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ABSTRACT: The bioactivities of two novel compounds (TAE-1
and TAE-2) that contain a sym-triazine scaffold with acetylcholine-
like substitutions are examined as promising candidate agents
against Alzheimer’s disease. Inhibition of amyloid-β fibril formation
in the presence of Aβ1−42, evaluated by Thioflavin T fluorescence,
demonstrated comparable or improved activity to a previously
reported pentapeptide-based fibrillogenesis inhibitor, iAβ5p.
Destabilization of Aβ1−42 assemblies by TAE-1 and TAE-2 was
confirmed by scanning electron microscopy imaging. sym-Triazine
inhibition of acetylcholinesterase (AChE) activity was observed in
cytosol extracted from differentiated human SH-SY5Y neuronal
cells and also using human erythrocyte AChE. The sym-triazine derivatives were well tolerated by these cells and promoted
beneficial effects on human neurons, upregulating expression of synaptophysin, a synaptic marker protein, and MAP2, a neuronal
differentiation marker.
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Alzheimer’s disease (AD) is a progressive neurodegener-
ative disorder characterized by the cerebral accumulation

of insoluble aggregates of amyloid-β peptides (Aβ).1 While the
precise mechanisms governing neuronal loss remains ambig-
uous, toxicity resulting from Aβ-activated pathways is
evident.2,3 Consequently, efforts to mitigate neurodegeneration
have emphasized the removal of Aβ aggregates. Oligomeriza-
tion of natively soluble Aβ monomers is fundamentally
dependent on the self-assembly of highly ordered cross β-
sheet quaternary structures, which stack by an in-register and
antiparallel arrangement.4 These prefibril oligomeric species
have been identified as the more relevant structural derivatives
in Aβ-induced toxicity.5

To this effect, a variety of small molecule inhibitors have
been reported to impede hydrophobic association and
fibrillogenesis of Aβ by disrupting β-sheet π−π stacking.6,7

Alternatively, current FDA-approved drug therapy strategies
attempt to ameliorate the significant pathological reduction of
the neurotransmitter acetylcholine (ACh)8 by modulating the
hydrolytic activity of acetylcholinesterase (AChE) with small-
molecule inhibitors.9,10 However, disease progression in AD is
multifactorial in nature, and hence, targeted inhibition of a
single disease pathology is compensated by concurrent
deleterious pathways.11,12 Combination therapies, which imple-
ment numerous drug entities to target multiple pathologies
simultaneously, have thus emerged as strong candidates for the
development of effective disease-modifying strategies.12 In view
of the above, complications associated with the administration

of multiple single-target drug entities such as conflicting
bioavailabilities, pharmacokinetics, and metabolism may be
circumvented through the implementation of multitarget
therapies. Such strategies can further serve to minimize cross-
reactivity and simplify therapeutic regimens while facilitating
streamlined clinical development.13 Interestingly, individual
multitarget treatments have in some cases demonstrated
improved therapeutic properties over their single-target
counterparts.14

We describe the biological activity of two novel sym-triazine
derivatives containing ACh-like substitutions (TAE-1, TAE-2)
for modulation of Aβ1−42 aggregation and AChE hydrolytic
activity (Figure 1). We have recently detailed the synthesis of a
small library of sym-triazines with various modifications
possessing multitarget activity.15 Considering the high activities
of TAE-1 and TAE-2 (also designated 3f and 3g),15 the
development of viable drug candidates necessitates an
evaluation of their biological activity on differentiated human
SH-SY5Y neuronal cells.

