorylation up-regulates cAMP responsive 

element-mediated genes, including BDNF and BCL2, 

which provides neuroprotective effects against 

apoptosis [45, 46]. BCL2 was enhanced by LMDS-1 

and -2 and BAX reduced by LMDS-1, which effects 

were diminished by ERK inhibitor or PI3K inhibitor, 

further implicating that ERK, PI3K-AKT and CREB 

pathways contribute to neuroprotection in the Aβ-GFP 

model. 

 

Several known small molecules or compounds such as 

catalpol, cystamine, rosmarinic acid and wogonin 

could increase BDNF expression, but their role as 

TRKB agonists are not validated [47–50]. Up to now, 

a few TRKB agonists have been developed to treat 

neurodegenerative models. Among them, 7,8-DHF 

demonstrates the features of a potent TRKB agonist 

and the effects of preventing Aβ deposition, deficits 

of hippocampal synapses and memory impairment in 

5×FAD (APP K670N, M671L, I716V and V717I 

mutations along with PS1 M146L and L286V 

mutations) [51] or Tg2576 (APP K670N and M671L 

mutations) [52] AD mice. 7,8-DHF also elevates 

cellular glutathione levels and diminishes ROS stress 

caused by glutamate in HT-22 cells [53] and protects 

PC12 cells from cytotoxicity induced by 6-

hydroxydopamine through increasing superoxide 

dismutase and decreasing malondialdehyde [54]. It 

also suppresses the accumulation of α-synuclein and 

oxidative stress via activating TRKB [55]. Similar to 

7,8-DHF, the LMDS-1 and -2 also significantly 

reduced oxidative stress in Aβ-GFP cells. 7,8-DHF has 

a high affinity with TRKB [56, 57]. LM22A-4 is also a 

TRKB agonist, which has shown TRKB-activating and 

neurodegeneration-preventing effects in rodents, but 

LM22A-4 has a poor BBB penetration ability [58]. 

Similar to 7,8-DHF, LMDS-1 and -2, respectively 

displayed a good BBB permeability as shown by 

PAMPA-BBB measurement (Table 1), suggesting 

their potentials to treat neurodegenerative diseases. 

Application of LMDS-1 and -2 to animal models are 

warranted to confirm the neuroprotection effects. 

 

CONCLUSIONS 
 

In this study, we identified LM-031 analogous 

compounds LMDS-1 and -2 which may serve as the 

potential TRKB agonists to treat AD. This is supported 

by our experimental results demonstrating TRKB 

signaling-activating, aggregation-inhibitory, oxidative 

stress- and caspase 1-reducing, and neurite outgrowth-

promoting effects in Aβ-GFP SH-SY5Y cells. Pursuit 

of analogous compounds resembled to the identified 

compounds should be of interest in the future. 

 

MATERIALS AND METHODS 
 

Test compounds and BDNF 

 

In-house LM-031 activating the CREB-dependent 

survival and anti-apoptosis pathway was prepared as 

described [23]. To search for LM-031 analogous 

compounds, InterBioScreen Ltd. (https://www. 

ibscreen.com/), ChEMBL (https://www.ebi.ac.uk/ 

chembl/) and ZINC (http://zinc15.docking.org/) data-

bases were screened using compound similarity search 

software tools. Four top-scoring compounds LMDS-1 

to -4 were selected and obtained from Enamine (Kyiv, 

Ukraine). In cell culture media, these five compounds 

had no solubility problems all the way to 100 μM. The 

following items were bought from Sigma-Aldrich Co. 

(St. Louis, MO, USA): curcumin (control for 

monitoring Aβ folding), kaempferol (antioxidant 

control in DPPH assay), coumarin (backbone of LM-

031 and analogs) and BDNF. 

 

Bioavailability and BBB permeation prediction 

 
Using Internet software ChemDraw 

(http://www.perkinelmer.com/tw/category/chemdraw), 

the following properties of LM-031 and its analogs 

were computed: MW, HBD, HBA, cLogP, and PSA. 

https://www.ibscreen.com/
https://www.ibscreen.com/
https://www.ebi.ac.uk/chembl/
https://www.ebi.ac.uk/chembl/
http://zinc15.docking.org/
http://www.perkinelmer.com/tw/category/chemdraw
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Additionally, BBB permeation scores were derived 

utilizing the BBB prediction server Online BBB 

Predictor (https://www.cbligand.org/BBB/) [26]. 

