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Accumulation of tau protein aggregation plays a crucial role in neurodegenerative diseases, such as
Alzheimer’s disease (AD). Uncontrollable neuroinflammation and tau pathology form a vicious circle that
further aggravates AD progression. Herein, we reported the synthesis of usnic acid derivatives and
evaluation of their inhibitory activities against tau-aggregation and neuroinflammation. The inhibitory
activity of the derivatives against the self-fibrillation of the hexapeptide AcCPHF6 was initially screened by
ThT fluorescence assay. Using circular dichroism and transmission electron microscopy, compound 30
showed the most potent inhibitory activity against AcPHF6 self-fibrillation. Compound 30 was further
confirmed to inhibit the aggregation of full-length 2N4R tau protein by a heparin-induced mechanism. In
addition, we investigated the anti-inflammatory activity of compound 30, and showed that compared
with sodium usnate, it reduced NO release in LPS-stimulated mouse microglia BV2 cells. More impor-
tantly, 30 showed significant protective effects against okadaic acid-induced memory impairment in rats.
Thus, 30 was a novel tau-aggregation and neuroinflammation inhibitor that represented a potential
therapeutic candidate for AD.

© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction

Alzheimer’s disease (AD), a neurodegenerative disease and the
most common form of dementia, is characterized by senile plaques
formed by amyloid-3 (AB) outside neurons in the brain and
neurofibrillary tangles (NFTs) consisting of hyperphosphorylated-
tau inside neurons [1,2]. This abnormal accumulation and mis-
folding of proteins exacerbate the damage and death of neurons
[3,4]. In addition, oxidative stress [5], neuroinflammation [6], metal
ion disorders [7], and low level of abnormal deposition acetylcho-
line (ACh) [8] can also lead to the pathology of AD. Owing to the
complexity of the pathological mechanism of AD, researchers
propose that the cure of a single target is not realistic [9]. Although
multitarget-directed ligands (MTDLs) have made great progress
[10], there are still no drugs available for treating AD. Obviously,
selection of appropriate targets is of utmost importance.
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AQ hypothesis still occupies a predominant place in pharma-
ceutical product pipelines (either single or multitarget). According
to a scientific data list, in 2018, drugs addressing A( targets
accounted for 54% of the AD drugs in phase III clinical trials [11].
Nevertheless, all drugs targeting AG have failed, and this hypothesis
has been questioned [12]. One explanation is that A may not be
particularly harmful in itself, but induces tau hyperphosphorylation
and enhances tau-seeded pathology, and finally exerts further
negative effects [13]. Some findings have suggested that the path-
ological development of tau is more related to the degree of
cognitive impairment than to AS [14,15]. In addition, tau imaging is
also superior to AG imaging in predicting the progression and status
of AD [16,17]. All these findings indicate that tau is a more mean-
ingful target of AD than AQ.

Tau, a microtubule-associated protein predominantly expressed
in nerve cells, has an important role in microtubule assembly and
stabilization [18,19]. In fact, natively unfolded tau is highly soluble
and shows little tendency for aggregation. In pathological condi-
tions, both kinase activation (e.g. glycogen synthase kinase-30,
GSK-3() and phosphatase inhibition (e.g. protein phosphatase 2A,
PP2A) are able to hyperphosphorylate tau, which detach from
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microtubules easily and tends to aggregate into neurotoxic NTFs
[4,20—22]. Correspondingly, microtubules are depolymerized and
subsequently lose their function owing to the shedding of tau [23].
Once the tau aggregation cascade is initiated, the process begins to
self-replicate. Unlike AS, proteopathic tau seeds are transferred
from a “donor cell” to a “recipient cell” in a prion-like manner,
where the seeds transform normal tau into aggregates (new seeds),
driving the progression of neuronal degeneration and death
[24—26]. The overall level of NFTs is closely related to degree of
dementia [27,28].

Inhibition of tau aggregation is a suitable therapeutic strategy,
and considerable progress has been made. There are currently two
major approaches for addressing tau aggregation. One is to search
for protein kinase inhibitors that inhibit tau hyperphosphorylation
to prevent tau aggregation [29]. The other is to search for direct
inhibitors of the tau aggregation process [30]. However, no matter
which one is targeted alone, the tau cascade will not be easily
broken. Therefore, the relationship between neuroinflammation
and tau pathology has received increasing attention [31,32]. Not
only that, systemic inflammation also provides a non-negligible
contribution to AD [33]. Although inflammation may not be the
initiating factor of AD, the vicious circle between it and neuronal
lesions lead to increased neuronal degeneration [34,35]. Aggre-
gated tau activates NLRP3-ASC inflammasome to aggravate neu-
roinflammation, and the occurrence of neuroinflammation not only
increases abnormal tau hyperphosphorylation but also aggravates
tau-seeded tau pathology [36—38]. Therefore, we aimed to develop
anti-neuroinflammatory drug that can inhibit the tau aggregation
process.

Natural products play a leading role in the discovery of drugs for
the treatment of human diseases. Usnic acid (Fig. 1), a dibenzofuran
derivative, is a high-level secondary metabolite in lichen [39]. Usnic
acid has various biological characteristics owing to its special
skeleton. Previous studies have shown that usnic acid has anti-
cancer, antioxidant, anti-inflammatory, antiviral, and anti-pyretic
activities [40]. Especially, the anti-inflammatory ability of usnic
acid is potent. Different biological activities of usnic acid may be
determined by its various fragments. The “triketone” moiety of
usnic acid is an important fragment contributing to its bactericidal,
anticancer, and cytotoxic activities [41], but it has little to do with
the activities we need for the treatment of AD. Thus, we modified
this (+) - moiety of usnic acid with the hope that the derivatives
retain its anti-inflammatory activity and confer its ability to inhibit
tau protein aggregation. Considering the poor water solubility of
usnic acid, we used (+) - sodium usnate (Fig. 1) to improve its water
solubility and bioavailability [42], and as a reference.

Herein, two series of compounds, compounds 1-25 as series A
and 26—50 of series B, were synthesized and screened for AcPHF6
self-aggregation inhibitory activity by ThT assay. An optimal com-
pound, 30, was identified through CD spectrum and TEM image
analyses. Noticeably, 30 also displayed an inhibitory activity against
full-length tau aggregation. Further, 30 was initially evaluated for
its anti-neuroinflammatory activity in BV-2 cells and for behavioral

(+) - usnic acid

(+) - sodium usnate

Fig. 1. Chemical structures of (+) - usnic acid and (+) - sodium usnate.

performance in a rat model of AD.
2. Results and discussion
2.1. Chemistry

Usnic acid derivatives were prepared according to previously
published methods [43,44]. Enamine compounds 1, 4—25 were
prepared through condensation of usnic acid with primary amines
or amino acids (Scheme 1). Notably, the basicity of the amino group
also affects the formation of an enamine bond with usnic acid. For
example, 2-aminoquinoline and 2-aminothiazole cannot react with
usnic acid under ordinary catalytic conditions, whereas 8-
aminoquinoline can. In addition, pH (9.5—10) control is extremely
important in the reaction of usnic acid with amino acids for pre-
paring of 2 and 3. The target compounds 26—50 were synthesized
from the reaction of usnic acid with the corresponding hydrazines
and hydrazides (Scheme 1). Interestingly, under the same condi-
tions, aliphatic hydrazines and usnic acid did not react to form
pyrazole rings. The structures of all target compounds were char-
acterized by 'H NMR, 3C NMR, and HRMS.

2.2. Biological assays

2.2.1. ThT fluorescence assay

AcPHF6 (Ac-306VQIVYK311-NH>) is a short peptide in the third
repeat of the microtubule-binding region of tau protein. Studies
have shown that AcPHF6 plays a dominant role in the initiation of
tau aggregation [45]. As AcPHF6 forms a cross-f structure fiber
spontaneously in vitro, it is a suitable model to study small-
molecule inhibitors of tau aggregation [46]. Polyphenolic flavone
myricetin and dye orange G (Fig. 2) are well-known inhibitors of
AcPHF6 [47,48]. Aurones (Fig. 2), a subclass of the naturally occur-
ring flavonoids, exhibited comparable inhibitory activity to myr-
icetin [47]. And 5-nitro-a-cyanocarboxamide derivatives of caffeic
acid (Fig. 2) showed a higher inhibitory activity (90% inhibition) at
50 uM [49]. In addition, peptides and macrocyclic peptides (Fig. 2)
based on the structure of AcCPHF6 also effectively reduced the ag-
gregation process of AcPHF6 [50,51].

In the screening phase, we evaluated the ability of the target
compounds to inhibit amyloid formation using ThT fluorescence
assay. When ThT interacts with (-sheet-rich amyloid fibrils, its
excitation and emission maxima are red-shifted to 440 and 490 nm,
respectively [52]. In general, emission intensity at 490 nm reflects
the amount of amyloid fiber. The kinetics of AcPHF6 aggregation
(100 uM) in the absence of inhibitors was assessed in 50 mM
phosphate buffer in the presence of ThT (20 uM). As reported
previously [48], AcPHF6 aggregates rapidly at 25 °C and reaches a
fluorescence maximum after an average time of 40 min (Fig. 3). On
the basis of the above conditions, we tested the inhibitory ability of
usnic acid derivatives at a concentration of 10 uM with myricetin as
control. Excitingly, 38 of the 50 compounds exhibited inhibitory
activity (Tables 1 and 2). Among them, compounds 18 and 30 were
the most active compounds, with inhibition rates of 58% and 52%,
respectively.

