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Abstract

Alzheimer's disease (AD) is characterized by the progressive neurodegeneration and the impaired
cognitive functions. Fascaplysin is a p-carboline alkaloid isolated from marine sponge
Fascaplysinopsis Bergquist sp. in 1988. Previous studies have shown that fascaplysin might act on
acetylcholinesterase and B-amyloid (AB) to produce anti-AD properties. In this study, a series of
fascaplysin derivatives were synthesized. The cholinesterase inhibition activities, the neuronal
protective effects, and the toxicities of these compounds were evaluated in vitro. 2a and 2b, the two
most powerful compounds in vitro, were further selected to evaluate their cognitive-enhancing
effects in animals. Both 2a and 2b could ameliorate cognitive dysfunction induced by scopolamine
or AP oligomers, respectively, without affecting locomotor functions in mice. We also found that
2a and 2b could prevent cholinergic dysfunctions, decrease pro-inflammatory cytokines expression,
and inhibit AB-induced tau hyper-phosphorylation in vivo. Most importantly, pharmacodynamics
studies suggested that 2b could penetrate the blood-brain barrier, and retain in the central nervous
system. All these results suggested that fascaplysin derivatives are potent multi-target agents against

AD, and might be clinical useful for AD treatment.

Keywords: Alzheimer's disease; fascaplysin; acetylcholinesterase; f-amyloid; neuroinflammation;

oxidative stress.

Abbreviations

AD, Alzheimer's disease; AChE, acetylcholinesterase; ANOVA, analysis of variation; ATCI,
acetylthiocholine iodide; AP, amyloid-f; BBB, Blood Brain Barrier; BuChE, butylcholinesterase;
CAS, catalytic site residue; CNS, central nervous system; ChAT, choline acetyltransferase; ELISA,
enzyme-linked immunosorbent assay; FDA, fluorescein diacetate; IL-1p, interleukin-1p; IL-6,
interleukin-6; IL-10, interleukin-10; IL-17, interleukin-17; i.p., intraperitoneal, MWM, Morris
water maze; NF-kB, nuclear factor-kB; NOR, novel object recognition; PAS, peripheral anionic
site; PI, propidium iodide; ROS, reactive oxygen species; SI, the selectivity index; TNF-a, tumor

necrosis factor-a.
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Introduction

Alzheimer’s disease (AD) is the most common dementia among elderly characterized by cognitive
impairments such as learning and memory dysfunction!. Unfortunately, there is no drug could
effectively reverse the injury and death caused by AD, the severe threat to global public health
which is believed to be a complex disease with various pathological factors?. Acetylcholinesterase
(AChE) plays a core role in cholinergic transmission through the hydrolysis of the neurotransmitter
acetylcholine3. It is widely accepted that the dysfunction of the cholinergic system, including the
enhancement of AChE activity and the decline of choline acetyltransferase (ChAT) level in brains,
is the direct cause leading to cognitive impairments in AD patients*. Besides, neuroinflammation is
widely found in the brain of AD patients, causing the death of neurons®. Many pro-inflammatory
cytokines such as interleukin (IL)-1p, IL-6, IL-17 and tumor necrosis factor-a (TNF-a), could lead
to neuroinflammation, and accelerate neuronal injury®. Moreover, the anti-inflammatory cytokines,
particularly IL-10, are down-regulated in AD brains’. Furthermore, p-amyloid (Ap) is considered
to be one of the major neurotoxins leading to AD®. AP can automatically form into various
aggregates, among which A oligomers are the most toxic specie to induce neurotoxicity®. A could
induce the hyper-phosphorylation of tau, a microtubule-associated protein, and lead to the instability
of cytoskeleton and neuronal injuries'®!'!. Hyper-phosphorylated tau could form into neurofibrillary
tangles, one of the major hallmarks of AD. Furthermore, free radicals in AD brain could cause

oxidative stress and result in neuronal degeneration'?-13,

The multiple pathological mechanisms of AD indicated that single-target drugs might have limited
efficacy, while the multi-target drugs could have superiorities when compared with single-target
agents!4. Multi-target drugs could act on various targets simultaneously, thus possess good efficacy.
Besides, multi-target drugs could overcome the deficits of the combining use of drugs with good
bioavailability and pharmacokinetic characteristics. Furthermore, multi-target drugs could enhance
the compliance of patients!>. Therefore, the development of multi-target agents is a promising

strategy for the searching of effective anti-AD drugs!®.

Fascaplysin is a fused benzoyl-linked B-carboline alkaloid firstly derived from marine sponge
Fascaplysinopsis Bergquist sp. near Fiji Island in 1988'7. Fascaplysin could inhibit cyclin-
dependent kinases 4 to prevent ovarian cancer cell proliferation and metastasis, and increase suicidal
erythrocyte death!8-20, Moreover, fascaplysin was reported to inhibit AChE with ICsq at around 1.5
uM, suggesting this compound might be used to treat AD?'. Recently, it was reported that
fascaplysin could preferably prevent AP aggregation, and protect against A oligomers-induced
neuronal death??, However, it is largely unknown whether fascaplysin derivatives can act on other
AD-related targets. Moreover, it is not certain whether fascaplysin derivatives could produce in vivo
cognitive-enhancing effects, and whether fascaplysin derivatives could penetrate the blood-brain

barrier (BBB) to exert their functions.
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H,0, is a typical non-radical oxygen derivative which could penetrate easily through cell
membranes and lead to neurotoxicity?>->*. H,0,-induced neurotoxicity is a classical research model
for screening neuroprotective agents®>. Scopolamine can compete with acetylcholine for
postsynaptic membrane receptors, resulting in acute cholinergic dysfunctions?®. Intrahippocampal
injection of AP oligomers could induce neurotoxicity, and produce cognitive impairments and
neuroinflammation in mice?’. Therefore, scopolamine and AP oligomers-induced dementia animal

models have been widely used to screen potential cognitive-enhancing agents.

In this study, we have synthesized a series of B-carboline and fascaplysin derivatives, and further
evaluated their cholinesterase inhibition and neuroprotective activity in vitro. The toxicities of these
compounds were also tested in SH-SYSY cells. The cognitive-enhancing effects of two most potent
compounds, 2a and 2b, were further studied in scopolamine- and AP oligomers-treated mice,
respectively. The preliminary toxicological and pharmacodynamics properties of representative

fascaplysin derivatives were also tested in vivo.

Results and Discussions

Synthesis of p-carboline and fascaplysin derivatives

Synthesis schemes of compounds 1a-1e, 1h-1i and 2a-2e, 2h-2i were illustrated in Fig. 1A, while
synthesis of 1f-1g, 1j-1k and 2f-2g was described in Fig. 1B. B-carbolines and methyl-substituted
derivatives 1 and corresponding fascaplysins 2 were prepared according to the published
procedure?>28-39, Carboxylic B-carboline 1e underwent thermo-induced intramolecular nucleophilic
substitution to yield 2e. Amide-modified f-carbolines were synthesized by condensation between
acyl chloride prepared in situ and amine. Following cyclization reaction afforded amide-modified
fascaplysin. Reduction of amido carboline 1g by LiAlH, gave hydroxy derivative 1k. The
synthesized chemicals were characterized by FTIR, HRMS, 'H NMR and '3C NMR spectroscopy
and HPLC (Supporting information: Figs. S1-S40, Tables. S1-S21).

To evaluate the anti-AD efficacy of the synthesized fascaplysin derivatives, we screened the
chemical library by measuring cholinesterase inhibition and anti-oxidative stress abilities in vitro.
The promising chemicals were chose for further in vivo tests to evaluate their efficacies of
ameliorating cognitive impairments induced by scopolamine and AP oligomers, respectively.
Subsequently, their abilities of preventing cholinergic system dysfunction, reducing
neuroinflammation, and inhibiting the hyper-phosphorylation of tau were tested. Additionally, the
preliminary toxicological and pharmacodynamics properties of representative compounds were also

investigated.

Fascaplysin Derivatives Effectively Inhibit Cholinesterase in vitro
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B-carboline alkaloids, also known as harmine alkaloids, were first discovered in Pergamum harmala,
and have lots of biological activities, including anti-tumor, anti-malaria and anti-inflammation
activities®!. Recently, many studies have reveled that B-carboline alkaloids could effectively inhibit
cholinesterase and reduce oxidative stress, suggesting that they might possess neuroprotective
abilities and are promising agents for the development of neuroprotective drugs32. Thus, we firstly
screened compounds library using AChE and butylcholinesterase (BuChE) activity assay in vitro.
Moreover, the selectivity index (SI) value was calculated by using the equation of ICsy (BuChE) /
ICs9 (AChE). AChE inhibitors were clinically used in the treatment of AD. BuChE is a nonspecific
cholinesterase that hydrolyses many different choline-based esters. Our results found that 1a-1i and
2f could not inhibit AChE or BuChE activities even as high as 1 mM (Table 1). 2a-2e could potently
inhibit AChE (2a, ICso =1.21 £ 0.04 uM; 2b, ICso = 0.95 £ 0.10 pM; 2¢, ICso =2.92 + 0.09 uM; 2d,
ICs50=2.32 £ 0.58 uM; and 2e, ICs5y = 9.55 = 1.23 uM) and BuChE (2a, ICs5y = 8.63 + 1.01 uM; 2b,
ICs50=2.79 £ 0.76 uM; 2¢, ICsp=11.11 £ 1.93 uM; 2d, IC5y = 6.19 + 0.87 uM; and 2e, IC5o = 15.98
+ 1.19 uM) with ICs, values at micromolar ranges (Table 1). 2g could inhibit BuChE activity with
the I1Cso value of 2.90 + 0.21 uM. However, this compound could not inhibit AChE activity even as
high as 1 mM (Table 1).