 

Anti-amyloid and antioxidant assays 

 

Thioflavin T is widely used to visualize and quantify 

the presence of misfolded amyloid protein aggregates in 

vitro [59]. The Aβ amyloid inhibiting potential of 

curcumin, LM-031 and analogs (5–20 μM) were 

assessed by using Aβ42 peptide (AnaSpec, Fremont, 

CA, USA) upon binding to thioflavin T as stated [60]. 

In addition, DPPH radical (Sigma-Aldrich) [61] was 

used to assay the free radical scavenging capacity of 

kaempferol, LM-031 and analogs (10–160 μM) as 

stated [60]. 

 

Docking computation 

 

Docking calculations for LM-031 and analogs were 

carried out using the GOLD docking program [62, 63]. 

The computational protocol was similar to our previous 

study [64]. Briefly, protein structure of domain d5 of 

TRKB (pdb code: 1HCF) [65] was used for docking 

compounds. The d5 domain determined the specificity 

of neurotrophin receptors experimentally [66]. Binding 

site of small molecule agonists has been predicted by a 

previous computation [67]. To assure convergence of 

the computed findings, the numbers of operations of 

10,000, 20,000, 40,000 and 80,000 were carried out in 

the current docking computations of LM-031 and 

analogs. For comparison, 7,8-DHF, a bioactive TRKB 

agonist [22], was also added to the computation. 

 

Cells and culture 

 

Human neuroblastoma SH-SY5Y-derived Aβ-GFP cells 

were maintained as stated [29]. The recombinant Aβ-

GFP protein has a 12 amino acid-containing linker 

between the fused Aβ and GFP. Doxycycline (5 μg/ml; 

Sigma-Aldrich) was used to induce Aβ-GFP expression. 

 

Aβ folding reporter fluorescence and oxidative stress 

analyses 

 

Neuronal differentiation of Aβ-GFP SH-SY5Y cells 

was induced by retinoic acid (10 µM; Sigma-Aldrich) 

[68]. Cells on 96-well plate (2.5 × 104/well) were 

seeded on day 1, pre-treated with test compounds (1.2–5 

µM) plus induced Aβ-GFP expression (5 μg/ml 

doxycycline) on day 2, and stained with Hoechst 33342 

(0.1 µg/ml; Sigma-Aldrich) on day 8 as stated [60]. Cell 

images were then captured at 482 nm excitation/536 nm 
emission wavelengths (ImageXpress Micro Confocal 

high-content system) and analyzed (MetaXpress image 

acquisition and analysis software) (Molecular Devices, 

Sunnyvale, CA, USA). In addition, ROS was quantified 

on day 8 following CellROX Deep Red stain (5 μM; 

Molecular Probes, Waltham, MA, USA) using the high-

content system with excitation/emission wavelengths of 

644/665 nm. 

 

Real-time PCR analysis 

 

Total RNA was extracted, converted to cDNA, and the 

expressed Aβ-GFP RNA was quantified as stated [69]. 

The formula 2ΔCt, ΔCT = CT (HPRT1) - CT (EGFP), 

where CT stands for cycle threshold, was used to 

compute fold change. 

 

Neurite outgrowth analysis 

 

As stated, Aβ-GFP SH-SY5Y cells were seeded (6 × 

104/24-well) with retinoic acid addition on day 1, 

treated with tested compounds (5 µM) plus induced Aβ-

GFP expression (5 μg/ml doxycycline) on day 2, and 

stained with TUBB3 (tubulin beta 3 class III) primary 

antibody (1:1000; Covance #MMS-435P, Princeton, NJ, 

USA), goat anti-rabbit Alexa Fluor® 555 secondary 

antibody (1:1000; Thermo Fisher Scientific #A27039), 

and DAPI (4′-6-diamidino-2-phenylindole, 0.1 µg/ml; 

Sigma-Aldrich) on day 8 [60]. Neuronal pictures were 

taken using the high-content system and analyzed for 

neurite length (μm), process (number of neurites 

protruding from neuronal cell body) and branch 

(number of neurites extending from process) 

(MetaXpress neurite outgrowth application module; 

Molecular Devices). In each of three independent 

experiments, roughly 6000 cells from each sample were 

examined. 