In series A, compounds 1, 2, and 3 were reported and used in
antiviral and bactericidal applications. Same as sodium usnate, 1
did not exhibit inhibitory effect on tau aggregation. Interestingly,
the introduction of different amino acids to usnic acid resulted in
significant differences in activity, as evident for 2 and 3. The tryp-
tophan and carbonyl groups on both sides of compound 2 may
constitute an important active group, which was similar to the
NQTrp reported by M. Frenkel-Pinter et al. [53,54]. Addition of long
chains (4) did not improve the inhibitory activity of sodium usnate.
After the addition of poly-substituted phenols, hydroxyl
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Scheme 1. Synthesis of compounds 1-50. Reagents and conditions: (a) EtOH, 80 °C, 2—4 h. (b) EtOH/H,0, KOH (pH~9.5), 80 °C, 4 h.
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Fig. 3. Kinetics of 100 uM AcPHF6 aggregation in the absence (blue point) and pres-
ence of 10 uM 18 (purple point) and 30 (red point), as monitored by ThT fluorescence.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

substituents in the ortho position of enamine (5—8) show a certain
inhibitory activity. However, when the hydroxyl group is in its para
position (9—11), there is no activity regardless of the steric hin-
drance around the hydroxyl group. Compounds 12—16 showed that
strong electron-donating and strong electron-withdrawing groups

brought significant contribution to the activity observed, and that
the position of the N, N-dimethyl group in meta (16) was less
important than that in para (15), but the increase in steric hin-
drance (14) did not further increase the inhibitory activity. The
addition of heterocycles indicated that small moieties, such as
pyridine or pyrazine, as in 17—20, were significantly better than the
bulky moieties 21—-25 in testing. In contrast to phenyl, pyridine as a
substituent lead to the hydroxyl group in the para position of the
enamine bond (18) exhibiting the best tau-inhibitory activity.
Correspondingly, the replacement of the amino group at the same
position (19) reduced the activity, showing the importance of the
hydroxyl group.

In series B, the starting compound, 26, had a moderate tau-
inhibitory capacity, which may be related to its high planarity.
Addition of fluorophenyl, tert-butylphenyl, methoxyphenyl, or
benzonitrile, as in 27—28, 29, 34—35, and 44, seemed not to affect
their activity, compared with that of 26. However, different
substituted  benzoic acid groups (30—-32) and 4-
benzenesulfonamide (37) resulted in a good inhibitory activity.
Compared with that of 31 and 32, the tau-inhibitory activity of 30
was successively increased, suggesting that the position of the
carboxyl group was more beneficial in the para position than that in
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Table 1
Effect of compounds 1-25 on AcPHF6 self-aggregation.

Compd. R Inhibition% (10 uM)? Compd. R Inhibition% (10 pM)
1 ry nab 14 ;\CL 482 + 1.7
H
2 A 476 + 164 15 481 + 3.6
N’ N
H |
3 na 16 | 113 + 8.8
HO"OSC D }\@,N\
4 A ~_OH na. 17 OH 480+ 76
S
NI Z
5 ,g/©/a 220+ 12.0 18 N 583 + 4.6
i
HO' NP o
6 ,JD\ 484 +12.2 19 N 464 + 34
HO' cl NI / NH,
7 Jﬁ@/ 12.7 £ 9.7 20 %N 442 + 4.7
HO "‘\%\NH2
8 ,\/©\ 253 +20.1 21 &©:N n.a
>
HO' N\
9 n.a. 22 N n.a
'OH
10 ¢ na 23 N 392+ 184
o o
11 < n.a. 24 3\©:\> 276 + 135
"OH N
\
12 /\@[o\ 54 +20 25 N 29.8 £ 9.5
A
v RO
13 276 + 134
b\COOH
OH
Myricetin 859+ 13 Sodium Usnate n.a.

2 The inhibitory rates are shown as the mean + SD from three separate experiments, each run in triplicate.

" n.a. means no activity.

the meta and ortho positions. However, replacing a carboxyl group
with an ethyl ester group (33) greatly reduced tau-inhibitory ac-
tivity, which was consistent with the result of replacing a sulfon-
amide group (37) and a methylsulfone group (38). The introduction
of heterocycles was only moderately improved by pyridazine (42)
and pyrazine (43), and most of the other heterocycles (38, 40—41,
and 45—47) even showed decreased inhibitory activity compared to
that of 26. Notably, when a sulfo group was added between the
pyrazole ring and the benzene ring, as in 48—50, the compounds
did not exhibit inhibitory activity regardless of the substituent on
the phenyl ring, which may be attributed to the sulfo group
blocking the conjugation and the planar structure.

Fig. 3 shows the aggregation kinetics of AcPHF6 in the presence
of the optimal compounds 18 and 30. Indeed, the spectral proper-
ties of ThT combined with fiber aggregates are influenced by a
number of factors [52], such as the nature of the compound,
composition of the medium, and protein-to-dye ratios. Therefore,

to exclude false-positives that may be generated in ThT fluores-
cence assay, we further verified the activity of 18 and 30 using
circular dichroism spectroscopy.

2.2.2. Circular dichroism (CD) spectroscopy

Based on the experimental conditions of the ThT assay, circular
dichroism was used to further elucidate the degree of AcPHF6 ag-
gregation inhibition by usnic acid derivatives 18 and 30 (Fig. 4).
Owing to the morphological diversity of 3-sheet-rich structures, we
did not quantify the content of the secondary structure by CD
spectrum [55]. The CD spectrum of AcPHF6 in the absence of an
inhibitor (black line) showed a negative band at 221 nm and a
positive band at 200 nm, which is a typical feature of the §-sheet
structure [56]. A decrease in intensity was observed for the CD
spectrum of AcPHF6 in the presence of 18 (blue line) and 30 (red
line), suggesting that the abundance of (-sheet structures was
lower. Unexpectedly, the activity of 30 was significantly higher than
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Table 2
Effect of compounds 26—50 on AcPHF6 self-aggregation.

Compd. R Inhibition% (10 pM) Compd. R Inhibition% (10 pM)
26 & 225+94 39 298 +£5.2
H 1N
=
27 F 303 £5.1 40 Ny 171 £ 85
o &
28 ;\©\ 269 +9.0 a1 \N 7.7 +28
F - o
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CN
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© Lt
33 145 + 4.8 46 N, na
Ol o
o
34 272 +32 47 93+13
35 oL 240+ 15 48 L n.a.
& v
36 &@\ 28.7 £9.8 49 &P n.a.
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o
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Myricetin 859+13 Sodium Usnate n.a.
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Fig. 4. CD spectra obtained after incubation of 100 uM AcPHF6 for 2 h at 25 °C in the
absence (black) or presence of 10 uM of 18 (blue) and 30 (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

that of 18, and this result was inconsistent with the ThT fluores-
cence result that the inhibitory activity of 18 was slightly higher

In addition, the combination of compounds with amyloid fibers
in the form of probes rather than inhibitors can also reduce the
intensity of the CD spectrum [47]. Thus, we used transmission
electron microscopy (TEM) to verify our findings.

2.2.3. Transmission electron microscopy

TEM allows visual observation of the aggregation pattern and
progress of amyloid fibers [57]. We first observed the fiber
morphology of AcPHF6 spontaneously accumulated in phosphate
buffer for 2 h, as shown in Fig. 5A. The hexapeptide aggregated into
a network of filament fibers. Although the addition of 18 (Fig. 5B)
led to the fiberation process of AcPHF6, the long, twisted fiber
structure obviously still existed. However, we found an encour-
aging result that, as shown in Figs. 5C, 30 exerted strong inhibitory
activity against AcPHF6 aggregation, with almost no fibrillar ma-
terial was observed in the field of view, and finally a dot-like
structure (<5 nm) was formed.

Taken together, CD data and TEM results confirmed the inhibi-
tory capacity of usnic acid derivatives 18 and 30, with 30 as the
most effective among the two derivatives. Therefore, we considered
30 the best aggregation inhibitor of AcPHF6 and used it for further
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Fig. 5. TEM images of inhibition of AcPHF6 self-aggregation: (A) AcPHF6 (200 uM) alone; (B) AcPHF6 (200 uM) + 18 (20 uM) and (C) AcPHF6 (200 uM) + 30 (20 uM).

studies.

2.2.4. Full-length tau aggregation and inhibition studies

The adult human brain contains six major tau isoforms [19]. We
used the most representative full-length 2N4R tau to verify the
inhibitory ability of 30. Indeed, owing to the lack of post-
translational modifications, recombinant tau protein does not
substantially undergo self-aggregation under physiological condi-
tions. Addition of anionic cofactors, such as heparin and arach-
idonic acid, is a method that promotes the use of recombinant tau
aggregation [58]. Here, we evaluated the effect of 30 (10 M) on the
tau aggregation process under heparin induction, which was
monitored by ThT assay. Fig. 6 shows that treatment of full-length
tau protein with 30 significantly slowed down the aggregation
process and reduced the amount of formed aggregates (50% inhi-
bition). Importantly, this result corresponded to the inhibition of
ACPHF6 self-aggregation by 30, confirming the potential of 30 as a
tau anti-aggregation compound.