The inhibition activities of 2a-2e against AChE were stronger than those against BuChE (2a, SI =
7.13; 2b, SI = 2.94; 2¢, SI = 3.81; 2d, SI = 2.67 and 2e, SI = 1.67), which might be due to the
structural differences between two enzymes. Interestingly, 2b was more potent to inhibit
cholinesterase activity than 2a, its original compound, suggesting that the modification of

fascaplysin could improve its cholinesterase inhibition effects.

We further explored whether the anion of particular fascaplysin derivative has effects on its
cholinesterase inhibition activity. 2h and 2i have same structures as those of 2a and 2b, with only
the different anions. 2h and 2i could inhibit cholinesterase with similar ICsy values compared with
2a and 2b, respectively (Table 1). These results indicated that the anion might not significantly
influence cholinesterase inhibition activities of the synthesized compounds. To further demonstrate
how 2b acts on AChE, two concentrations (0.20 and 0.80 pM) of 2b were used. Lineweaver—Burk
plot showed that 2b inhibited AChE with a K; value of 2.60 uM (Figs. 2A-2B).

In order to explain the different AChE inhibition efficacies of fascaplysin derivatives, molecular
docking analysis was performed. Fascaplysin was reported to bind only to the peripheral anionic
site (PAS) of AChE?!. Our docking analysis suggested that 2b might bind not only to the PAS
residues such as Tyr341, Trp286, Phe338 and Tyr337 through z-7 interaction, but also to Trp86 in
the catalytic site residue (CAS) through C-H and 7 interaction, leading to the enhanced AChE
inhibition ability (Fig. 2C). Meanwhile, 2¢ might have similar binding mode with AChE comparing

with 2b, except for the substituted 8-methyl group. Instead of forming C-H and 7 interaction with
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the benzene ring of Trp86, the 8-methyl group of 2¢ formed hydrophobic interaction with the
methylene group in the side chain of Trp86, leading to a certain reduction of AChE inhibition of 2¢
(Fig. 2D). 2d and 2e could also bind to PAS and CAS of AChE. However, the electron-withdrawing
substituted bromine in 2d, and the negative charged carboxyl in 2e have different levels of electron
repulsion with aromatic ring of Trp86 in CAS, and lead to the declined AChE inhibition abilities of
2d and 2e when compared with 2b (Figs. 2E-2F). Similarly, the electron repulsion between negative
charged carbamoyl of 2f and aromatic ring of Trp86 in CAS might greatly decline AChE inhibition
effects of 2f.

Furthermore, fascaplysin derivatives are planar conjugated pentacyclic molecules, and could easily
enter into the gorge of AChE. However, B-carboline derivatives are more flexible than fascaplysin
derivatives, and the benzene ring of B-carboline derivatives could rotate alone its axis. Therefore,
we conjectured that 1a-1k could not smoothly enter into the gorge of AChE, which lead to the
decreased AChE inhibition. Similarly, the big substituents in 2g might result in the unsuccessful
entry into the gorge of AChE.

AChE could catalyze the decomposition of acetylcholine, preventing the conduction of nerve
impulse among cholinergic neurons. Thus, the increasing activity of AChE could directly lead to
the cognitive impairments in AD patients. AChE inhibitors, such as donepezil, rivastigmine and
galanthamine, are clinical used for the treatment of AD. There are lots of studies in the development
of AChE inhibitors based on -carboline structure3-34, It was reported a harmine derivative inhibited
AChE with ICs value of 1.90 uM33. Moreover, there are 23 kinds of bivalent B-carboline derivatives
with AChE inhibition activities among which the most powerful compound inhibited AChE with
ICso value of 9.60 uM3*. Our results showed that 2b, the most potent fascaplysin derivative, could
inhibit AChE with the ICsy value within 1 uM, suggesting 2b might be one of the most powerful

ACHhE inhibitors based on -carboline structure.

Fascaplysin Derivatives Extenuate H,O,-indcued Neurotoxicity in SH-SYSY Cells

Referring to the results of AChE activity assay, 2a, 2b, 2¢, 2d and 2e, the five potent AChE
inhibitors, was selected for further neuroprotective evaluation. The neuroprotective ability of
fascaplysin derivatives was evaluated by using H,O,-induced neuronal death model in SH-SY5Y
cells. Fucoxanthin is an effective antioxidant which could reduce oxidative stress and protect SH-
SYS5Y cells against H,O,-induced apoptosis in vitro®>. Therefore, fucoxanthin was chose as a
positive control in the study. Tacrine and curcumin were also tested in the same model. SH-SY5Y
cells were pre-treated by various concentrations of tested compounds for 1 h, followed by the
treatment with 0.3 mM H,O, for 24 h. The results showed that 2a, 2b and 2d significantly protected
SH-SYS5Y cells against HyO,-induced neuronal death at the concentration of 0.3-3.0 nM, while

tacrine, curcumin and fucoxanthin showed lower neuroprotective efficacy comparing with the tested
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compounds (one-way ANOVA, Tukey's test, p < 0.01, Fig. 2G). To further characterize the
neuroprotective effects of the representative compounds, we used fluorescein diacetate/propidium
iodide (FDA/PI) double staining assay. Our results showed that 2b, the most potent anti-oxidant
among fascaplysin derivatives, could substantially increase cells viability in H,O,-induced SH-

SYSY cells at 3 nM (one-way ANOVA, Tukey's test, p < 0.01, Figs. 2H-21,).

Reactive oxygen species (ROS), such as H,O,, O* and -OH, could lead to oxidative stress and
induce death of neurons, and play an important role in the pathogenesis of AD3®. Therefore, reducing
ROS level is an effective way to treat AD. Our study showed that 2a, 2b and 2d could decline H,O,-
induced neurotoxicity with the concentration of nanomolar range, indicating that they might possess
anti-AD neuroprotective efficacy. However, neither tacrine, a potent AChE inhibitor, nor curcumin,
an AP aggregation inhibitor, could produce significant neuroprotection against H,O,-induced
apoptosis at the similar concentration?>?’. These studies suggested that 2a, 2b and 2d might act on
the targets apart from AChE and AP to protect neurons. Interestingly, the effective neuroprotective
concentrations of 2b obeyed the bell-shaped dose response curve peaking at 0.3 nM. The bell-
shaped dose response curve could be widely found in pharmacological research with the following
possible reasons. 1) High concentration of drugs might lead to desensitization of the particular
receptors, and further result in the decline of the biological effects38-3%, 2b is a hydrophilic molecule,
and likely binds to the receptors on cell membrane. We anticipated that high concentration of 2b
might desensitize the receptors that related to the neuroprotection, and lead to the decrease of
neuroprotection. 2) Drugs might simultaneously act on various targets, and total effects could be the
composition of the individual effects of drugs on these targets*. It was reported that harmine could
reduce oxidative stress via activating catalase, glutathione peroxidase and superoxide dismutase in
mice3!. Therefore, we conjectured that 2b might act on enzymes involving in the production and
cleavage of ROS. Low concentrations of 2b might mainly activate the anti-oxidant enzymes to
produce its neuroprotective effects. However, high concentrations of 2b might lead to the activation
of the oxidase, such as L-amino-acid oxidase and D-amino-acid oxidase to produce ROS, further
resulting in the reduction of the neuroprotective efficacy of 2b. However, the detailed
neuroprotective mechanism of 2b has not been fully elucidated yet, and our lab is performing

experiments to investigate this issue.

2a and 2b Effectively Attenuate Scopolamine-induced Cognitive Impairments, Cholinergic
Dysfunctions and Neuroinflammation in vivo

Based on the activities of AChE inhibition and neuroprotection, we have selected 2a and 2b for the
further in vivo tests. Cholinergic system dysfunction is regarded as the major reason that induce
learning and memory impairments in AD patients*!. Meanwhile, neuroinflammation could lead to
neuronal degeneration, and play an important role in AD pathogenesis*2. Scopolamine can induce

cholinergic system dysfunction and neuroinflammation in mice*’. Therefore, acute administration
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of scopolamine was used to establish an AD animal model. Donepezil is widely used as a positive
control in the development of novel AChE inhibitors**. Intraperitoneal (i.p.) injection of donepezil
at the dose of 3-5 mg/kg was reported to prevent cholinergic dysfunctions and reduce
neuroinflammation in the hippocampus of mice>*. Therefore, 4 mg/kg donepezil was i.p. injected
daily 45 min before the animal behavior tests as a positive control. However, the pharmacokinetics
characters of 2b, especially the efficiency to permeate BBB, were not clear. Moreover, it is unknown
whether 2b could produce peripheral side effects and toxicity in animals after ip. injection.
Intrahippocampal injection is a prevalent method used in neuroscience study*¢-*%. Drugs could
directly act on the targets in the hippocampus, and are not likely to produce peripheral side effects
after intrahippocampal injections. Therefore, in our study, 2a and 2b was intrahippocampal injected.
We have previously found that neither intrahippocampal nor i.p. injection of vehicle could alter
cognition of mice!?”. Therefore, in the control and scopolamine groups, we used a pool of mice with

either intrahippocampal injection or 7.p. injection of vehicle.