■ RESULTS AND DISCUSSION

In AD affected individuals, Aβ is present in two major isoforms,
Aβ1−40 and Aβ1−42. Aβ1−42 contains two additional hydrophobic
amino acids (Ile, Ala) at the C-terminus that stimulate a faster
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rate of aggregation, forms insoluble deposits prior to Aβ1−40,
and is the predominant amyloid species present within neuritic
plaques. We previously characterized the effect of TAE-1 and
TAE-2 on modulation of Aβ1−40 aggregation,15 and herein
study their effects on Aβ1−42. Analysis of TAE-1 and TAE-2-
modulated Aβ1−42 fibril growth was determined by kinetic
studies using Thioflavin T (ThT) fluorescence measured up to
24 h. The pentapeptide-based fibrillogenesis inhibitor, iAβ5p
(Ac-LPFFD-NH2), served as a comparison for activity of the
newly synthesized sym-triazines. Figure 2a depicts a decrease in
ThT fluorescence intensity at each time interval resulting from
the coincubation of Aβ1−42 (10 μM) with TAE-1, TAE-2 or
iAβ5p (20 μM). Fluorescence studies indicated that sym-
triazine-based aggregation modulators demonstrated equal or
greater fibril inhibition relative to previously reported inhibitor,
iAβ5p, for time periods measured after 7 h. Specifically, at 24 h,
both TAE-1 and iAβ5p exhibited fibril inhibition corresponding
to 24.9% and 22.3%, respectively, measured by the ratio of
fluorescence to the uninhibited control. At an equivalent
concentration, TAE-2 displayed an even greater reduction of
52.6% β-sheet inhibition. The improved activity of TAE-2 could
be attributed to the incorporation of additional hydrophobic

and sterically disruptive methyl functional units on ACh-like
branches.
It has been noted that many aggregation-modulating agents

that demonstrate a profound reduction to Aβ-induced
cytoxicity simultaneously alter the structural morphology of
fibrils.16−18 Scanning electron microscopy (SEM) studies
demonstrated that a control sample of native Aβ1−42 (Figure
2bi) clearly exhibits an intertwined, meshlike network of fibrillar
strands with an approximate width of 10 nm and length greater
than 1 μm. Black arrows indicate areas of fibril formation.
However, in the presence of the sym-triazine inhibitor TAE-1
(Figure 2bii), truncation of fibrils was evident, as accumulations
of smaller spherical clusters were observed. It is suggested that
the intercalation of Aβ1−42 with TAE-1 facilitated deviation
from classical nucleation-dependent fibril formation. In
addition, sym-triazine-modulated Aβ1−42 samples incubated in
the presence of TAE-2 (Figure 2biii) showed decreased
aggregation with reduced fibrillation. It was concluded that
both inhibitors were effective in decreasing fibril formation,
with TAE-2 exhibiting the most pronounced effect, concurrent
with ThT fluorescence results. Thus, SEM studies demon-
strated the capacity of sym-triazine derivatives to influence
large-scale fibril formation.

Figure 1. Chemical structures of (a) TAE-1 and (b) TAE-2.

Figure 2. Effect of TAE-1 and TAE-2 on Aβ1−42 fibril formation. (a) ThT fluorescence (λEX 440 nm, λEX 485 nm), in which Aβ1−42 (10 μM) was
incubated at 37 ± 1 °C and shaking at 300 rpm for up to 24 h with 20 μM iAβ5p, TAE-1, or TAE-2, n ≥ 3; Ctrl denotes Aβ1−42 (10 μM) sample in
the absence of modulators. (b) Scanning electron microscopy for (i) 50 μM Aβ1−42, (ii) 50 μM Aβ1−42 with 50 μM TAE-1, and (iii) 50 μM Aβ1−42
with 50 μM TAE-2, incubated at 37 ± 1 °C for 2 weeks. All samples described above were prepared in 50 mM PBS with 100 mM NaCl adjusted to
pH 7.4. Black arrows indicate areas of fibril formation.
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We next examined the effects of TAE-1 and TAE-2 on
differentiated human SH-SY5Y neuronal cells grown in tissue
culture. As shown in Figure 3a, stimulation of neuronal cellular
process length and branching was noted. In addition, increased
synaptophysin (a synaptic marker protein) was apparent along
varicosities of neuronal cellular processes (high magnification of
boxed areas), suggesting that TAE-1 and TAE-2 stimulate
synapse formation.19,20 Increased expression of MAP2 was also
observed, suggesting that TAE-1 and TAE-2 promote the
differentiation of human neurons (Figure 3b). MAP2 is a
marker of neuronal cell differentiation that plays important
roles in the growth of neuronal cellular processes.21−23 βIII-
tubulin, a neuronal marker, was used as a counter-stain for
neuronal morphology.
Targeted AChE inhibition was evaluated by electrochemical