2.2.5. Neuro- and hepatotoxicity assessments

Considering the toxicity of usnic acid [59], we tested the cyto-
toxicity of its derivative, 30, in vitro with the hope that its safe range
would be acceptable. Human neuroblastoma SK-N-SH (SH-SY5Y)
cells and human hepatocyte (LO2) cells are suitable models for
detecting neurotoxicity and hepatotoxicity of compounds. First, SH-
SY5Y cells were treated with 30 at concentrations of 10—40 uM for
24 h, and cell viability was assessed by the MTT test. Fig. 7A shows
that 30 at 30 uM reduced the survival of SH-SY5Y cells. Similarly,
LO2 cells were incubated with 30, and as show in Figs. 7B, 30
exerted no significant hepatotoxicity even at high concentrations
(up to 40 uM).

2.2.6. Inhibition of NO release studies
Excessive activation of microglia plays a crucial role in neuronal
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Fig. 6. Kinetics of 30 activity on heparin-induced full-length 2N4R tau aggregation, as
monitored by ThT fluorescence.

damage and death caused by neuroinflammation in AD [60]. Some
studies revealed that tau pathology is prone to trigger activation of
microglia [61]. Correspondingly, the inflammatory factors released
by activated microglia can also aggravate tauopathies, either by
inducing tau aggregation or hyperphosphorylation [32,36]. There-
fore, inhibition of neuroinflammatory cytokine production is
considered an effective strategy for the treatment of AD.

NO release is an important feature of microglial activation, and it
may lead to an uncontrolled increase in neuroinflammation [62,63].
In a culture medium, NO is rapidly oxidized to nitrite, and nitrite
(NO3) concentration is an indicator of NO production, which can be
detected by the Griess assay. Before this, we determined the cyto-
toxicity of 30 and sodium usnate against the viability of BV2 cells by
using MTT assay, and the results showed that 30 at a concentration
of 20 uM exerted no effect on BV2 cell viability (Fig. 8A), whereas
sodium usnate at the same concentration exhibited acute cytotoxic
effect (Fig. 8B). Thus, we investigated whether 30 exerts anti-
inflammatory activity without affecting cell viability, with 10 uM
sodium usnate as a control. As shown in Figs. 8C, 30 at a concen-
tration of 10 uM retained the anti-inflammatory activity of sodium
usnate and inhibited NO release rate by 41%.

2.2.7. Compound 30 ameliorates learning and memory
impairments in AD model rats

Okadaic acid (OA)-induced memory impairment in rats is a
suitable model for assessing the therapeutic efficiency of anti-AD
agents in vivo. OA is a selective inhibitor of the serine/threonine
phosphatases 2 (PP2A), and thereby induces tau hyper-
phosphorylation [64]. We injected OA to the ipsilateral hippo-
campus of rats to establish AD models after 7 days of
intraperitoneal injection of 30 (at 5 and 10 mg/kg) or saline. The
rats develop dementia after 3 days of OA injection into the brain.
After OA injection was completed, the rats continued to be intra-
peritoneally administered 30 for 7 days, and the Morris water maze
test was carried out to evaluate the cognition-improving effect of
30.

During the experimental period, 30 exerted no acute toxicity
symptoms, such as mortality or abnormal body weight change.
Fig. 9A shows changes in body weight of rats injected intraperito-
neally with 30 for 14 days. During the 5-day training, the average
escape latency and search distance of each group of mice gradually
decreased, but model rats usually spent more time and walked
further distances to find the hidden platform. Fig. 9B shows the
mean values of the escape latencies to the hidden platform at day
1-5. Compared with that on day 1 of training, the average escape
time of model-operated rats on day 5 decreased from 50.0 to 41.8 s,
whereas the average escape time of control-operated rats
decreased from 37.2 to 12.5 s over the course of the same training
days. Compared with the control group, the high-dose (10 mg/kg)
30-treated group had a shorter escape latency than the low-dose
(5 mg/kg) 30-treated group, showing an average escape time
from 45.9 to 18.5 s. At the same time, we also recorded the average
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swimming speed of each group of rats in the maze. There was no
difference in the average swimming speed (Fig. 9C) between the
groups, indicating that intake of 30 during the experiment did not
affect the rats’ normal physiology activity. Furthermore, in the
probe trial on day 6, after the platform was removed, the time of
rats staying in the target quadrant and the number of crossing the
virtual platform (the original platform location) were significantly
higher in the high-dose and control groups than in the model group
(Fig. 9D and E). Representative trajectories of the rats in the Morris
water maze during the spatial probe trial period (Fig. 9F) showed
purposeful and regular search for hidden platforms in the treat-
ment and control group rats, but showed random motion paths in
model rats. These results further revealed that 30 administration
led to a substantial improvement of the conventional reference
spatial memory and cognitive abilities of rats.

3. Conclusion

In summary, two series of usnic acid derivatives were synthe-
sized and tested for their tau-aggregation inhibitory activities. We
used the tau-derived hexapeptide AcPHF6 model, a fragment that
mainly promotes tau aggregation, to evaluate the activity of the
derivatives. Among them, compounds 18 and 30 were the most
prominent, with inhibitory activities of 58% and 52%, respectively.
As the ThT fluorescence assay was affected by many factors, there
might have been a certain degree of false positives in the results.
Therefore, we used CD spectrum and TEM assays to determine
whether 30 inhibits AcPHF6 self-polymerization, and TEM results
showed that 30, compared with the control, stopped the formation
of AcPHF6 filaments and promoted the formation AcPHF6 dot

structures. Encouragingly, 30 also exerted excellent inhibitory ac-
tivity against the aggregation of full-length 2N4R tau protein. In
addition, 30 at concentrations below 20 uM showed no apparent
cytotoxicity to SH-SY5Y cells and mouse microglia BV2 cells, and it
also showed low hepatotoxicity even at a high concentration of
40 uM. Moreover, 30 at 10 uM significantly reduced NO release by
LPS-induced BV2 cells, indicating that it had excellent anti-
neuroinflammatory activity. Most importantly, the results of the
Morris water maze test showed that 30 enhanced the cognitive
ability of OA-induced AD model rats. All these results highlighted
30 as a potential candidate for the development of anti-AD drugs.

4. Experimental section
4.1. Chemistry

All conventional reagents and solvents were purchased directly
from commercial companies and without further purification. Re-
action progress was monitored using analytical thin layer chro-
matography on precoated silica gel GF254 plates (Qingdao Haiyang
Chemical Plant, Qingdao, China) and the spots were detected under
UV light (254 nm). After post-treatment of the reaction, the product
was separated by rapid purification preparative liquid chromatog-
raphy (Biotage, Isolera One, Sweden). 'TH NMR and >C NMR spectra
were measured with a Bruker ACF-500/600 spectrometer at 25 °C
and referenced to TMS. The residual solvent line was designated as
an internal standard and the chemical shift was reported in ppm
(6). High-resolution electrospray ionization (HRESI) mass spectra
were carried out using an Agilent 6520B Q-TOF mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA).
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Fig. 9. Compound 30 attenuates OA-induced spatial learning and memory deficits in the training session of Morris water maze task. Data are presented as the mean + SD (n = 8);
statistical significance was evaluated by two-way ANOVA: ™p > 0.05, *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the model group. Error bars represent standard error of
the mean. (A) Mean daily body weight profile of the control, 5 mg/kg 30, and 10 mg/kg 30 groups during the 14-day drug administration period. (B) Escape latency time of each
group was counted on day 1-5 during the training period. (C) Average swimming speed of rats in each group for 5 days. (D) Time spent in the virtual platform quadrant. (E) Number
of virtual platform (the original platform location) crossings. (F) Representative tracks of rats in the Morris water maze during the spatial probe trial period. The blue solid coil
represents the range of the maze, and the green dotted circle represents the position of the virtual platform. The red square point and the blue square point are the starting and
ending positions of the rat, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4.2. Synthesis

4.2.1. Preparation of compound 1

(+)-Usnic acid (1 equiv.) and concentrated ammonium hy-
droxide (10 equiv.) were added to absolute EtOH under nitrogen,
and the reaction mixture was stirred at 80 °C for 2 h. After the
reaction was completed, the solution was cooled to 25 °C and then
acidified with 1 N hydrochloric acid. The mixed liquid was extrac-
ted twice with ethyl acetate. The combined extracts were then
washed with H,O and brine, and dried over anhydrous Na;SOa4.
After concentration under reduced pressure, the residue was
quickly purified by using a silica gel column (PE/EtOAc).