The open field tests were used to evaluate whether 2a and 2b could affect locomotor activity of
mice. None of the treatments altered numbers of line crossing [one-way ANOVA, F (6, 49) =0.18,
p > 0.05, Fig. 3A] and rearing [one-way ANOVA, F (6, 49) = 0.408, p > 0.05, Fig. 3B], suggesting
that 2a and 2b could not affect locomotor ability of mice. These results also indicated that 2a and

2b could not produce strong toxicity in mice at these concentrations.

The novel object recognition (NOR) tests were used to evaluate whether 2a and 2b could ameliorate
recognition impairments induced by scopolamine in mice. In the training session, all groups
possessed similar recognition index for two identical objects [one-way ANOVA, F (6, 49) =0.266,
p > 0.05, Fig. 3C]. However, the recognition index was significantly different among the groups in
the exploring session [one-way ANOVA, F (6,49)=9.43, p <0.01, Fig. 3D]. The recognition index
of the control group was significantly higher than that of the scopolamine group (Tukey's test, p <
0.01, Fig. 3D). Furthermore, donepezil, 2a and 2b treatment significantly increased recognition
index when compared with scopolamine group (Tukey's test, p < 0.05, Fig. 3D). These results
suggested that 2a and 2b were capable of preventing scopolamine-induced cognitive dysfunction.
Moreover, 2b was more potent than 2a to improve cognitive functions in mice. We also used Morris
water maze (MWM) tests to evaluate whether 2a and 2b could ameliorate scopolamine-induced
spatial cognitive dysfunction. At the 3-5% day of training session, scopolamine significantly
increased escape latency when compared with the control group [one-way ANOVA, Tukey's test, F
(6, 77) = 37.40, p < 0.01, Fig. 3E]. At the 4%-5" day, donepezil, 2a and 2b treatment significantly
decreased escape latency when compared with scopolamine group, indicating that representative
fascaplysin derivatives could inhibit scopolamine-induced spatial learning impairments (Tukey's
test, p < 0.05, Fig. 3E). In the probe trial, the duration in the target quadrant [one-way ANOVA,
Tukey's test, F (6, 49) = 16.03, p < 0.01, Fig. 3F] and the number of platform area crossing [one-
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way ANOVA, Tukey's test, F (6, 49) = 13.53, p < 0.01, Fig. 3G] were significantly decreased in
scopolamine group when compared with the control group. Donepezil and 2b treated mice spent a
significantly longer time in the target quadrant than that of mice treated by scopolamine (Tukey's
test, p < 0.05, Fig. 3F). In addition, donepezil, 2a and 2b treatment significantly increased the
number of platform area crossing when compared with scopolamine-treated mice (Tukey's test, p <
0.05, Fig. 3G), demonstrating that 2a and 2b could prevent scopolamine-induced spatial memory

impairments.

The ability of 2a and 2b to inhibit cholinergic dysfunctions and neuroinflammation were also
evaluated in scopolamine-treated mice. AChE activities in the hippocampal region of mice were
analyzed in vivo. The AChE activity in the hippocampus was significantly higher in scopolamine-
treated mice when compared with the control group [one-way ANOVA, Tukey's test, F (6, 49) =
12.32, p < 0.01, Fig. 4A]. Donepezil, 2a and 2b treatment significantly decreased AChE activity
when compared with the scopolamine group, indicating that both fascaplysin derivatives could
inhibit scopolamine-induced increase of AChE activity (Tukey's test, p < 0.05, Fig. 4A). We used
Western blotting assay to determine the level of ChAT. ChAT level was markedly reduced in
scopolamine-treated mice when compared with the control group (one-way ANOVA, Tukey's test,
p <0.05, Figs. 4B-4E). 2a (one-way ANOVA, Tukey's test, p < 0.01, Figs. 4B-4C) and 2b (one-
way ANOVA, Tukey's test, p < 0.01, Figs. 4D-4E) significantly increased ChAT level when
compared with the scopolamine-treated mice, suggesting that both fascaplysin derivatives could
prevent scopolamine-induced decrease of ChAT levels. These results suggested that fascaplysin

derivatives could inhibit cholinergic dysfunctions induced by scopolamine in mice.

Moreover, IL-1pB, IL-6, IL-10 and TNF-a levels in the hippocampus were determined by enzyme-
linked immunosorbent assay (ELISA). The results showed that scopolamine significantly up-
regulated IL-1P [one-way ANOVA, Tukey's test, F (6, 49) =20.21, p < 0.01, Fig. 4F], TNF-a [one-
way ANOVA, Tukey's test, F (6, 49) = 79.79, p < 0.01, Fig. 4G] and IL-6 [one-way ANOVA,
Tukey's test, F (6,49) =30.41, p <0.01, Fig. 4H] levels while down-regulated IL-10 level [one-way
ANOVA, Tukey's test, F (6, 49) = 37.01, p < 0.01, Fig. 4I] when compared with control group.
However, donepezil, 2a and 2b could decrease IL-1p (Tukey's test, p < 0.01, Fig. 4F) and TNF-a
levels (Tukey's test, p < 0.05, Fig. 4G), and increase 1L-10 level (Tukey's test, p < 0.01, Fig. 41)
when compared with scopolamine-treated group. Besides, IL-6 level in mice treated with 2a and 2b
were lower than that in scopolamine-treated mice (Tukey's test, p < 0.05, Fig. 4H). Donepezil, 2a
and 2b were also raised IL-10 level when compared with scopolamine-treated group (Tukey's test,
p <0.01, Fig. 41). Meanwhile, IL-17 level was analyzed by Western blotting assay. IL-17 level in
scopolamine-treated mice was markedly higher than that in control group (one-way ANOVA,
Tukey's test, Figs. 4J-4M). And donepezil, 2a (one-way ANOVA, Tukey's test, p < 0.01, Figs. 4J-
4K) and 2b (one-way ANOVA, p <0.01, Figs. 4L-4M) could significantly reduce IL-17 level when
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compared with scopolamine-treated mice. All these results suggested that 2a and 2b could inhibit
neuroinflammation in mice. Scopolamine-induced cognitive impairments model is widely used as
an efficient screening tool for the cognitive improving drugs3>#-9, In our study, 2a and 2b could
prevent scopolamine-induced cognitive impairments via inhibiting cholinergic dysfunctions and

neuroinflammation, suggesting that 2a and 2b might be used as anti-AD agents.

It was showed that neuroinflammation, especially those associated with the activation of microglia
and release of pro-inflammatory cytokines, could contribute to neuronal degeneration in AD'S.
Activated microglia could divide into cytotoxic M1 subtype and pro-repair M2 subtype. The M1
phenotype is believed to produce pro-inflammatory cytokines, such as IL-1p, and induce neuronal
injury, while the M2 phenotype could increase the clearance of neurotoxicity and enhance the
remodeling of brain tissues®'. Nuclear factor-kB (NF-kB) signaling pathway plays a core part in the
activation of M1 subtype microglia. Recently, lots of studies showed B-carbolines could inhibit NF-
kB pathway>2. Thus, we conjectured that 2a and 2b might reduce neuroinflammation, and improve
cognitive functions via inhibiting NF-kB pathway, and further preventing the activation of M1

phenotype microglia. However, the clarifying detailed mechanism requires more investigation.

2a and 2b Ameliorate AP Oligomers-induced Cognitive Dysfunction and Tau Hyper-
phosphorylation ir vivo

Recently, fascaplysin was reported to inhibit AP aggregation and produce neuroprotection in vitro'.
However, whether fascaplysin derivatives could reduce neurotoxicity of A in vivo remain unclear.
Thus, we further tested whether 2a and 2b could prevent AP oligomers-induced cognitive

impairments and tau hyper-phosphorylation in vivo.

The cognitive ability of mice were evaluated by Y maze, NOR and MWM tests. In Y maze tests,
the spontaneous alteration of mice in AP oligomers group was significantly reduced compared with
the control group, indicating that A oligomers could reduce recognition in mice [one-way ANOVA,
Tukey's test, F (5, 35) =4.831, p <0.01, Fig. 5A]. Moreover, the spontaneous alteration of mice in
2a and 2b groups were significantly increased compared with AP oligomers groups, suggesting that
both of fascaplysin derivatives could prevent AP oligomers-induced recognition impairments
(Tukey's test, p < 0.01, Fig. SA). Similar results were found in the A oligomers-induced cognitive
impairments model, 2a and 2b could prevent AP oligomers-induced recognition and spatial

cognitive impairments (one-way ANOVA, Tukey's test, Figs. SB-5E).