quantification of the enzymatic product, thiocholine (TCh), on
unmodified gold screen-printed electrodes (0.3 V vs Ag/
AgCl).24,25 At increasing concentrations of TAE-1 or TAE-2,
there was a corresponding decrease in the AChE activity
thereby reducing the amount of oxidizable TCh present in
solution (Figure 4). The IC50 values of 0.465 and 3.931 μM for
TAE-1 and TAE-2, respectively, were derived from nonlinear
regression of inhibition plots calculated by baseline-corrected
peak currents (bar graph insets in Figure 4). We have
previously noted that the presence of methyl substituents on
TAE-2 resulted in enhanced modulation of Aβ aggregation.15

We suggested that these same methyl substituents also reduced
structural similarities of the aminoester arms to the native
AChE substrate, resulting in decreased enzyme binding affinity
and weaker inhibition compared to TAE-1.
AChE inhibition studies were conducted using cytosol

extracts from differentiated human neuronal cells, which
endogenously express AChE.26 Human neuronal cells were

prepared following a previously reported procedure.26 Analysis
of AChE inhibition in neuronal extracts provides a good model
for predicting future in vivo applications. AChE activity was
determined by Ellman’s colorimetric assay (Figure 5).27,28 Cells
were incubated for 24 h with either TAE-1 or TAE-2 at 400
μM, the highest viable concentration tested in our cellular
viability studies.15 Donepezil (Aricept) treatment was used as a
positive control for AChE inhibition and is the commonly
prescribed AChE inhibitor available for clinical use.29 Donepezil
was applied at a maximum concentration of 10 μM, as
previously noted as an effective concentration for inhibition
while higher concentrations resulted in reduced viability of
differentiated human neuronal cells.30 It was promising that
both TAE-1 and TAE-2 demonstrated effective inhibition of
AChE activity, showing a significantly greater inhibition (84.4%,
64.7%, respectively) relative to Donepezil (15.4%) (Figure 5a).
Comparable values (86.9%, 41.6%, 17.1%) were also observed
for measurements performed using purified human erythrocyte
AChE (Figure 5b). The improved inhibition of AChE activity
by TAE-1 relative to TAE-2 as measured by Ellman’s method
was consistent with the electrochemical assay. These results
correlate with the observation that TAE-1 has a more
prominent effect in inducing neuronal differentiation.
The present study extends our previous work on sym-

triazine-based multitarget modulators of AD and explores the
biological activity of TAE-1 and TAE-2 on human neuronal
systems. The new studies indicate that exposure of differ-
entiated human neuronal cells to TAE-1 and TAE-2
upregulates neuronal differentiation as evident by increases in
neurite extension, synaptophysin positive varicosities and the
neuronal differentiation marker MAP2. These findings indicate
that sym-triazine derivatives are promising AD therapies, given
their capacity to target pathologies of the disease such as Aβ