4.2.1.1. (RE)-6-acetyl-2-(1-aminoethylidene)-7,9-dihydroxy-8,9b-
dimethyldibenzo[b,d]furan-1,3(2H, 9bH)-dione (1). Yield 72%, pale
yellow powder. m.p. 255—256 °C. '"H NMR (500 MHz, DMSO-dg)
013.39 (s, 1H), 12.29 (s, 1H), 11.54 (bs, 1H), 9.80 (bs, 1H), 5.85 (s, 1H),
2.63 (s, 3H), 2.53 (s, 3H),1.97 (s, 3H), 1.63 (s, 3H). *C NMR (126 MHz,
DMSO0-dg) 6 200.8,197.5,188.4,175.7,172.9,162.4,157.6,155.6,106.2,
105.0, 102.5, 101.2, 100.8, 56.0, 31.5, 30.9, 24.4, 7.4. HRMS (ESI) m/z
342.0983 [M - H] (calcd for 342.0986, C1gH16NOg).

4.2.2. General procedures for the preparation of 2—3

The reaction of (+) - usnic acid with amino acid was carried out
as previously described [65], but with some modifications. Amino
acid (3 equiv.) was suspended in aqueous ethanol (1:1, v/v) and

KOH was added in portions while stirring until the amino acid was
completely dissolved at 80 °C. (+) - Usnic acid was added to the
clarified mixture and the pH was adjusted to 9.5 with KOH. The
mixture was heated until the reaction was complete. Solution was
cooled to room temperature and was acidified with 1 N hydro-
chloric acid. The mixed liquid was extracted twice with ethyl ace-
tate, and the combined extracts were washed with H,O and brine,
dried over anhydrous Na,SO4. After concentration under reduced
pressure, the residues were quickly purified by silica gel column
(PE/EtOAC).

4.2.2.1. (S)-2-(((E)-1-((R)-6-Acetyl-7,9-dihydroxy-8,9b-dimethyl-1,3-
dioxo-1,9b-dihydrodibenzo[b,d]furan-2(3H)-ylidene )ethyl)amino)-3-
(1H-indol-3-yl)propanoic acid (2). Yield 80%, yellow powder. m.p.
150—152 °C. 'H NMR (600 MHz, DMSO-dg) 6 13.64 (bs, 1H), 13.41 (s,
1H),13.37 (bs, 1H), 12.13 (s, 1H), 10.99 (s, 1H), 7.46 (dt, ] = 8.2, 0.9 Hz,
1H), 7.33 (dt, J = 8.2, 0.9 Hz, 1H), 713 (d, ] = 2.4 Hz, 1H), 7.05 (ddd,
J=8.0,6.9,1.1 Hz, 1H), 6.94 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 5.84 (td,
J = 7.8, 4.8 Hz, 1H), 5.05 (m, 1H), 3.30—3.40 (m, 2H), 2.64 (s, 3H),
2.37 (s, 3H), 1.97 (s, 3H), 1.62 (s, 3H). 13C NMR (126 MHz, DMSO-dg)
6 200.8, 1974, 188.6, 174.3, 172.8, 171.1, 162.4, 157.5, 155.7, 136.0,
127.0,124.4,121.0, 118.5, 118.0, 111.3, 107.5, 106.2, 105.0, 102.3, 101.7,
100.8, 56.9, 56.2, 31.5, 30.9, 28.3, 18.5, 7.4. HRMS (ESI) m/z 529.1616
[M - H] (calcd for 529.1612, Co9H26N20g).
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4.2.2.2. (S)-2-(((E)-1-((R)-6-Acetyl-7,9-dihydroxy-8,9b-dimethyl-
1,3-dioxo-1,9b-dihydrodibenzo[b,d]furan-2(3H)-ylidene )ethyl)
amino )-3-phenylpropanoic acid (3). Yield 86%, pale yellow powder.
m.p. 239—240 °C. 'H NMR (600 MHz, DMSO-dg) ¢ 13.72 (bs, 1H),
13.40 (s, 1H), 13.37 (bs, 1H), 12.10 (s, 1H), 7.27—7.19 (m, 5H), 5.88 (s,
1H), 5.09 (td, ] = 7.6, 4.9 Hz, 1H), 3.28—3.14 (m, 2H), 2.64 (s, 3H),
2.38 (s, 3H), 1.97 (s, 3H), 1.64 (s, 3H). >*C NMR (126 MHz, DMSO-dg)
0 2014, 198.2, 189.2, 175.1, 173.4, 171.2, 163.0, 158.1, 156.2, 135.9,
130.0, 128.9, 127.6, 106.8, 105.6, 102.9, 102.3, 101.4, 57.8, 56.9, 38.5,
32.1, 31.5, 19.0, 8.0. HRMS (ESI) m/z 490.1507 [M - H] (calcd for
490.1511, Co7H24NOg).

4.2.3. General procedures for the preparation of 4—25

(+)-Usnic acid (1 equiv.) and primary ammonia compounds (1.1
equiv.) were added in absolute EtOH under nitrogen and the re-
action mixture was stirred at 80 °C for 4 h. For the hydrochloride
salt materials, they (1.1 equiv) were added to absolute ethanol, and
an equivalent amount of pyridine (1.1 equiv) was added dropwise
thereto and stirred at 80 °C under nitrogen. After 5 min, (+) - usnic
acid was added and the reaction mixture was stirred for another
4 h. After reaction was complete, the reaction solution was cooled
and concentrated under reduced pressure. The residues were
quickly purified by silica gel column (PE/EtOAc).

4.2.3.1. (RE)-6-acetyl-7,9-dihydroxy-2-(1-((5-hydroxypentyl)amino)
ethylidene)-8,9b-dimethyldibenzo[b,d]furan-1,3(2H,9bH)-dione. (4).
Yield 79%, pale yellow powder. m.p. 127—129 °C. 'TH NMR (500 MHz,
DMSO-dg) 6 13.39 (s, 1H), 13.05 (t, ] = 5.3 Hz, 1H), 12.32 (s, 1H), 5.86
(s, TH), 438 (t, ] = 5.1 Hz, 1H), 3.54 (t, J = 6.7 Hz, 2H), 3.42 (q,
J = 6.2 Hz, 2H), 2.64 (s, 3H), 2.59 (s, 3H), 1.97 (s, 3H), 1.65 (m, 5H),
1.53—1.44 (m, 2H), 1.43—1.37 (m, 2H). 3C NMR (126 MHz, DMSO-dg)
0 201.4, 197.7, 189.5, 175.3, 173.5, 163.0, 158.2, 156.2, 106.8, 105.6,
102.8,102.0, 101.4, 60.9, 56.8, 44.0, 32.4, 32.2, 31.5, 28.6, 23.4, 18.6,
8.0. HRMS (ESI) m/z 4281715 [M - HJ (caled for 428.1730,
C23H27NO7).

4.2.3.2. (RE)-6-acetyl-2-(1-((5-chloro-2-hydroxyphenyl)amino )eth-
ylidene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d]furan-
1,3(2H,9bH)-dione. (5). Yield 89%, yellow powder. m.p. 154—155 °C.
TH NMR (500 MHz, DMSO-dg) 6 14.53 (bs, 1H), 13.40 (s, 1H), 12.02 (s,
1H), 10.62 (s, 1H), 747 (d, J = 3.5 Hz, 1H), 7.30 (dd, ] = 8.5, 3.5 Hz,
1H), 7.03 (d, J = 8.5 Hz, 1H), 6.00 (s, 1H), 2.66 (s, 3H), 2.52 (s, 3H),
1.99 (s, 3H), 1.71 (s, 3H). 3C NMR (126 MHz, DMSO-dg) 6 2014,
198.6,190.0, 175.0, 174.2,163.1, 158.0, 156.2, 151.2,129.6, 127.1, 124.7,
122.9,118.2,107.0,105.5,103.0,102.7,101.5, 57.2, 32.1, 31.5, 20.8, 8.0.
HRMS (ESI) m/z 468.0856 [M - H| (caled for 468.0852,
C27H19CINO>).

4.2.3.3. (RE)-6-acetyl-2-(1-((4-chloro-2-hydroxyphenyl)amino )eth-
ylidene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d]furan-
1,3(2H,9bH)-dione. (6). Yield 84%, yellow powder. m.p. 147—149 °C.
TH NMR (500 MHz, DMSO-dg) 6 14.52 (bs, 1H), 13.40 (s, 1H), 12.03 (s,
1H),10.87 (s, 1H), 7.36 (d, ] = 8.5 Hz, 1H), 7.05 (d, ] = 2.3 Hz, 1H), 6.98
(dd,J = 8.5, 2.3 Hz, 1H), 5.98 (s, 1H), 2.66 (s, 3H), 2.51 (s, 3H), 1.98 (s,
3H), 1.71 (s, 3H). '*C NMR (126 MHz, DMSO-dg) 6 201.4, 198.5, 190.0,
174.8,174.1,163.0, 158.0, 156.2,153.0, 133.4,128.7,122.8, 119.7,116.7,
107.0,105.5,103.0,102.7,101.4, 57.2, 32.1, 31.5, 20.8, 8.0. HRMS (ESI)
m/z 468.0856 [M - H|" (calcd for 468.0857, Co7H19CINO>).