We also used Western blotting assay to determine the levels of tau and hyper-phosphorylated tau in
hippocampus of mice. Tau level was similar among various groups (one-way ANOVA, Tukey's
test, p > 0.05, Figs. 5G and 5I). However, the level of hyper-phosphorylated tau in AP oligomers-

treated group was significantly higher when compared with control group (Tukey's test, p < 0.05,
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Figs. 5G-5]). Meanwhile, 2a (one-way ANOVA, p <0.01, Figs. 5G-5H) and 2b (one-way ANOVA,
Tukey's test, p < 0.01, Figs. 5I-5J) significantly decreased A oligomers-induced increase of hyper-

phosphorylated tau level in mice.

AP oligomers could lead to neuronal death and recognition dysfunction, and is believed to be the
major neurotoxic aggregates for AD33. AB oligomers induced-hyper-phosphorylation of tau could
disrupt the organization of microtubule, and lead to neurotoxicity. It was believed that the
prevention of tau hyper-phosphorylation could effectively protect neurons and ameliorate
dementia®*. Our results indicated that 2a and 2b could prevent AP oligomers-induced learning and
memory impairments through inhibiting tau hyper-phosphorylation, suggesting they might delay

the pathological process of AD, and are promising drug candidates for the treatment of AD.

In vitro and in vivo Toxicity Evaluation of Fascaplysin Derivatives

Fascaplysin was widely used for the development of anti-cancer drugs, and could induce cells
apoptosis. Therefore, we tested whether fascaplysin derivatives could produce neurotoxicity both in
vitro and in vivo. The in vitro toxicity of 2a-2e was determined by MTT assay in SH-SY5Y cells.
The ICs, values of 2a and 2b to inhibit cell viability were 0.09 + 0.03 pM and 0.18 £ 0.02 pM,
respectively (Table 2). At the same condition, 2¢-2e showed micromolar range in vitro neurotoxicity

(2¢,IC5p=1.60 £ 0.21 pM; 2d, ICs0 = 5.30 = 0.78 uM; 2e, IC5o = 75.80 = 1.06 pM, Table 2).

The acute toxicity of fascaplysin in mice (LDsy = 30 mg/kg) was reported in a previous study>>.
Therefore, we also evaluated the acute toxicity of 2b in mice. Mice were treated with various
concentrations of 2b (20 -120 mg/kg) by i.p. injection and the survival rate was calculated after 3
days of administration. We found the LDs, value of 2b was about 50 mg/kg, suggesting 2b might
possess lower toxicity when compared with fascaplysin. These results indicated that the

modification of fascaplysin not only enhanced its anti-AD activity, but also reduced its toxicity.

Interestingly, our in vitro results showed the ICs, value of 2b to inhibit AChE was about 5 times
more than its ICsy value to inhibit SH-SYS5Y cells viability, suggesting that 2b might produce
neurotoxicity in effective AChE inhibition concentration in vitro. However, it may not be proper to
conclude that 2b has neurotoxicity when effectively inhibiting AChE in vivo. The in vivo effects of
2b might be largely influenced by drug distribution and metabolism. The metabolites of chemicals
might also have biological effects with different degree of efficacy. In our in vivo study, we found
that 2b effectively inhibited AChE in the hippocampus of mice, and prevented cognitive
impairments without performing severe neurotoxicity. In addition, the acute toxicity study showed
the LDs, value of 2b on mice was 50 mg/kg, which was lower than the clinical used anti-AD drugs.
All these results suggested that 2b might not produce toxicity when effectively exhibiting anti-AD

effects in vivo.
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2b Could Penetrate BBB and Retain in the Central Nervous System

We further evaluated whether representative fascaplysin could penetrate BBB. 2b was predicted to
be able to penetrate into the brain by the software of ACD/Percepta. 2b at 30 mg/kg was
administrated into mice by tail vein injection. At 15 min after drug administration, the brain and the
blood samples were collected and analyzed by the ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS). It was found that the concentrations of 2b in the blood and
brain were 6.3 pg/mL and 37.4 ng/mL, respectively (Supporting information: Fig. S41). These
results suggested that 2b could readily cross BBB and retain in the brain, indicating that 2b might

be developed as drugs for neurological diseases.

Conclusion

Due to the complex pathological factors of AD, one-molecule multi-target approach might provide
a novel method for the development of anti-AD drugs. In this study, a series of fascaplysin
derivatives were synthesized and biologically evaluated as novel multi-target drugs for the treatment
of AD. The cholinesterase inhibition ability of fascaplysin derivatives was evaluated in vitro, and
potent compounds, 2a-2e, were further evaluated for their neuroprotection against H,O,-induced
neurotoxicity. Our results indicated that 2a, 2b and 2d could effectively reduce neurotoxicity at
nanomolar range. Two AD mice models were used to further evaluate the anti-AD effects of 2a and
2b in vivo. The results indicated that both 2a and 2b could prevent cognitive impairments via
inhibiting AChE activity, preventing cholinergic dysfunctions, decreasing neuroinflammation, and
reducing tau hyper-phosphorylation, concurrently. 2b, the representative fascaplysin derivatives,
could also penetrate BBB, and produce in vivo acute toxicity lower than fascaplysin. Our study
showed that fascaplysin derivatives are potent multi-target agents against AD, and 2b might be

developed as a potential agent for AD treatment.

Materials and methods

Chemistry

General Information All chemicals and solvents were purchased from commercial suppliers and
used without purification, unless noted otherwise. Reactions were conducted under nitrogen
atmosphere and monitored by thin layer chromatography on silica plate. Purification of products by
chromatography was carried out on silica gel 200-300 mesh. Fourier transform infrared
spectroscopy was measured on a Nicolet 6700 FT-IR spectrometer (Thermo Fisher, Waltham, MA,
USA). NMR spectra were recorded on Bruker Avance 300, or 400 spectrometers. High resolution
mass spectra were obtained on a LTQ-Orbit trap XL spectrometer (Thermo Fisher), an Agilent 6520
QTOF mass spectrometer (Agilent, Santa Clara, CA, USA) or a Bruker micrOTOF-Q II system
using electrospray ionization (ESI) in positive mode. Purity analysis was conducted on a HPLC

instrument (CXTH-LC-3000) using Welch Ultimate® Plus C18 column (5 pum, 4.6 mm X 250 mm),
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eluting at flow rate of 1 mL/min, and monitoring at wavelength of 280 nm.

General Procedures Carbolines 1a, 1b, 1c, 1d, 1e, 1h and 1i were prepared according to the
published procedures in literature, and spectroscopic characterizations are in agreement with those
reported®. 1f, 1g and 1j were prepared by acyl chloride with respective amines. 1k was prepared
by reduction of 1g with LiAIH,4. 2b and 2h were reported previously?2. 2a, 2¢, 2d, 2e, 2f, 2g and 2i

were prepared according to the published procedure.

6-bromo-9H-pyrido[3,4-b]indol-1-yl)(2-bromophenyl)methanone (1d) Pale Yellow solid; m.p. 167
°C. 'TH NMR (400 MHz, DMSO-d6) 6 12.36 (s, 1H), 8.62 (d, J = 1.9 Hz, 1H), 8.55 - 8.42 (m, 2H),
7.84 - 7.70 (m, 3H), 7.62 - 7.49 (m, 2H), 7.52 - 7.43 (m, 1H). *C NMR (101 MHz, DMSO-d6) §
197.23, 141.58, 141.09, 138.62, 135.93, 135.87, 132.79, 132.13, 131.69, 130.71, 129.91, 127.69,
125.05, 122.39, 120.66, 119.37, 115.58, 113.01. HRMS (ESI) (positive mode): m/z calculated for
Ci5H;oBr;N,O: 430.9212; (M+H)*, found: 430.9210.

1-(2-bromobenzoyl)-9H-pyrido[3,4-b]indole-6-carboxamide (1f) To a solution of acid 1e (0.20 g,
0.47 mmol, 1 equiv) and Et;N (0.24 g, 2.3 mmol, Sequiv) in THF (3 mL) in ice-bath, thionyl chloride
(3 mL) was added. The reaction was refluxed for 2 h. Excess thionyl chloride was removed under
reduced pressure before ammonium chloride (0.028 g, 0.52 mmol) in THF (3 mL) was added. The
reaction mixture was stirred at room temperature overnight. After removal of THF, the residue was
subjected to chromatography on silica gel using EtOAc/PE as eluent. After purification, 0.124 g of
1f was yielded (67%). Pale Yellow solid; m.p. 246 °C. FTIR (KBr, cm): 3482, 3423, 3253, 2962,
2922,2853, 1669, 1643, 1600, 1485, 1460, 1389, 1368, 1283, 1262, 1247, 1212, 1123, 1058, 1023,
983, 896, 841, 770, 731, 669, 635, 596, 447. 'H NMR (400 MHz, DMSO-d6) § 12.40 (s, 1H), 8.88
(d, J = 1.8 Hz, 1H), 8.46 (s, 2H), 8.15 (dd, J = 8.6, 1.8 Hz, 1H), 8.12 (s, 1H), 7.84 (d, J = 8.6 Hz,
1H), 7.72 (d, J = 7.9 Hz, 1H), 7.58 — 7.50 (m, 2H), 7.47 (td, J = 7.4, 2.4 Hz, 1H), 7.36 (s, 1H). 13C
NMR (101 MHz, DMSO-d6) ¢ 197.27, 168.88, 144.00, 141.44, 138.93, 136.23, 135.84, 132.74,
131.81, 131.73, 129.76, 129.09, 127.72, 126.95, 122.40, 120.21, 120.03, 119.24, 112.96. HRMS
(ESI) (positive mode): m/z calculated for C9H1,BrN;0,: 394.0186; (M+H)*, found: 394.0185.