Figure 3. Treatment of differentiated human SH-SY5Y neuronal cells with TAE-1 and TAE-2. (a) Effect on neuronal cellular processes and synaptic
marker protein (synaptophysin, red). Neuronal cells highlighted with the cytoskeleton marker protein, α-tubulin (green). Boxed areas shown at
higher magnification reveal increased synaptic marker protein along neuronal processes following TAE-1 and TAE-2. (b) Effect of TAE-1 and TAE-2
on the expression of MAP2 (green), a neuronal differentiation marker. βIII-tubulin (red), a neuronal cytoskeleton marker, was employed as a
counterstain for neuronal morphology. Neuronal cells treated with TAE-1 and TAE-2 for 24 h in (a) and (b). Images obtained using an AxioCam
HRm camera with ApoTome module on an AxioVert 200 M microscope (Carl Zeiss) with a 40× oil objective. Scale bar = 50 μm.
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aggregation and AChE activity, and in addition to stimulate
neuronal differentiation.
In view of the inherent multifactorial nature of AD,

multitarget inhibitors have been proposed as viable candidates
for the development of effective disease-modifying drug
therapies.12 In this report, we demonstrate the biological
activity of two novel molecules to counter AD using sym-
triazine derivatives as a scaffold for the disruption of both Aβ
fibril formation and AChE hydrolytic activity. TAE-1 and TAE-
2 are shown to modulate Aβ1−42 aggregation. In addition, AChE
inhibition by TAE-1 and TAE-2 was evaluated in relevant
human biological systems using AChE in cytosol extracts of
differentiated human SH-SY5Y neuronal cells and purified
human erythrocyte AChE. In complex neurodegenerative

diseases such as AD, one has to think beyond the traditional
“one molecule, one target” approach. Our design for sym-
triazines with ACh-like substitutions has generated hybrid
molecules that possess multiple beneficial biological activities as
potentially disease modifying agents.

■ METHODS
Chemicals and Reagents. Human amyloid-β peptide 1−42

Gln11 (Aβ1−42; trifluoroacetate salt) ⟨H-Asp-Ala-Glu-Phe-Arg-His-
Asp-Ser-Gly-Tyr-Gln-Val-His-His-Gln-Lys-Leu-Val-Phe-Phe-Ala-Glu-
Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-
Val-Val-Ile-Ala-OH⟩ was obtained from EMD-Biosciences (Gibbs-
town, NJ). Dimethyl sulfoxide (DMSO; 99.99%), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, 99.0%), Thioflavin T (4-(3,6-dimeth-
yl-1,3-benzothiazol-3-ium-2-yl)-N,N-dimethylaniline chloride; ∼75%),
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, >98%), acetylthiocholine
iodide (ATCh, >98%), purified human erythrocyte acetylcholinester-
ase (AChE), sodium phosphate monobasic (NaH2PO4; 99.0%), and

Figure 4. Targeting AChE activity by TAE-1 and TAE-2. Differential
pulse voltammetry (DPV) was applied from −0.1 to 0.9 V (vs Ag/
AgCl). The voltammograms depict the oxidation of TCh measured at
0.3 V. TCh was produced from the hydrolytic degradation of 550 μM
ATCh by 0.1875 U/mL purified human erythrocyte AChE following
10 min of incubation at room temperature. Measurements were
conducted on Au screen-printed electrodes in 50 mM PBS, 100 mM
NaCl adjusted to pH 7.4. Prior to the addition of ATCh substrate,
AChE was preincubated for 30 min with 0.001, 0.010, 0.100, 5, 25, and
50 μM of (a) TAE-1 and (b) TAE-2 and compared to the uninhibited
enzyme. The insets show the baseline-corrected peak currents of TCh
oxidation at 0.3 V. Error bars denote a standard deviation, n ≥ 3.
Parameters for DPV measurements were adjusted to a 50 mV
modulation amplitude, 5 mV step potential, 50 ms modulation time
and 10 s equilibration time.