4.2.3.4. (R,E)-6-acetyl-7,9-dihydroxy-2-(1-((2-hydroxy-5-
methylphenyl)amino )ethylidene)-8,9b-dimethyldibenzo[b,d|furan-
1,3(2H,9bH)-dione. (7). Yield 82%, yellow powder. m.p. 134—136 °C.
'H NMR (500 MHz, DMSO-dg) 6 14.50 (bs, 1H), 13.41 (s, 1H), 12.12 (s,
1H), 10.05 (s, 1H), 7.11 (d, J = 2.0 Hz, 1H), 7.06 (dd, J = 8.2, 2.0 Hz,
1H), 6.92 (d, J = 8.2 Hz, 1H), 5.98 (s, 1H), 2.66 (s, 3H), 2.51 (s, 3H),

2.24 (s, 3H), 1.99 (s, 3H), 1.71 (s, 3H). 13C NMR (126 MHz, DMSO-dg)
6 201.4, 198.4, 190.0, 174.7, 174.0, 163.0, 158.0, 156.2, 149.6, 130.4,
128.8,127.4, 123.1, 116.8, 106.9, 105.6, 102.8, 102.8, 101.4, 57.1, 32.2,
31.5, 20.8, 20.4, 8.0. HRMS (ESI) m/z 448.1402 [M - H] (calcd for
4481399, Cy5H2,NO>).

4.2.3.5. (R,E)-6-acetyl-7,9-dihydroxy-2-(1-((2-hydroxy-4-
methylphenyl)amino )ethylidene)-8,9b-dimethyldibenzo[b,d]furan-
1,3(2H,9bH)-dione. (8). Yield 84%, yellow powder. m.p. 132—134 °C.
TH NMR (500 MHz, DMSO-dg) 6 14.47 (bs, 1H), 13.40 (s, 1H), 12.13 (s,
1H),10.20 (s, 1H), 7.17 (d, ] = 8.0 Hz, 1H), 6.84 (d, ] = 1.8 Hz, 1H), 6.73
(dd, ] = 8.3,1.8 Hz, 1H), 5.97 (s, 1H), 2.66 (s, 3H), 2.51 (s, 3H), 2.28 (s,
3H), 1.98 (s, 3H), 1.71 (s, 3H). 3C NMR (126 MHz, DMSO-dg) 6 201.4,
198.3,189.9,174.6,174.0,163.0, 158.0, 156.2, 151.7,139.7,126.9, 121.0,
120.6, 117.4, 106.9, 105.6, 102.8, 102.8, 101.4, 57.1, 32.2, 31.5, 214,
20.8, 8.0. HRMS (ESI) m/z 448.1402 [M - H] (calcd for 448.1402,
C25H22NO7).

4.2.3.6. (R,E)-6-acetyl-7,9-dihydroxy-2-(1-((4-hydroxy-2,6-
dimethylphenyl)amino )ethylidene)-8,9b-dimethyldibenzo[b,d [furan-
1,3(2H,9bH)-dione. (9). Yield 76%, pale brown powder. m.p.
283285 °C. '"H NMR (600 MHz, DMSO-dg) 6 14.03 (bs, 1H), 13.42 (s,
1H), 12.16 (s, 1H), 9.63 (s, 1H), 6.62 (d, ] = 5.9 Hz, 2H), 6.00 (s, 1H),
2.66 (s, 3H), 2.32 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.98 (s, 3H), 1.72 (s,
3H). 13C NMR (126 MHz, DMSO-dg) ¢ 201.5,198.3,190.0, 176.6, 174.1,
163.0, 158.0, 157.5, 156.2, 135.9, 135.6, 125.9, 115.5, 106.9, 105.6,
102.8,102.4,101.4, 57.0,32.2, 31.6,19.7,18.3, 18.2, 8.0. HRMS (ESI) m/
7z 462.1558 [M - H] (calcd for 462.1559, Co6H24NO7).

4.2.3.7. (RE)-6-acetyl-7,9-dihydroxy-2-(1-((4-hydroxy-5-isopropyl-
2-methylphenyl)amino )ethylidene)-8,9b-dimethyldibenzo[b,d|furan-
1,3(2H,9bH)-dione. (10). Yield 73%, yellow powder. m.p.
129—131 °C. 'TH NMR (500 MHz, DMSO-dg) 6 14.41 (bs, 1H), 13.40 (s,
1H), 12.17 (s, 1H), 9.62 (s, 1H), 7.03 (s, 1H), 6.76 (s, 1H), 5.96 (s, 1H),
3.18 (hept, J = 7.0 Hz, 1H), 2.65 (s, 3H), 2.44 (s, 3H), 2.09 (s, 3H), 1.98
(s,3H),1.71 (s, 3H), 1.15 (dd, J = 7.0, 2.0 Hz, 6H). '3C NMR (126 MHz,
DMSO0-dg) 6 201.4,198.2,190.0,175.2,174.0,163.0, 158.1,156.2, 154.7,
133.7,131.6, 126.4, 124.6, 117.3, 106.9, 105.6, 102.7, 102.6, 101.4, 57.1,
32.2, 31.5, 26.6, 22.9, 20.6, 17.6, 8.0. HRMS (ESI) m/z 490.1871 [M -
H] (calcd for 490.1871, C,gH28NO7).

4.2.3.8. (R,E)-6-acetyl-2-(1-((3,5-di-tert-butyl-4-hydroxyphenyl)
amino )ethylidene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d]furan-
1,3(2H,9bH)-dione. (11). Yield 61%, yellow powder. m.p.
194—196 °C. 'H NMR (600 MHz, DMSO-dg) 6 14.62 (bs, 1H), 13.42 (s,
1H), 12.18 (s, 1H), 7.39 (s, 1H), 7.04 (s, 2H), 5.97 (s, 1H), 2.66 (s, 3H),
2.52 (s, 3H), 1.98 (s, 3H), 1.70 (s, 3H), 1.39 (s, 18H). >°C NMR
(151 MHz, DMSO-dg) ¢ 200.8, 197.7, 189.4, 173.7, 173.3, 162.5, 157.4,
155.6,153.5,140.4,127.5,121.8,106.3, 105.0, 102.1, 102.0, 100.8, 56.5,
34.7, 31.6, 31.0, 30.0, 20.3, 7.4. HRMS (ESI) m/z 546.2497 [M - H]
(calcd for 546.2500, C32H35NO7).

4.2.3.9. (R,E)-6-acetyl-7,9-dihydroxy-8,9b-dimethyl-2-(1-((3,4,5-
trimethoxyphenyl)amino )ethylidene )dibenzo[b,d [furan-1,3(2H,9bH )-
dione. Yield 90%, yellow powder. (12). m.p. 210—212 °C. 'TH NMR
(500 MHz, DMSO-dg) 6 14.68 (bs, 1H), 13.39 (s, 1H), 12.03 (s, 1H),
6.76 (s, 2H), 5.98 (s, 1H), 3.81 (s, 6H), 3.70 (s, 3H), 2.65 (s, 3H), 2.58
(s, 3H), 1.98 (s, 3H), 1.71 (s, 3H). *C NMR (126 MHz, DMSO-dg)
0 2014, 198.6, 190.0, 174.8, 174.1, 163.1, 158.0, 156.2, 153.8, 137.5,
131.8, 107.0, 105.4, 104.1, 102.7, 102.7, 101.4, 60.6, 57.2, 56.7, 32.2,
31.5,21.0, 8.0. HRMS (ESI) m/z 508.1613 [M - H| (calcd for 508.1616,
C27H26NOg).

4.2.3.10. (R,E)-4-((1-(6-acetyl-7,9-dihydroxy-8,9b-dimethyl-1,3-
dioxo-3,9b-dihydrodibenzo[b,d|furan-2(1H)-ylidene )ethyl Jamino)-2-
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hydroxybenzoic acid. (13). Yield 54%, pale yellow powder. m.p.
196—197 °C. "H NMR (600 MHz, DMSO-dg) 6 14.74 (bs, 1H), 13.42 (s,
1H), 12.06 (s, 1H), 9.95 (s, 1H), 7.31 (m, 1H), 6.92—6.77 (m, 2H), 6.74
(s,1H), 6.00 (s,1H), 2.66 (s, 3H), 2.54 (s, 3H), 1.98 (s, 3H), 1.71 (s, 3H).
3¢ NMR (151 MHz, DMSO-dg) ¢ 200.7, 197.8, 189.4, 173.6, 173.4,
162.3, 158.0, 157.2, 155.4, 136.4, 130.2, 115.9, 115.0, 112.2, 106.2,
104.8, 102.0, 102.0, 100.7, 56.5, 31.4, 30.8, 20.2, 7.3. HRMS (ESI) m/z
478.1144 [M - H] (calcd for 478.1160, C35H29NOg).

4.2.3.11. (R,E)-6-acetyl-7,9-dihydroxy-8,9b-dimethyl-2-(1-((4-(4-
methylpiperazin-1-yl)phenyl )Jamino Jethylidene)dibenzo[b,d]furan-
1,3(2H,9bH)-dione. (14). Yield 87%, yellow powder. m.p.
216—217 °C. 'H NMR (500 MHz, DMSO-dg) 6 14.62 (bs, 1H), 13.41 (s,
1H),12.14(s,1H), 7.22 (d, ] = 9.0 Hz, 2H), 7.03 (d, ] = 9.0 Hz, 2H), 5.98
(s, 1H), 3.21 (t, ] = 5.1 Hz, 4H), 2.66 (s, 3H), 2.54 (s, 3H), 2.47 (t,
J = 5.1 Hz, 4H), 2.24 (s, 3H), 1.99 (s, 3H), 1.71 (s, 3H). 3C NMR
(126 MHz, DMSO-dg) 6 201.4, 198.3, 189.9, 174.1, 174.0, 163.0, 158.0,
156.2,150.9, 126.6, 126.6, 115.8, 106.9, 105.6, 102.8, 102.7, 101.4, 57.1,
54.9, 48.0, 46.2, 32.2, 31.5, 20.8, 8.0. HRMS (ESI) m/z 516.2140 [M -
H] (calcd for 516.2144, Co9H30N30g).