1-(2-bromobenzoyl)-N-phenyl-9H-pyrido[3,4-b]indole-6-carboxamide (1g) 1g was synthesized by
the same procedure as 1f using aniline. Pale Yellow solid (70%); m.p. 218 °C. '"H NMR (400 MHz,
DMSO0-d6) 6 12.51 (s, 1H), 10.39 (s, 1H), 9.02 (d, J= 1.1 Hz, 1H), 8.55 (dd, J = 17.0, 4.9 Hz, 2H),
8.26 (dd, J=8.6, 1.6 Hz, 1H), 7.95 (d, ] = 8.6 Hz, 1H), 7.84 (d, J =7.7 Hz, 2H), 7.76 (d, ] = 7.4 Hz,
1H), 7.61 (dd, J = 7.5, 1.8 Hz, 1H), 7.59 - 7.53 (m, 1H), 7.50 (td, J = 7.6, 1.9 Hz, 1H), 7.40 (t, ] =
7.9 Hz, 2H), 7.14 (t, J = 7.4 Hz, 1H). 1*C NMR (101 MHz, DMSO-d6) 8 196.96, 165.92, 143.88,
141.25, 139.46, 138.72, 136.04, 135.71, 132.50, 131.56, 131.43, 129.60, 129.02, 128.80, 127.56,
127.42,123.75,122.36, 120.56, 120.08, 119.80, 119.06, 112.93. HRMS (ESI) (positive mode): m/z
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calculated for C,5sH¢BrN3;O,: 470.0499; (M+H)*, found: 470.0477.

1-(2-bromobenzoyl)-N-(2-(5-methyl-1 H-indol-3-yl)ethyl)-9H-pyrido[3,4-b]indole-6-carboxamide
(1j) 1j was synthesized by the same procedure as 1f using 5-methyl tryptamine. Pale Yellow solid
(62%); m.p. 237 °C. 'H NMR (400 MHz, DMSO-d6) § 12.41 (s, 1H), 10.66 (s, 1H), 8.87 (s, 1H),
8.66 (t, ] =5.7 Hz, 1H), 8.48 (g, J =4.9 Hz, 2H), 8.15 (dd, ] = 8.7, 1.6 Hz, 1H), 7.86 (d, ] = 8.6 Hz,
1H), 7.74 (d, J = 8.0 Hz, 1H), 7.63 — 7.43 (m, 3H), 7.39 (s, 1H), 7.23 (d, J = 8.2 Hz, 1H), 7.16 (s,
1H), 6.89 (d, J = 8.0 Hz, 1H), 3.66 — 3.57 (m, 2H), 2.99 (t, ] = 7.5 Hz, 2H), 2.35 (s, 3H). 3C NMR
(101 MHz, DMSO-d6) & 197.27, 166.82, 143.90, 141.63, 138.90, 136.30, 135.94, 135.09, 132.79,
131.89, 131.69, 129.91, 128.81, 128.03, 127.82, 127.70, 127.04, 123.20, 122.97, 122.04, 120.19,
120.07, 119.38, 118.46, 113.01, 111.96, 111.55, 40.98, 25.78, 21.73. HRMS (ESI) (positive mode):
m/z calculated for C3oH,3;BrN4O,: 551.1077; (M+H)*, found: 551.1071.

1-((2-bromophenyl) (hydroxy)methyl)-N-phenyl-9H-pyrido[3,4-b]indole-6-carboxamide (1k) To a
mixture of 1j (0.20 g, 0.42 mmol) and LiAlH4 (21 mg, 0.55 mmol), was added anhydrous THF at 0
°C under N, atmosphere. The suspension was stirred 10 min at 0 °C before refluxing for 8 h. Water
was added to quench the reaction. Solvents were removed under vacuum and the residue was eluted
with a solvent mixture of petroleum and ethyl acetate (V/V, 2/1) on a silica gel chromatography to
give yellow solid (0.11 g, 55%). m.p. 124-125 °C. 'H NMR (400 MHz, DMSO0-d6) 8 11.92 (s, 1H),
10.29 (s, 1H), 8.92 (d, J = 1.7 Hz, 1H), 8.23 (d, J = 5.2 Hz, 1H), 8.18 (dd, J = 8.6, 1.8 Hz, 1H), 8.10
(d, J=5.2Hz, 1H), 7.91 — 7.76 (m, 3H), 7.70 (dd, J = 7.8, 1.7 Hz, 1H), 7.56 (dd, J = 8.0, 1.2 Hz,
1H), 7.46 — 7.32 (m, 3H), 7.22 (td, J = 7.7, 1.8 Hz, 1H), 7.11 (t, ] = 7.4 Hz, 1H), 6.56 (s, 2H). 13C
NMR (101 MHz, DMSO-d6) & 165.99, 146.18, 142.79, 142.59, 139.53, 137.80, 134.46, 132.25,
129.69, 129.10, 129.01, 128.70, 127.97, 127.50, 126.10, 123.56, 122.48, 121.91, 120.49, 120.24,
114.12, 112.14, 73.66. HRMS (ESI) (positive mode): m/z calculated for C,sH;sBrN3;O,: 472.0655;
(M+H)", found: 472.0642.

13-0x0-12,13-dihydropyrido[1,2-a:3,4-b'[diindol-5-ium bromide (2a) Cyclization was conducted at
220 °C for 1 h. Yield: 80%; red-brown solid; m.p. > 300 °C. 'H NMR (400 MHz, DMSO-d6) &
13.51 (s, 1H), 9.60 (d, J = 6.3 Hz, 1H), 9.13 (d, J = 6.2 Hz, 1H), 8.56 (d, ] = 8.0 Hz, 1H), 8.48 (d, J
= 8.1 Hz, 1H), 8.06 (d, J = 7.4 Hz, 1H), 8.01 (t, J=7.9 Hz, 1H), 7.89 (t,J = 7.8 Hz, 1H), 7.80 (d, J
=8.3 Hz, 1H), 7.74 (t, J = 7.5 Hz, 1H), 7.52 (t,J = 7.5 Hz, 1H). 3C NMR (101 MHz, DMSO-d6) 3
182.77, 147.54, 147.40, 140.99, 137.51, 134.78, 131.82, 131.60, 127.18, 126.04, 124.84, 124.49,
123.52, 123.24, 120.82, 119.92, 116.09, 114.20. HRMS (ESI) (positive mode): m/z calculated for
CigH1N,O: 271.0866; (M-Br)*, found: 271.0891.

8-methyl-13-oxo-12, 13-dihydropyrido[1,2-a.3,4-b'|diindol-5-ium bromide (2c) Cyclization was
conducted at 220 °C for 1 h. Yield: 80%; dark brown solid; m.p. > 300 °C. 'H NMR (400 MHz,
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DMSO0-d6) & 13.48 (s, 1H), 9.52 (d, J = 6.3 Hz, 1H), 8.85 (d, J = 6.3 Hz, 1H), 8.53 (d, ] = 8.0 Hz,
1H), 8.04 (d, J = 7.6 Hz, 1H), 8.01 (t, ] =7.5 Hz, 1H), 7.73 (q, ] = 7.3 Hz, 2H), 7.60 (d, ] = 8.2 Hz,
1H), 7.27 (d, J = 7.2 Hz, 1H), 2.89 (s, 3H). 3C NMR (101 MHz, DMSO-d6) & 182.69, 147.65,
147.38, 140.58, 137.66, 137.48, 134.67, 131.83, 131.62, 126.90, 125.99, 124.58, 124.48, 122.53,
121.70,118.91,116.19, 111.72, 20.64. HRMS (ESI) (positive mode): m/z calculated for C,9H;3N,0:
285.1024; (M-Br)*, found: 285.1022.

9-bromo-13-oxo-12,13-dihydropyrido[1,2-a:3,4-b'[diindol-5-ium bromide (2d) Cyclization was
conducted at 220 °C for 1 h. Yield: 40%; dark brown solid; m.p. > 300 °C. The solubility of 2d in
common organic solvents is too low to carry out NMR measurement. FTIR (KBr, cm™!): 3428, 3068,
2922, 1722, 1704, 1622, 1598, 1508, 1485, 1472, 1448, 1421, 1401, 1384, 1298, 1276, 1186, 1165,
1125, 1082, 1031, 960, 825, 752, 730, 668, 608, 569, 512, 429. HRMS (ESI) (positive mode): m/z
calculated for C;gH;(BrN,O: 348.9971; (M-Br)", found: 348.9962.