Figure 5. Effect of TAE-1 and TAE-2 on suppressing AChE activity.
(a) Cytosol extracted from differentiated human SH-SY5Y neuronal
cells and (b) purified human erythrocyte AChE, measured by DTNB
colorimetric assay at 410 nm. Cells were incubated in the presence of
TAE-1, TAE-2, and Donepezil for 24 h prior to harvesting and
preparation of cell extracts. Enzyme reaction was initiated by the
simultaneous addition of DTNB (340 μM) and ATCh (550 μM).
Absorbance was measured at 410 nm periodically (every 15 s) over an
interval of 315. Error bars denote a standard deviation, n ≥ 3. The
rates of initial enzyme activity were derived from the slope of the
absorbance−time curves. Measurements were conducted in 50 mM
PBS, 100 mM NaCl adjusted to pH 7.4.
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sodium phosphate dibasic (Na2HPO4; 99.0%) were purchased from
Sigma-Aldrich (Oakville, ON). All samples were of analytical grade
and prepared in phosphate buffer saline (50 mM, PBS), sodium
chloride (NaCl, 100 mM) at pH 7.4 using 18.2 MΩ analytical grade
water obtained from a Cascada LS water purification system (Pall Co.,
Mississauga, ON).
Thioflavin T Kinetic Analysis of Aβ Aggregation. ThT stock

(10 mM) was prepared in 18.2 MΩ water and stored at 4 ± 1 °C.
TAE-1 (1.77 mM) and TAE-2 (1.41 mM) stock solutions were
prepared directly into 50 mM PBS, pH 7.4, 100 mM NaCl and stored
at 4 ± 1 °C. iAβ5p (Ac-LPFFD-NH2) and Aβ1−42 (553.7 μM) were
prepared in dimethyl sulfoxide (DMSO) and stored at −20 ± 1 °C.
Sample solutions were equilibrated to RT prior to measurement and
diluted to the appropriate concentrations with 50 mM PBS, pH 7.4.
Each 200 μL sample was prepared into black optilux fluorescence 96-
well plates (BD Biosciences, Mississauga, Canada), containing ThT
(10 μM), Aβ1−42 (10 μM), and inhibitor (20 μM). Spontaneous
aggregation of Aβ1−42 samples was induced by incubation at 37 ± 1 °C
with shaking at 300 rpm. Fluorescence (λEX 440 nm, λEM 485 nm) was
measured at various time intervals over 24 h using a Synergy HT
Multimode Microplate reader from (BioTek, Winooski, VT).
Scanning Electron Microscopy. SEM measurements were

performed over glass coverslips treated with acid wash in 1 M HCl
for 4 h at 55 °C, agitated occasionally, followed by stringent cleaning
with water and 100% ethanol. Coverslips were subsequently incubated
in 0.1% poly-L-lysine to improve surface adhesion. Following
incubation of Aβ conditions at 37 °C for 2 weeks, sample aliquots
were deposited over the coverslips and fixed with 2.5% glutaraldehyde
for 1 h and then washed with 50 mM PBS. The samples were
dehydrated through a multistep process starting with 50%, 70%, 95%,
and 100% ethanol followed by critical point drying with liquid CO2
and coated lightly with gold−palladium. SEM measurements were
performed using a Hitachi S530 scanning electron microscope with an
acceleration voltage of 20 kV and working distance of 5.0 mm.
Cell Culture, Differentiation, and Treatment. The human SH-

SY5Y neuronal cell line (American Type Culture Collection,
Manassas, VA) was maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). Cultures were maintained at 37 °C in a humidified 5% CO2
atmosphere. After plating at a cell density of 4.4 × 104 cells/cm2 and
allowing for cell adhesion for 24 h, neuronal differentiation was
induced by treatment with 10 μM of all-trans-retinoic acid at 37 °C for
72 h under serum-free condition.
Immunofluorescence and Antibodies. Differentiated human