4.2.3.12. (RE)-6-acetyl-2-(1-((4-(dimethylamino )phenyl)amino )eth-
ylidene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d]furan-
1,3(2H,9bH)-dione.  (15). Yield 71%, yellow powder. m.p.
220—221 °C. "H NMR (500 MHz, DMSO-dg) 6 14.59 (bs, 1H), 13.41 (s,
1H),12.18 (s,1H), 7.19(d,J = 9.0 Hz, 2H), 6.79 (d, ] = 9.0 Hz, 2H), 5.98
(s,1H), 2.95 (s, 6H), 2.66 (s, 3H), 2.54 (s, 3H), 1.99 (s, 3H), 1.71 (s, 3H).
13C NMR (126 MHz, DMSO-dg) 6 201.4, 198.2, 189.9, 174.0, 173.9,
163.0, 158.1, 156.2, 150.3, 126.5, 124.3, 112.8, 106.9, 105.6, 102.8,
102.7,101.4, 57.1, 40.5, 32.2, 31.5, 20.8, 8.0. HRMS (ESI) m/z 461.1718
[M - H] (calcd for 4611723, Cy6H25N20g).

4.2.3.13. (RE)-6-acetyl-2-(1-((3-(dimethylamino )phenyl)amino Jeth-
ylidene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d]furan-
1,3(2H,9bH)-dione. (16). Yield 74%, yellow powder. m.p.
198—199 °C. 'H NMR (500 MHz, DMSO-dg) 6 14.72 (bs, 1H), 13.41 (s,
1H),12.09 (s, 1H), 7.29 (t,] = 8.1 Hz, 1H), 6.76 (dd, ] = 8.5, 2.5 Hz, 1H),
6.65(d,J = 2.3 Hz,1H), 6.61 (dd, ] = 7.6, 1.8 Hz, 1H), 5.99 (s, 1H), 2.93
(s, 6H), 2.66 (s, 3H), 2.56 (s, 3H), 1.99 (s, 3H), 1.71 (s, 3H). 3C NMR
(126 MHz, DMSO-dg) ¢ 201.4, 198.5, 190.0, 174.5, 174.1, 163.1, 158.0,
156.2,151.7,136.9,130.4,113.0, 112.3,109.3, 107.0, 105.5, 102.7,102.7,
101.5, 57.2, 404, 32.2, 31.5, 20.9, 8.0. HRMS (ESI) m/z 461.1718 [M -
HJ (calcd for 461.1719, CyH25N,06).

4.2.3.14. (RE)-6-acetyl-7,9-dihydroxy-2-(1-((3-hydroxypyridin-2-yl)
amino )ethylidene)-8,9b-dimethyldibenzo[b,d]furan-1,3(2H,9bH)-
dione. (17). Yield 58%, yellow powder. m.p. 229—231 °C. 'TH NMR
(500 MHz, DMSO-dg) ¢ 15.05 (bs, 1H), 13.39 (s, 1H), 11.89 (s, 1H),
10.99 (s, 1H), 7.99 (m, 1H), 7.41 (m, 1H), 7.27 (m, 1H), 5.99 (s, 1H),
2.85 (s, 3H), 2.66 (s, 3H), 1.99 (s, 3H), 1.72 (s, 3H). '>*C NMR (126 MHz,
DMSO-dg) 6 201.4,199.1, 189.9, 174.0,173.5, 163.0, 157.9, 156.2, 147.0,
139.4, 138.9, 124.3, 124.3, 107.0, 105.6, 104.1, 102.8, 101.5, 57.4, 31.9,
31.5,21.3, 8.0. HRMS (ESI) m/z 435.1198 [M - H|" (calcd for 435.1199,
Ca3H20N207).

4.2.3.15. (RE)-6-acetyl-7,9-dihydroxy-2-(1-((5-hydroxypyridin-2-yl)
amino )ethylidene)-8,9b-dimethyldibenzo[b,d]furan-1,3(2H,9bH)-
dione. (18). Yield 63%, brown powder. m.p. 233—235 °C. '"H NMR
(600 MHz, DMSO-dg) 6 14.90 (bs, 1H), 13.41 (s, 1H), 11.96 (s, 1H),
10.40 (s, 1H), 8.08 (d, J = 2.6 Hz), 7.45—7.27 (m, 2H), 6.00 (s, 1H),
2.65 (d, 6H), 1.99 (s, 3H), 1.71 (s, 3H). *C NMR (151 MHz, DMSO-dg)
0 200.9, 198.3, 189.4, 173.6, 172.9, 162.5, 157.3, 155.6, 153.2, 140.6,
136.5, 124.6, 120.5, 106.4, 104.9, 102.4, 102.2, 100.9, 56.7, 31.4, 31.0,
20.4, 7.4. HRMS (ESI) m/z 435.1198 [M - H] (calcd for 435.1199,
Ca3H20N207).

4.2.3.16. (R,E)-6-acetyl-2-(1-((5-aminopyridin-2-yl)amino )ethyl-
idene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d|furan-1,3(2H,9bH)-
dione. (19). Yield 59%, yellow powder. m.p. 242—244 °C. 'TH NMR
(600 MHz, DMSO-dg) 6 14.43 (bs, 1H), 13.41 (s, 1H), 12.10 (s, 1H), 7.92
(d, ] = 2.8 Hz, 1H), 7.41 (dd, ] = 8.8, 2.8 Hz, 1H), 6.52 (d, ] = 8.7 Hz,
1H), 6.33 (s, 2H), 5.96 (s, 1H), 2.65 (s, 3H), 2.51 (s, 3H), 1.97 (s, 3H),
1.69 (s, 3H). >°C NMR (151 MHz, DMSO-dg) 6 200.8, 197.8, 189.3,
174.2,173.4,162.5,159.1,157.4,155.6, 144.5, 134.5,121.4,107.7,106.3,
104.9, 102.2, 102.1, 100.8, 56.5, 31.6, 31.0, 20.1, 7.4. HRMS (ESI) m/z
4341358 [M - H]| (calcd for 434.1360, Ca3H21N30g).

4.2.3.17. (R,E)-6-acetyl-2-(1-((5-aminopyrazin-2-yl)amino )ethyl-
idene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d]furan-1,3(2H,9bH)-
dione. (20). Yield 62%, brown powder. m.p. 127—128 °C. 'TH NMR
(600 MHz, DMSO-dg) 6 14.76 (bs, 1H), 13.41 (s, 1H), 11.96 (s, 1H), 8.09
(d,J =13 Hz, 1H), 7.80 (d, ] = 1.4 Hz, 1H), 6.84 (s, 2H), 6.00 (s, 1H),
2.66 (s, 3H), 2.62 (s, 3H),1.98 (s, 3H), 1.71 (s, 3H). *C NMR (151 MHz,
DMSO0-dg) 6 200.9,198.2,189.3,173.5,173.1,162.4,157.3,155.6, 155.0,
138.4, 134.5, 130.0, 106.4, 104.9, 102.5, 102.2, 100.8, 56.7, 31.4, 31.0,
20.4, 7.4. HRMS (ESI) m/z 435.1310 [M - HJ (calcd for 435.1313,
C22H20N40g).

4.2.3.18. (R,E)-6-acetyl-7,9-dihydroxy-8,9b-dimethyl-2-(1-((1-
methyl-1H-benzo[d]imidazol-5-yl)amino )ethylidene)dibenzo[b,d]
furan-1,3(2H,9bH)-dione. (21). Yield 78%, pale yellow powder. m.p.
246—247 °C.'H NMR (500 MHz, DMSO-dg) 6 14.82 (bs, 1H), 13.41 (s,
1H), 12.11 (s, 1H), 8.31 (s, 1H), 7.86—7.60 (m, 2H), 7.28 (dd, ] = 8.5,
2.0Hz, 1H), 5.99 (s, 1H), 3.89 (s, 3H), 2.66 (s, 3H), 2.55 (s, 3H), 1.99 (s,
3H), 1.73 (s, 3H). >*C NMR (126 MHz, DMSO-dg) 6 201.4, 198.5, 190.0,
174.7,174.1,163.1,158.0, 156.2, 146.9, 144.0, 134.6, 130.2, 120.6, 117.0,
111.6,107.0, 105.6, 102.8, 102.7, 101.4, 57.2, 32.2, 31.5, 31.4, 20.8, 8.0.
HRMS (ESI) m/z 472.1554 [M - H]" (calcd for 472.1537, C6H23N30g).