9-carboxy-13-oxo-12, 13-dihydropyrido[1,2-a.3,4-b'[diindol-5-ium bromide (2e) Cyclization was
conducted at 220 °C for 1 h. Yield: 82%; dark brown solid; m.p. > 300 °C. FTIR (KBr, cm™'): 3435,
3090, 1721, 1625, 1576, 1513, 1467, 1420, 1379, 1301, 1280, 1257, 1234, 1187, 1055, 975, 760,
725,671, 617. '"H NMR (400 MHz, TFA-d) 8 9.36 (s, 1H), 9.29 (d, ] = 5.9 Hz, 1H), 9.00 (d,J=5.9
Hz, 1H), 8.77 (d, J = 8.8 Hz, 1H), 8.27 (d, ] = 8.1 Hz, 1H), 8.20 (d, ] = 7.4 Hz, 1H), 8.08 (m, 2H),
7.88 (t, J = 7.6 Hz, 1H). 3C NMR (101 MHz, TFA-d) & 183.06, 171.24, 149.96, 146.96, 142.49,
138.40, 136.38, 133.24, 132.47, 127.52, 127.43, 126.98, 124.61, 123.26, 121.75, 120.85, 119.52,
114.72, 113.75. HRMS (ESI) (positive mode): m/z calculated for C;oH;;N,O5: 315.0764; (M-Br)*,
found: 315.0763.

9-carbamoyl-13-oxo-12,13-dihydropyrido[1,2-a:3,4-b'[diindol-5-ium bromide (2f) Cyclization
was conducted at 220 °C for 1 h. Yield: 78%; dark brown solid; m.p. > 300 °C. The solubility of 2f
in common organic solvents is too low to carry out NMR measurement. FTIR (KBr, cm™'): 3431,
2647, 1599, 1511, 1385, 1355, 1292, 1221, 1175, 1120, 976, 753. HRMS (ESI) (positive mode):
m/z calculated for C19H,N30;: 314.0924; (M-Br)*, found: 314.0920.

13-0x0-9-(phenylcarbamoyl)-12, 1 3-dihydropyrido[1,2-a:3,4-b'|diindol-5-ium ~ bromide  (2g)
Cyclization was conducted at 220 °C for 1 h. Yield: 82%; dark brown solid; m.p. > 300 °C. '"H NMR
(400 MHz, TFA-d) 4 9.24 (s, 1H), 9.20 (d, J = 4.6 Hz, 1H), 9.04 (d, ] =3.9 Hz, 1H), 8.49 (d, J=8.6
Hz, 1H), 8.19 (d, J = 8.0 Hz, 1H), 8.14 (d, ] = 7.4 Hz, 1H), 8.03 (t, J = 8.2 Hz, 2H), 7.82 (t, ] = 7.5
Hz, 1H), 7.58 (d, J = 7.7 Hz, 2H), 7.46 (t, ] = 7.4 Hz, 2H), 7.36 (t, J = 7.3 Hz, 1H). 3C NMR (101
MHz, TFA-d) & 182.80, 169.58, 148.97, 146.76, 141.95, 138.17, 134.38, 133.74, 132.97, 132.29,
129.08, 128.97, 127.91, 127.60, 126.79, 126.67, 123.11, 123.08, 121.60, 121.32, 119.48, 114.59,
114.12. HRMS (ESI) (positive mode): m/z calculated for CysH;sN3O,: 390.1237; (M-Br)*, found:
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390.1222.

9-methyl-13-oxo-12, 13-dihydropyrido[1,2-a.3,4-b'[diindol-5-ium chloride (2i) Cyclization was
conducted at 220 °C for 1 h. Yield: 80%; dark brown solid; m.p. > 300 °C. 'H NMR (500 MHz,
Methanol-d4) 6 9.27 (s, 1H), 8.79 (s, 1H), 8.31 (d, J = 8.0 Hz, 1H), 8.12 (s, 1H), 8.02 - 7.94 (m,
2H), 7.74 (t,J = 7.5 Hz, 1H), 7.60 - 7.52 (m, 2H), 2.46 (s, 3H). 3C NMR (126 MHz, MeOD-d4) $
183.11, 148.61, 147.28, 142.33, 138.49, 137.76, 135.02, 132.96, 132.83, 127.35, 126.94, 125.45,
124.41, 123.05, 121.30, 121.05, 116.62, 114.40, 21.42. HRMS (ESI) (positive mode): m/z
calculated for C;oH3N,0: 285.1022; (M-CI1)*, found: 285.1014.

Evaluation of Cholinesterase Activity

The evaluation of cholinesterase activity was conducted following to the method described in a
previously study>°. After the sacrifice of mice, the brains and serum were collected to provide AChE
and BuChE, respectively, followed by the addition of 10 times volume of lysis buffer [10 mM
HEPES (pH 7.5), 1 mM EGTA, 1 mM EDTA, 150 mM Triton X-100 and 1 mM NaCl; Shanghai
Aladdin Biochemical Technology, Shanghai, China]. In order to obtain AChE, the mixture was
homogenized on ice and then centrifuged at 3000 rpm at 4 °C for 15 min, and the supernatant was
collected. The serum was centrifuged at 13400 rpm at 4 °C for 15 min, and the supernatant was
collected to obtain BuChE. Then AChE and BuChE was incubated with 0.1 mM ethopropazine
hydrochloride or BW284C51 at 37 °C for 5 min to inhibit BuChE or AChE activity, respectively.
Then the test compound was added to the working solution [0.1 M Na,HPO, (pH 7.5), 10 mM
DTNB and 1 mM acetylthiocholine iodide (ATCI) for AChE assay or butylthiocholine iodide for
BuChE assay (Sigma-Aldrich, St. Louis, MO, USA) followed by pre-incubating with AChE or
BuChE at 37 °C for 15 min. Then the substrate (ATCI or butylthiocholine iodide) was added, and
incubated at 37 °C for 30 min. AChE and BuChE activity was evaluated by measuring the
absorbance at 412 nm using a Varioskan LUX Multimode Microplate Reader (Thermo Fisher
Scientific, Waltham, MA, USA).

Molecular Docking Analysis

The X-ray structure of human AChE in complex with donepezil was retrieved from the RCSB
protein Data Bank (PDB ID 4EY7)%’. The drug was analyzed by Molecular Operating Environment.
Molecular docking was carried out on Gold 5.2.2 (Cambridge Crystallographic Data Centre
Software Ltd., Cambridge, U.K.). The binding pocket was defined by the residues within five
angstrom radius of donepezil. The original inhibitor donepezil was removed after defining the
binding pocket. A genetic algorithm (GA) and Gold score was used to calculate and select the best

docking conformation in the binding pocket.

Cell Culture and Treatment
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Human neuroblastoma SH-SYSY cells were purchased from the Shanghai Institute of Cell Biology
(Shanghai, China) and cultured in Dulbecco's modified Eagle’s medium (DMEM; Sigma-Aldrich)
supplemented with penicillin (100 U/mL), 10 % fetal bovine serum (FBS) and streptomycin (100
pg/mL) in the humidified 5 % CO,/95 % O, atmosphere at 37 °C for 48 h. Then the medium was
adjusted to low serum content (1 % FBS) and seeded in 6-well or 96-well plates (around 20000
cells/mL), followed by the cultivation for 48 h. Then SH-SYS5Y cells were pre-treated with tested
drugs for 1 h followed by exposing to H,O, (0.3 mM) for another 24 h, exclusive of the control.

Measurement of Cell Viability

Cell viability was evaluated by 3(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-trazolium bromide
(MTT) assays described in a previous study?®. Briefly, 10 uL MTT solution (5 mg/mL; Ningbo
Baichuan Biotechnology, Ningbo, Zhejiang, China) was added to 6-well or 96-well plates and
incubated in the humidified incubator at 37 °C for 4 h. Then 100 pL solvating solution (10 % SDS
solution supplemented with 10 mM HCl) was added and incubated silently for 16-20 h. The cell
viability was evaluated by measuring the absorbance at 570 nm with 655 nm as a reference

wavelength using a Varioskan LUX Multimode Microplate Reader (Thermo Fisher).

FDA/PI Double Staining Assay

FDA/PI double staining was conducted according to the protocol described previously™®.  SH-
SYSY cells were incubated with 10 pg/mL of FDA (Ningbo Baichuan Biotechnology, Zhejiang,
China) and 5 pg/mL of PI (Ningbo Baichuan Biotechnology) in 6-well plates for 15 min. After the
staining agents were removed, SH-SY5Y cells were washed gently for twice using phosphate buffer.
Then UV light microscopy was used to observe and take images of stained cells. Five same-acreage
square fields of each well were chosen randomly to count the number of FDA-positive and FDA-
negative cells. The cell viability was the ratio of the amount of FDA-positive cells over the total

calculated numbers of cells.

Cytokine Determination

The brain was collected immediately after decapitation of mice and then homogenized in 0.5 mL
lysis buffer [10 mM HEPES (pH 7.5), ] mM EGTA, 1 mM EDTA, 0.5% Triton X-100 and 150 mM
NaCl; Shanghai Aladdin Biochemical Technology]. The homogenate was then incubated on ice for
1 h, followed by centrifuging at 13400 rpm at 4 °C for 30 min. The concentrations of cytokines (IL-
1B, TNF-q, IL-6, IL-10) in the supernatants were measured using ELISA kits (Jiangsu Meibiao

Biotechnology, Jiangsu, China) according to the producer's instructions.