neuronal cells treated with TAE-1 or TAE-2 for 24 h were fixed with
4% paraformaldehyde in phosphate buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) at
room temperature for 30 min. Cells were then permeabilized with
0.1% Triton X-100 in PBS containing 100 mM glycine for 30 min,
washed, and blocked with 5% fetal bovine serum (FBS) in PBS
overnight. Incubation with primary antibodies was performed in 1%
FBS in PBS overnight. Cells were then washed and incubated with
fluorescently labeled secondary antibodies, before mounting and
imaging by structural illumination using an AxioCam HRm camera
with an ApoTome module on an AxioVert 200 M microscope (Carl
Zeiss). Primary antibodies against α-tubulin (T9026, Sigma Aldrich),
Synaptophysin (RM9111, Thermo Scientific), MAP2 (ab5392,
Abcam), and βIII-tubulin (T8660, Sigma-Aldrich) were employed.
Donkey anti-mouse, donkey anti-rabbit, and donkey anti-chicken
Dylight secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories and were used at recommended
dilutions.
Amperometric Quantification of Acetylcholinesterase

(AChE) Activity. Purified human erythrocyte AChE was reconstituted
in 20 mM Tris buffer pH 7.0, 100 mM NaCl and prepared to a
working concentration of 0.1875 U/mL in 50 mM PBS, 100 mM NaCl
pH 7.4. AChE was preincubated individually with either TAE-1 or
TAE-2 at various concentrations for 30 min at room temperature. The
enzymatic reaction was initiated by the addition of acetylthiocholine
iodide (ATCh) diluted to a final concentration of 550 μM. The

solution was mixed and then incubated for 10 min at room
temperature, during which ATCh was hydrolyzed releasing TCh.
Measurements were conducted on screen-printed electrodes (Bio
Device Technology Ltd.) consisting of a gold working electrode,
carbon counter electrode, and Ag/AgCl reference electrode. Following
incubation, a 12 μL aliquot was deposited uniformly over the gold
working electrode surface (geometric area: 2.64 mm2). The screen-
printed electrode was connected to a μAutolab-III electrochemical
analysis system (Eco Chemie, Kanaalweg, The Netherlands), which
was used to oxidize the TCh in solution by differential pulse
voltammetry (50 mV modulation amplitude, 5 mV step potential, 50
ms modulation time, 10 s equilibration time, potential range of −0.1 to
0.9 V). AChE inhibition was determined from the anodic peak current
generated by the oxidation of TCh at approximately 0.3 V (vs Ag/
AgCl) of sym-triazine inhibited samples versus the uninhibited control.
After each measurement, screen-printed electrodes were disposed of,
thereby preventing contamination by electrode material from previous
measurements.24,25 Electrochemical characterization of AChE activity
was further validated by Ellman’s colorimetric assay.

Colorimetric Assay for the Determination of AChE Activity.
The influence of sym-triazine compounds on the hydrolytic activity of
purified human erythrocyte AChE was determined using Ellman’s
method adapted from Rampa and co-workers.27,28,31 Enzyme assay
solutions were prepared in a microplate well containing AChE (0.1875
U/mL) and DTNB (340 μM) in 50 mM PBS pH 7.4. The enzyme
reaction was initiated by the addition of ATCh (550 μM). Pilot studies
were performed to calibrate the activity of AChE expressing cytosol of
differentiated human neuronal cells to that of human erythrocyte
AChE, and the assay was repeated for TAE-1, TAE-2, and Donepezil.
Cells were treated with TAE-1, TAE-2, or Donepezil at concentrations
as specified for 24 h before assay. Optical density at 410 nm was
measured in 15 s intervals for a period of 5 min using a Synergy HT
Multimode Microplate reader. The initial reaction rate (OD410 nm/
min) was determined from linear regression analysis of the absorbance
time curves (n = 3). The rate of the uninhibited enzyme hydrolysis
(Vo) was calibrated to 0.100 OD410 nm/min ± 0.030. Reaction rate was
then measured in the presence of inhibitors (Vi) at various
concentrations. AChE activity was determined by the expression %
AChE activity = (Vi/Vo) × 100. For each inhibitor, the enzyme activity
was plotted as a function of the logged concentration. Nonlinear
regression of inhibition plots were performed to determine the IC50

concentration.28,31
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