4.2.3.19. (RE)-6-acetyl-7,9-dihydroxy-8,9b-dimethyl-2-(1-(quinolin-
8-ylamino )ethylidene )dibenzo[b,d|furan-1,3(2H,9bH )-dione. (22).
Yield 87%, brown powder. m.p. 121-123 °C. '"H NMR (500 MHz,
DMSO0-dg) 6 15.41 (bs, 1H), 13.41 (s, 1H), 12.05 (s, 1H), 9.00 (dd,
J =42,1.7 Hz, 1H), 8.51 (dd, J = 8.4, 1.7 Hz, 1H), 8.04 (dd, ] = 8.2,
1.2 Hz, 1H), 7.92 (d, ] = 7.4 Hz, 1H), 7.78—7.54 (m, 2H), 6.03 (s, 1H),
2.67 (s, 3H), 2.64 (s, 3H),1.99 (s, 3H), 1.75 (s, 3H). >C NMR (126 MHz,
DMSO0-dg) 6 201.4, 198.7, 190.0, 174.1, 174.1, 163.1, 158.0, 156.2, 151.6,
142.2,137.2,133.1,129.1,128.6,126.7,126.4,123.2,107.0, 105.6, 103.6,
102.8,101.5, 57.3, 32.1, 31.5, 21.6, 8.0. HRMS (ESI) m/z 469.1405 [M -
H]™ (calcd for 469.1427, C7H22N20g).

4.2.3.20. (RE)-2-(1-((1H-indol-5-yl)amino )ethylidene)-6-acetyl-7,9-
dihydroxy-8,9b-dimethyldibenzo[b,d]furan-1,3(2H,9bH)-dione. (23).
Yield 66%, yellow powder. m.p. 260—261 °C. '"H NMR (500 MHz,
DMSO0-dg) ¢ 14.76 (bs, 1H), 13.41 (s, 1H), 12.18 (s, 1H), 11.37 (bs, 1H),
7.61-7.39 (m, 3H), 7.06 (dd, J = 8.6, 2.1 Hz, 1H), 6.50 (d, 1H), 6.00 (s,
1H), 2.67 (s, 3H), 2.56 (s, 3H), 1.99 (s, 3H), 1.73 (s, 3H). °C NMR
(126 MHz, DMSO-dg) 6 201.4, 198.3, 190.0, 174.5, 174.0, 163.0, 158.1,
156.2,135.5,128.3,127.9,127.7,119.0, 117.4,112.7,106.9, 105.6, 102.8,
102.6,102.1,101.4, 57.1,32.2, 31.5, 20.9, 8.0. HRMS (ESI) m/z 457.1405
[M - H] (calcd for 457.1418, Cy6H22N20g).

4.2.3.21. (R,E)-6-acetyl-7,9-dihydroxy-8,9b-dimethyl-2-(1-((1-
methyl-1H-indol-5-yl)amino)ethylidene)dibenzo[b,d]furan-
1,3(2H,9bH)-dione. (24). Yield 76%, yellow powder. m.p.
228—230°C."H NMR (500 MHz, DMSO-dg) 6 14.77 (bs, 1H), 13.41 (s,
1H),12.17 (s, 1H), 7.61—7.46 (m, 2H), 7.46 (d, ] = 3.1 Hz, 1H), 713 (dd,
J=8.7,2.0 Hz, 1H), 6.50 (d, J = 3.1 Hz, 1H), 5.99 (s, 1H), 3.84 (s, 3H),
2.67 (s, 3H), 2.55 (s, 3H),1.99 (s, 3H), 1.73 (s, 3H). 3C NMR (126 MHz,
DMSO-dg) 6 201.4,198.4,190.0, 174.5, 174.0, 163.1, 158.1, 156.2, 136.0,
132.1,128.6,127.8,119.1, 117.7, 111.1, 106.9, 105.6, 102.8, 102.7, 101.5,
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1014, 571, 33.2, 32.2, 31.5, 20.9, 8.0. HRMS (ESI) m/z 471.1562 [M -
HJ (calcd for 471.1580, C27H24N20g).

4.2.3.22. (RE)-6-acetyl-2-(1-(benzo[d]thiazol-5-ylamino )ethyl-
idene)-7,9-dihydroxy-8,9b-dimethyldibenzo[b,d |furan-1,3(2H,9bH)-
dione. (25). Yield 83%, pale yellow powder. m.p. 192—193 °C. 'H
NMR (600 MHz, DMSO-dg) 6 14.93 (bs, 1H), 13.43 (s, 1H), 12.04 (s,
1H), 9.53 (s, 1H), 8.33 (d, ] = 8.4 Hz, 1H), 8.19 (d, ] = 2.0 Hz, 1H), 7.54
(dd, ] = 8.5, 2.1 Hz, 1H), 6.04 (s, 1H), 2.67 (s, 3H), 2.59 (s, 3H), 2.00 (s,
3H), 1.74 (s, 3H). 3C NMR (126 MHz, DMSO-dg) 6 201.5, 198.7, 190.1,
174.8, 174.2, 163.1, 159.1, 158.0, 156.2, 153.9, 134.6, 133.9, 124.0,
123.8,120.7,107.0,105.5,103.0,102.8,101.5, 57.3, 32.1, 31.6, 21.0, 8.0.
HRMS (ESI) m/z 475.0969 [M - H] (caled for 475.0976,
C25H20N206S).

4.24. General procedures for the preparation of 26—50

(+)-Usnic acid (1 equiv.) and hydrazines/hydrazides (1.1 equiv.)
were added in absolute EtOH under nitrogen and the reaction
mixture was stirred at 80 °C for 2 h. For the hydrazines/hydrazides
hydrochloride salt materials, they (1.1 equiv) were added to abso-
lute ethanol, and an equivalent amount of pyridine (1.1 equiv) was
added dropwise thereto and stirred at 80 °C under nitrogen. After
5 min, (+) - usnic acid was added and the reaction mixture was
stirred for another 2 h. After reaction was complete, the reaction
solution was cooled and concentrated under reduced pressure. The
residues were quickly purified by silica gel column (PE/EtOAc).

4.2.4.1. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1,4a-dihydro-
4H-benzofuro[3,2-flindazol-4-one. (26). Yield 52%, yellow powder.
m.p. 217—218 °C. 'H NMR (500 MHz, DMSO-dg) 6 13.67 (bs, 1H),
13.35 (s, 1H), 10.26 (s, 1H), 6.04 (s, 1H), 2.71 (s, 3H), 2.53 (s, 3H), 2.02
(s, 3H), 1.66 (s, 3H). 13C NMR (126 MHz, DMSO-dg) ¢ 201.6, 182.4,
180.4,162.7,156.6,156.5,156.4, 142.7,111.4,107.4,106.5,105.6, 102.1,
453, 33.6, 31.5, 10.8, 8.0. HRMS (ESI) m/z 339.0986 [M - H] (calcd
for 339.0989, C18H16N205).

4.2.4.2. (R)-8-acetyl-1-(3-fluorophenyl)-5,7-dihydroxy-3,4a,6-
trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (27).
Yield 80%, orange powder. m.p. 176—177 °C. 'H NMR (500 MHz,
DMSO-dg) 6 13.33 (s, 1H), 11.14 (s, 1H), 7.76—7.38 (m, 4H), 6.64 (s,
1H), 2.63 (s, 3H), 2.48 (s, 3H), 1.97 (s, 3H), 1.75 (s, 3H). 1*C NMR
(126 MHz, DMSO-dg) 6 201.4, 196.7, 172.9, 163.6, 163.0—161.7, 157.2,
156.8, 151.0, 149.3, 1394-139.3, 132.0-131.9, 120.4—1204,
116.0—115.9, 111.9—111.7, 110.8, 106.9, 104.8, 101.7, 90.5, 60.3, 31.5,
30.6,13.5, 7.9. HRMS (ESI) m/z 433.1205 [M - HJ" (calcd for 433.1211,
Co4H19FN;05).

4.2.4.3. (R)-8-acetyl-1-(4-fluorophenyl)-5,7-dihydroxy-3,4a,6-
trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (28).
Yield 48%, yellow powder. m.p. 218—219 °C. 'H NMR (500 MHz,
DMSO0-dg) 6 13.35 (s, 1H), 11.20 (s, 1H), 7.81—7.60 (m, 2H), 7.58—7.34
(m, 2H), 6.54 (s, 1H), 2.62 (s, 3H), 2.48 (s, 3H), 1.98 (s, 3H), 1.75 (s,
3H). 3C NMR (126 MHz, DMSO-dg) 6 2014, 196.6, 172.7, 163.0,
163.0—-161.1, 157.2, 156.8, 150.7, 149.2, 134.4—134.4, 126.8—126.7,
117.1-117.0, 110.6, 106.9, 104.8, 101.7, 90.3, 60.3, 31.5, 30.6, 13.5, 8.0.
HRMS (ESI) m/z 4331205 [M - H] (caled for 433.1209,
C24H19FN;05).

4.2.4.4. (R)-8-acetyl-1-(4-(tert-butyl)phenyl)-5,7-dihydroxy-3,4a,6-
trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (29).
Yield 91%, yellow powder. m.p. 247—249 °C. 'TH NMR (500 MHz,
DMSO0-dg) 6 13.37 (s, 1H), 11.26 (s, 1H), 7.60 (m, 4H), 6.58 (s, 1H), 2.65
(s, 3H), 2.48 (s, 3H), 2.00 (s, 3H), 1.77 (s, 3H), 1.35 (s, 9H). 13C NMR
(126 MHz, DMSO-dg) 6 201.5, 196.7, 172.6, 163.0, 157.3, 156.9, 151.7,
150.7, 148.8, 135.6, 126.9, 123.9, 110.6, 106.9, 104.9, 101.7, 90.5, 60.2,

35.0,31.5, 30.5, 13.6, 8.0. HRMS (ESI) m/z 471.1925 [M - H]" (calcd for
4711922, CogH2gN,05).