Western Blotting Analysis
Western blotting assay was conducted according to a protocol described previously®®. Hippocampus

was collected and weighted immediately after decapitation of mice, followed by the addition of ten
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times volume of lysis buffer [10 mM HEPES (pH 7.5), 1 mM EGTA, 1 mM EDTA, 150 mM Triton
X-100 and 1 mM NaCl; Shanghai Aladdin Biochemical Technology]. The mixture was then
centrifuged at 13400 rpm for 15 min, followed by the measuring of the concentration of protein in
the supernatant using BCA Protein Kit (Beyotime Biotechnology, Shanghai, China). The sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to electrophorese the
protein samples in ice-water mixture at 120 V for 100 min. The separated protein was then
transferred to polyvinylidene fluoride membrane using the trans-blotting apparatus at 100 V for 75
min. The membrane was blocked using 5 % skim milk at room temperature (20-25 °C) for 2 h,
followed by incubating with primary antibodies against IL-17, ChAT, tau, p-tau and B-actin (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) respectively at 4 °C for 12 h. Then the membrane was
washed for four times (15 min for each time) using TBST solution (2 mM NaCl, 10 mM Tris-HCl
and 0.1 % Tween-20; Shanghai Aladdin Biochemical Technology) followed by incubating with
secondary antibodies which specificity bind to the particular primary antibody at room temperature
for 1 h. The membrane was washed for four times (15 min for each time) using TBST solution at
room temperature. The protein bands were visualized using the ECL Western blotting detection
reagents (Amersham Biosciences, Buckingham-shire, UK). The concentrations of proteins were
evaluated by analyzing the intensity of each band using Image J software (NIH Image, Bethesda,
MD, USA).

Studies on Animals

All animal studies were obeyed the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 8023, revised 1978) and were approved by the
Animal Care and Use Committee of Ningbo University. ICR mice (male, 4-month old, weighted 25
+ 5 g) were purchased from Zhejiang Academy of Sciences (Hangzhou, Zhejiang, China). Mice
were fed in a 12 h light/dark cycle under the controlled humidity (50 + 10%) and temperature (22 +
2 °C).

Intrahippocampal injection

Mice were anesthetized by ip. administration of 50 mg/kg sodium pentobarbital (Beyotime
Biotechnology), and then placed in a stereotaxic instrument (RWD Life Science, Shenzhen,
Guangdong, China). After the skull was exposed, two holes were drilled in the skull at the
stereotaxic coordinates according to a previous report: anteroposterior -3.8 mm from bregma;
mediolateral £ 2 mm from midline; and dorsoventral -3.0 mm from the skull**. Then a
microinjection needle (Shanghai Gaoge Industrial and Trading Co, LTD, Shanghai, China) was
inserted into the hole and 2.0 puL of different doses of 2a, 2b, A oligomers or vehicle (saline) were
injected into the CAIl region (1.0 pL each side) at a constant speed of 0.2 pL/min using an
UltraMicroPump (RWD Life Science). After injection, the needle was left in place for an additional

5 min to facilitate diffusion of the solution away from the needle tip. After the surgery, mice were
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given 24 h to recover before animal tests.

Animal treatments

To evaluate the efficacy of 2a and 2b in ameliorating scopolamine-induced cognition impairments,
donepezil (Santa Cruz Biotechnology), scopolamine (Sigma), 2a and 2b were dissolved in sterile
saline. Mice were assigned randomly into 7 various groups with 8 animals of each: control (saline),
4mg/kg scopolamine (i.p.) plus vehicle, scopolamine plus 4 mg/kg donepezil (i.p.), scopolamine
plus 70.2 ng 2a (intrahippocampal injection), scopolamine plus 105.3 ng 2a(intrahippocampal
injection), scopolamine plus 7.3 ng 2b (intrahippocampal injection) and scopolamine plus 21.9 ng
2b (intrahippocampal injection). In the scopolamine and control group, mice were intrahippocampal
(half of mice) or i.p. (half of mice) administrated with the vehicle (saline). Scopolamine was i.p.
injected 45 min before while donepezil was i.p. treated 1 h prior to each animal test for 10
consecutive days. 2a and 2b were intrahippocampal injection injected every third day 24 h before

each animal test.

When measured the ability of 2a and 2b to rescue the learning and memory dysfunctions induced
by AP oligomers, AR was purchased from Sigma, and diluted in sterile saline to the concentration
of 60 uM. Mice were assigned randomly into 6 various groups with 8 animals of each: control
(saline, intrahippocampal injection), 0.6 ug AP oligomers (intrahippocampal injection) plus vehicle,
AP oligomers plus 70.2 ng 2a (intrahippocampal injection), AB oligomers plus 105.3 ng 2a
(intrahippocampal injection), AP oligomers plus 7.3 ng 2b (intrahippocampal injection) and AP
oligomers plus 21.9 ng 2b (intrahippocampal injection). AP oligomers were injected 7 days prior to
the animal tests, while 2a and 2b were intrahippocampal injected every third day 24 h before each
animal test. In control and A oligomers group, vehicle (saline) was intrahippocampal injected as

the same frequency as 2a and 2b.

Open Field Tests

The open field tests were used to evaluate the exploratory and locomotor activities of animals. As
described in a previous study, the test was conducted in a 50x50%39 c¢cm open plastic box whose
floor was divided in to four equal quadrants by crossed black lines®. Mice were placed in the center
of the open field and allowed to explore freely for 5 min. The number of rearing (mice stood on
their hind legs) and line crossing was recorded. In order to avoid distribution of mice due to the

urine and odor, the open field was cleaned between two individual tests using 10 % ethanol.

NOR Tests
The NOR test conducted in a 50x50%39 cm black open plastic box described previously was used
to measure the memory function of animals®!. There were two sessions of the tests, namely training

section and exploring session. In the training session, mice were placed in the center of the box and
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allowed to explore two identical 5x5x5 cm stone cubes freely for 5 min. The exploring session was
conducted after 24 h and one of the stone cube was replaced by a 5x5x7 cm stone square pyramid.
The mice were placed in the center of the box and allowed to explore the two different objects freely
in the field for 5 min. Mice looked towards and sniffed the object was defined as exploration while
sitting on or back on the objects closely was not considered as exploratory behavior. In order to
avoid distribution of mice due to the urine and odor, the field was cleaned between two individual
tests using 10% ethanol. The recognition index was the ratio of the amount of time spent exploring
either of the two identical objects (in the training session) or the novel object (in the exploring
session) over the total exploring time (sum of the time spent exploring 2 objects) and was used to

evaluate the cognitive function.

MWM Tests

The MWM tests conducted according to a protocol described in a previous study was used to
evaluate the spatial learning and memory®. The water maze was a circle poor with the diameter of
150 cm and divided into four equal quadrants, and was filled with water at the temperature of 25 °C.
A circle platform with the diameter of 5 cm was located in the first quadrant except on the last day
and covered by water on the first day only. The camera attached to a computer-based video analyzer
was used to monitor the movement of mice. Mice were placed into the water maze at one of the
quadrants each time facing the wall and then given 90 s to find the platform, and were allowed to
stay on it for 10 s. Mice who failed to reach the platform within 90 s would be guided to the platform
gently and allowed to stay on it for 20 s, and they were recorded a escape latency (the time spent
escaping onto the submerged platform) of 90 s. Mice were trained to find the platform with four
trials per day (mice were placed into different quadrants each trail) for 5 days and the escape latency
was recorded. On the 5™ day, a probe trial was conducted and the platform was removed, mice were
allowed to swim in the poor freely for 90 s. The time of mice spent in the target quadrant (the first
quadrant) and number of platform region crossing was recorded in order to evaluate the spatial

recognition function.

Y Maze Tests

The Y maze tests were conducted in a 30x8%x30 cm black open box with three identical arms

described previously®. Different geometric figures were attached to particular arm as visual markers.

Three arms were randomly assigned as the new arm and two other arms, and the junction was
defined as central area. The tests consisted of namely training and exploring session with an interval
of 2 h. In the training session, the new arm was blocked by a partition. Mice were put into the central
area and allowed to explore freely in the box except the new arm for 5 min. In the exploring session,
the baffle was removed. Mice were put into the central area and allowed to explore freely in the box
for 5 min. The movement of mice was monitored by a video attached to a trajectory tracking system

and the time of mice spent in each arms was recorded. The spontaneous alteration was the ratio of
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the amount of time spent exploring the new arm over the total exploring time (sum of the time spent

exploring three arms) and was used to evaluate cognitive function.

Statistical Analysis

The results were presented as mean £ SD for n = 8 mice/group. GraphPad Prism (version 6.0,
GraphPad Software, Inc., San Diego, CA, USA) was used to analyze the data. The group differences
were evaluated using one-way analysis of variation (ANOVA) and Tukey's test was used for the
statistical comparison. However, two-way ANOV A with the repeated measure of both the factor of
treatment and training day was used to analyze the group variance of the escape latency in the
training days (1""-5 day) of Morris water maze. Values of p < 0.05 were considered statistically
significant. In figures, % or folds of control was calculated by separating each control mice value
on the average of total control group values for a particular cytokine protein or protein and then the

values of treated group were normalized to control (1.0).