 

Caspase 1 and AChE activity assays 

 

Cells on 6-well plate (5 × 105/well) were subjected to 

the retinoic acid, test compound and doxycycline 

treatments as stated. Cells were collected on day 8 and 

cell lysates prepared for caspase 1 (BioVision, Milpitas, 

CA, USA) and AChE (Sigma-Aldrich) activity 

measurement [60]. 

 

TRKB RNA interference 

 

To knock down TRKB expression in Aβ-GFP SH-

SY5Y cells, lentiviral short hairpin RNA (shRNA) 

targeting TRKB and control (scrambled) were used 

[69]. Cells were plated in the presence of retinoic acid 

(5 × 105/6-well for protein analysis or 6 × 104/24-well 

for neurite outgrowth analysis) on day 1, infected with 

lentivirus on day 2, pretreated with test compound  
(5 µM) plus inducing Aβ-GFP expression on day 3, and 

collected for neurite outgrowth or TRKB protein 

analysis on day 9 as stated [69]. 

https://www.cbligand.org/BBB/
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ERK/PI3K kinase inhibitor treatment 

 

Cells were plated in the presence of retinoic acid (5 × 

105/6-well) on day 1, treated with tested compounds (5 

µM) plus induced Aβ-GFP expression with doxycycline 

(5μg/ml) on day 2, as stated. Kinase inhibitors U0126 

(an inhibitor of ERK) or wortmannin (an inhibitor of 

PI3K) (LC Laboratories, Woburn, MA, USA) (10 μM) 

were added on day 6. The cells were collected on day 8 

for BDNF, BCL2, BAX, total/phosphorylated TRKB, 

ERK, AKT, and CREB protein analysis as previously 

stated. 

 

Immunoblot analysis 

 

Total proteins from Aβ-GFP SH-SY5Y cells were 

prepared, quantified, electrophoretically separated and 

blotted as stated [60]. Following blocking, the 

membrane was probed with antibody against BDNF 

(1:500; Santa Cruz Biotechnology #sc-546, Santa Cruz, 

CA, USA), BCL2 (1:200; Santa Cruz Biotechnology 

#sc-7382), BAX (1:200; Santa Cruz Biotechnology #sc-

7480), TRKB (1:500; Cell Signaling Technology 

#4603, Danvers, MA, USA), p-TRKB (Y516) (1:200; 

GeneTex #GTX32230, Irvine, CA, USA), p-TRKB 

(Y816) (1:1000; Millipore #ABN1381, Billerica, MA, 

USA), ERK (1:1000; Cell Signaling Technology 

#9102), p-ERK (T202/Y204) (1:1000; Cell Signaling 

Technology #9101), AKT (1:1000; Abcam #ab126811, 

Cambridge, CB, UK), p-AKT (S473) (1:1000; Cell 

Signaling Technology #4060), CREB (1:500; Santa 

Cruz Biotechnology #sc-186), p-CREB (S133) (1:1000; 

Millipore #06-519), or loading control GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase) (1:1000; 

MDBio #30000002, Taipei, Taiwan). The immune 

complexes were detected as stated [60]. 

 

PAMPA to assess BBB permeability 

 

The permeability of LMDS-1 and -2 was determined by 

a PAMPA-BBB assay. Firstly, 300 μl of LMDS-1 or -2 

(1 μM) solution were added to the donor well 

(Millipore). Bupropion (a high permeability marker), 

piroxicam (a low permeability marker), and lucifer 

yellow (an integrity marker) (Sigma-Aldrich) were used 

as quality control (QC) compounds for comparison. The 

sandwich with aqueous donor on the bottom, artificial 

lipid membrane (PVDF filter coated with porcine polar 

brain lipid) in the middle, and aqueous acceptor (5% 

DMSO in PBS) on the top was assembled as stated [69]. 

Each compound was tested in triplicate. After incubation 

for 18 h at the ambient temperature, the PAMPA 

sandwich plate was separated. The concentrations of test 

and QC compounds in the donor and acceptor wells were 

measured as stated [69], and the effective permeability 

coefficient (Pe) was computed [70]. 

Statistical analysis 
 

The mean ± standard deviation from three independent 

experiments are reported as the data. As appropriate, a 

two-tailed Student’s t test or one-way ANOVA 

(analysis of variance) with a post hoc Tukey test were 

used to assess group differences. P values < 0.05 

indicated statistical significance. 
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