Associated Content
Supporting Information
Representative 'H NMR and '3C NMR spectra and HPLC analysis of synthesized compounds;

Pharmacokinetics studies of compound 2b.
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Figure captions

Figure 1 Synthesis routs of -carboline and fascaplysin derivatives. (A) Synthesis of compounds
1a-1e, 1h-1i and 2a-2e, 2h-2i. (B) Synthesis of compounds 1f-1g, 1j-1k and 2f-2g. Reagents and
conditions: (i) I,, DMSO, reflux; (ii) 220-230 °C, 20-80 min; (iii) O,, N-hydroxyphthalimide,
Co(OAc),, room temperature; (iv) SOCl,, Et;N, THF, reflux, 2 h; amine, THF, room temperature,
12 h. Reagents and conditions: (v) LiAlH4, THF, reflux, 8 h.

Figure 2 In vitro AChE inhibition properties and neuroprotection of fascaplysin derivatives. (A)

ACHhE activity was evaluated in a system with or without 0.2 and 0.8 uM 2b. The concentrations of
ATCI were within the scope of 5 to 30 uM. Lineweaver—Burk plot was used to fit 1/[V] versus 1/[S].

Every point is an average of three independent experiments. (B) The slopes were calculated from

(A). The value of Ki was calculated by the slopes and concentrations of 2b. Molecular docking

analysis was used to explore the interactions between fascaplysin derivatives and AChE. (C) 2b (red)
bound to the CAS and the PAS of AChE (grey). (D) 2¢ (yellow) bound to the CAS and the PAS of
AChE (grey). (E) 2d (blue) bound to the CAS and the PAS of AChE (grey). The electron-

withdrawing substituted bromine in 2d had electron repulsion with aromatic ring of Trp86 in CAS.

(F) 2e (orange) bound to the CAS and the PAS of AChE (grey). The negative charged carboxyl in

2e had electron repulsion with aromatic ring of Trp86 in CAS. (G) SH-SYS5Y cells were incubated

with drugs for 1 h, then H,O, were added 24 h before the MTT assay. 2a, 2b, 2d, fucoxanthin

(Fuco), tacrine (Tac) and curcumin (Cur) could protect SY-SHSY cells against H,O,-induced

neurotoxicity while 2¢ and 2e did not exhibit neuroprotective ability. (H) SH-SYS5Y cells were pre-

incubated with 3 nM 2b for 1 h followed by adding 0.3 mM H,O,. After incubated for 24 h, the

cells were stained by the FDA/PI double staining assay. FDA positive cells (green stained cells)

were living cells, while FDA negative cells (red stained cells) were dead cells. (I) Quantitative

results demonstrated that treatment with 3 nM 2b significantly increased the percentage of FDA

positive cells meanwhile decreased the percentage of FDA negative cells. Data are expressed as the

mean + SD (n = 6); #p < 0.01 versus the control group, “p < 0.05 and **p < 0.01 versus the H,O,-

treated group (One-way ANOVA, Tukey’s test).

Figure 3 2a and 2b prevent scopolamine-induced cognitive impairments in mice. In open field tests,
2a and 2b treatment did not significantly alter (A) the number of line crossing, and (B) the number
of rearing. In NOR tests, 2a and 2b treatment (C) did not significantly alter recognition index for
two identical objects in the training session, (D) while significantly increased recognition index in
the exploring session in scopolamine-treated mice. In MWM tests, 2a and 2b treatment (E)
significantly decreased the mean latency to find the platform in the training session, (F) and
increased the number of target crossings in probe trial in scopolamine-treated mice. (G) Treatment
with 2b could significantly increase the time spent in target quadrant in probe trial in scopolamine-

treated mice. (H) Representative paths of mice in the training session of Morris water maze tests. *:
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70.2 ng, #: 105.3 ng, 3: 7.3 ng, & 21.9 ng, i.p.: intraperitoneal injection, i.A.p.: intrahippocampal
injection. Data are expressed as the mean + SD (n = 8); #p < 0.05 and #p < 0.01 versus the control
group, “p <0.05 and *p < 0.01 versus the scopolamine-treated group (one-way ANOVA and
Tukey’s test).

Figure 4 2a and 2b prevent scopolamine-induced cholinergic dysfunction and neuroinflammation
in mice. (A) AChE activity in hippocampus was measured by AChE activity evaluation assay. 2a
and 2b treatment could significantly inhibit AChE activity in the hippocampus of scopolamine-
treated mice. (B) Western blot analysis of ChAT and B-actin levels in hippocampus. (C) Quantitative
results demonstrated that treatment with 2a at 105.3 ng significantly increased the expressions of
ChAT in the hippocampus of scopolamine-treated mice. (D) Western blotting analysis of ChAT and
B-actin levels in hippocampus. (E) Quantitative results demonstrated that treatment with 2b at 21.9
ng significantly increased the expressions of ChAT in the hippocampus of scopolamine-treated mice.
The result of EILSA proved that 2a and 2b treatment could significantly decrease (F) IL-1p, (G)
TNF-o and (H) IL-6 levels while increase (I) IL-10 level in the hippocampus of scopolamine-treated
mice. (J) Western blotting analysis of IL-17 and B-actin levels in hippocampus. (K) Quantitative
results demonstrated that 2a at 105.3 ng significantly decreased the expressions of IL-17 in the
hippocampus of scopolamine-treated mice. (L) Western blotting analysis of IL-17 and B-actin levels
in hippocampus. (M) Quantitative results demonstrated that 2b at 21.9 ng significantly decreased
the expressions of IL-17 in the hippocampus of scopolamine-treated mice. i.p.: intraperitoneal
injection, i.h.p.: intrahippocampal injection. Data are expressed as the mean = SD (n = 8); #p < 0.05
and *p < 0.01 versus the control group, “p <0.05 and **p < 0.01 versus the scopolamine-treated

group (one-way ANOVA and Tukey’s test).

Figure 5 2a and 2b prevent AP oligomers-induced cognitive impairments and tau hyper-
phosphorylation in mice. (A) In the exploring session of Y-maze tests, 2a and 2b treatment
significantly increased the spontaneous alteration in AP-treated mice. In NOR tests, 2a and 2b
treatment (B) did not significantly alter recognition index for two identical objects in the training
session, while (C) significantly increased recognition index in the exploring session in AB-treated
mice. In MMW tests, 2a and 2b treatment (D) significantly decreased the mean latency to find the
platform in the training session, and (E) increased the time spent in the target quadrant in probe trial
in AB-treated mice. (F) Representative paths of mice in the training session of MWM tests. The
expression of (G) tau, (H) p-tau and B-actin were detected by Western blotting assay. (I) Quantitative
results demonstrated that treatment with 2a significantly decreased p-tau levels in the hippocampus
of AB-treated mice. Western blotting analysis of (J) tau, (K) p-tau and B-actin levels in hippocampus.
(L) Quantitative results demonstrated that treatment with 2b significantly decreased p-tau levels in
the hippocampus of scopolamine-treated mice. *: 70.2 ng, #: 105.3 ng, 3: 7.3 ng, &: 21.9 ng, i.h.p.:

intrahippocampal injection. Data are expressed as the mean + SD (n = 8); #p < 0.05 and #*p < 0.01
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versus the control group, *p <0.05 and *p < 0.01 versus the AB-treated group (one way ANOVA
and Tukey’s test).
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Table 1. The inhibition activity of fascaplysin derivatives on AChE and BuChE.

Compound 1Cso (MY SI®  Compound 1Cso (M SIP
AChE BuChE AChE BuChE

la N.D. N.D. -¢ 2a 1.21+0.04 8.63+1.01 7.13
1b N.D. N.D. -¢ 2b 0.95+0.10 2.79+0.76 2.94
1c N.D. N.D. -¢ 2¢ 2.92 +0.09 11.11 £ 1.93 3.81
1d N.D. N.D. -¢ 2d 2.32+£0.58 6.19+0.87 2.67
le N.D. N.D. -¢ 2e 9.55+1.23 1598 +£1.19 1.67
1f N.D. N.D. -¢ 2f N.D. N.D. -¢
1g N.D. N.D. < 2g N.D. 2.90 +0.21
1h N.D. N.D. -¢ 2h 1.28 £0.07 7.96 £0.67 6.22
1i N.D. N.D. -¢ 2i 1.01 £0.22 2.92+0.14 2.89
1j N.D. N.D. -¢ Tacrine 0.18+0.01 0.23+0.03 1.28
1k N.D. N.D. -¢ Donepezil 0.03 +£0.01 2.13+£0.02 66.56

aThe ICsq value was an average of three independent experiments.; ®SI = ICso (BuChE)/ICsq (AChE).

¢ SI value could not be calculated. N.D. = cholinesterase inhibition was not detectable even when

the concentration of chemicals above 1 mM. Data are expressed as the mean + SD (n = 3).
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Table 2. The ICs, values of compounds 2a, 2b, 2¢, 2d, 2e to inhibit cell viability.

Compound ICs to inhibit cell viability (uM)
2a 0.09 +£0.03
2b 0.18+0.02
9 2¢ 1.60 +0.21
2d 5.30+0.78
12 2e 75.80 £ 1.06

oNOYTULT D WN =

The ICs, value was an average of three independent experiments. Data are expressed as the mean

15 + SD (n=3).
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