4.2.4.5. (R)-4-(8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-4-oxo-4,4a-
dihydro-1H-benzofuro[3,2-flindazol-1-yl)benzoic acid. (30).
Yield 63%, yellow powder. m.p. 181—182 °C. 'H NMR (500 MHz,
DMSO-dg) 6 13.34 (s, 1H), 13.18 (bs, 1H), 11.14 (s, 1H), 8.14 (d,
J =8.6 Hz, 2H), 7.81 (d, ] = 8.6 Hz, 2H), 6.68 (s, 1H), 2.63 (s, 3H), 2.50
(s, 3H), 1.98 (s, 3H), 1.77 (s, 3H). '*C NMR (126 MHz, DMSO-dg)
0 2014, 196.7, 173.0, 166.9, 163.0, 157.2, 156.8, 151.2, 149.3, 141.3,
131.3, 130.8, 123.9, 111.0, 106.9, 104.8, 101.7, 90.6, 60.4, 31.5, 30.5,
13.5, 8.0. HRMS (ESI) m/z 459.1198 [M - H| (calcd for 459.1211,
C25H20N207).

4.2.4.6. (R)-3-(8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-4-oxo-4,4a-
dihydro-1H-benzofuro[3,2-flindazol-1-yl)benzoic acid. (31).
Yield 71%, yellow powder. m.p. 167—169 °C. 'H NMR (500 MHz,
DMSO-dg) ¢ 13.34 (s, 2H), 11.17 (s, 1H), 8.15 (d, ] = 2.0 Hz, 1H), 8.05
(dt, J = 7.8, 1.3 Hz, 1H), 7.93 (ddd, J = 8.0, 2.3, 1.1 Hz, 1H), 7.74 (t,
J=79Hz,1H), 6.59 (s, 1H), 2.63 (s, 3H), 2.49 (s, 3H), 1.97 (s, 3H), 1.77
(s, 3H). 3C NMR (126 MHz, DMSO-ds) 6 201.4, 196.7, 172.9, 166.8,
163.0, 157.2, 156.8, 151.0, 149.2, 138.2, 132.8, 130.7, 129.6, 128.3,
124.7,110.8,106.9, 104.8, 101.7, 90.3, 60.3, 31.5, 30.5, 13.5, 7.9. HRMS
(ESI) m/z 459.1198 [M - H] (calcd for 459.1208, Cy5H,0N207).

4.24.7. (R)-2-(8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-4-oxo-4,4a-
dihydro-1H-benzofuro[3,2-flindazol-1-yl)benzoic acid. (32).
Yield 69%, yellow powder. m.p. 248—249 °C. 'H NMR (500 MHz,
DMSO0-dg) 6 13.36 (s, 1H), 13.21 (s, 1H), 11.28 (s, 1H), 8.00 (dd, J = 7.8,
1.4 Hz, 1H), 7.80 (td, | = 7.7, 1.5 Hz, 1H), 7.75—7.54 (m, 2H), 6.24 (s,
1H), 2.61 (s, 3H), 2.46 (s, 3H), 2.00 (s, 3H), 1.75 (s, 3H). *C NMR
(126 MHz, DMSO-dg) 6 201.5, 196.5, 172.5, 166.7, 163.0, 157.3, 156.9,
151.2, 149.9, 136.5, 133.4, 1314, 130.5, 129.6, 128.7, 110.0, 106.9,
104.6,101.7, 89.8, 60.3, 31.5, 30.9, 13.5, 8.0. HRMS (ESI) m/z 459.1198
[M - H] (calcd for 459.1198, C25H,0N>07).

4.2.4.8. Ethyl (R)-4-(8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-4-oxo-
4,4a-dihydro-1H-benzofuro[3,2-flindazol-1-yl)benzoate. (33).
Yield 66%, bright yellow powder. m.p. 226—227 °C. 'H NMR
(500 MHz, DMSO-dg) 6 13.37 (s, 1H), 11.16 (s, 1H), 8.16 (d, | = 8.6 Hz,
2H),7.85 (d, ] = 8.6 Hz, 2H), 6.71 (s, 1H), 4.37 (q,] = 7.1 Hz, 2H), 2.65
(s, 3H), 2.50 (s, 3H), 2.00 (s, 3H), 1.78 (s, 3H), 1.36 (t, ] = 7.1 Hz, 3H).
13C NMR (126 MHz, DMSO-dg) 6 201.4, 196.8, 173.2, 165.4, 163.0,
157.2,156.8, 151.3, 1494, 141.6, 131.2, 129.8, 124.1, 111.1, 107.0, 104.9,
101.7, 90.6, 61.6, 60.4, 31.5, 30.5, 14.7, 13.5, 8.0. HRMS (ESI) m/z
487.1511 [M - H]" (calcd for 4871511, C27H24N207).

4.2.4.9. (R)-8-acetyl-5,7-dihydroxy-1-(4-methoxyphenyl)-3,4a,6-
trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (34).
Yield 42%, yellow powder. m.p. 211-212 °C. 'H NMR (600 MHz,
DMSO0-dg) 6 13.38 (s, 1H), 11.29 (s, 1H), 7.58 (d, ] = 8.9 Hz, 2H), 7.14
(d,J= 8.9 Hz, 2H), 6.49 (s, 1H), 3.85 (s, 3H), 2.64 (s, 3H), 2.47 (s, 3H),
1.99 (s, 3H), 1.76 (s, 3H). 3C NMR (126 MHz, DMSO-dg) 6 201.5,
196.6, 172.4, 162.9, 159.7, 157.3, 156.9, 150.4, 148.8, 131.0, 126.0,
115.2, 110.4, 106.8, 104.9, 101.7, 90.4, 60.2, 56.1, 31.5, 30.6, 13.5, 8.0.
HRMS (ESI) m/z 445.1405 [M - H] (calcd for 445.1400, Cy5H22N70g).

4.2.4.10. (R)-8-acetyl-5,7-dihydroxy-1-(3-methoxyphenyl)-3,4a,6-
trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (35).
Yield 47%, bright yellow powder. m.p. 95—-97 °C. 'TH NMR (500 MHz,
DMSO0-dg) 6 13.35 (s, 1H), 11.21 (s, 1H), 7.51 (t, J = 8.1 Hz, 1H),
7.30—6.98 (m, 3H), 6.57 (s, 1H), 3.85 (s, 3H), 2.63 (s, 3H), 2.48 (s, 3H),
1.98 (s, 3H), 1.76 (s, 3H). 13C NMR (126 MHz, DMSO-dg) 6 201.4,196.7,
172.7,163.0, 160.5, 157.2, 156.8, 150.7, 149.1, 139.1, 131.0, 116.5, 115.0,
110.7, 109.9, 106.9, 104.8, 101.7, 90.5, 60.3, 56.1, 31.5, 30.6, 13.5, 8.0.
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HRMS (ESI) m/z 445.1405 [M - H] (calcd for 445.1402, C25H22N206).

4.2.4.11. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(4-(methyl-
sulfonyl)phenyl)-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one.
(36). Yield 74%, yellow powder. m.p. 163—164 °C. 'H NMR
(600 MHz, DMSO-dg) 6 13.34 (s, 1H), 11.11 (s, 1H), 8.23—8.08 (m, 2H),
8.05—7.85 (m, 2H), 6.72 (s, 1H), 3.32 (s, 3H), 2.62 (s, 3H), 2.51 (s, 4H),
1.97 (s, 3H), 1.77 (s, 3H). 13C NMR (126 MHz, DMSO-dg) ¢ 201.3,
196.8,173.2,163.0, 157.1,156.7,151.5, 149.7, 141.8, 140.6, 129.3, 124.7,
111.2,107.0, 104.8, 101.7, 90.5, 60.4, 44.0, 31.5, 30.5, 13.5, 8.0. HRMS
(ESI) m/z 493.1075 [M - H] (calcd for 493.1082, C25H22N207S).

4.2.4.12. (R)-4-(8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-4-oxo-4,4a-
dihydro-1H-benzofuro[3,2-flindazol-1-yl)benzenesulfonamide. (37).
Yield 79%, yellow powder. m.p. 298—299 °C. 'H NMR (500 MHz,
DMSO0-dg) 6 13.36 (s, 1H), 11.16 (s, 1H), 8.03 (d, J = 8.6 Hz, 2H), 7.90
(d,] = 8.7 Hz, 2H), 7.56 (s, 2H), 6.72 (s, 1H), 2.64 (s, 3H), 2.50 (s, 3H),
1.99 (s, 3H), 1.78 (s, 3H). 3C NMR (126 MHz, DMSO-dg) ¢ 201.4,
196.8,173.2,163.0,157.2,156.8,151.3,149.4,144.1,140.3,127.8,124.5,
111.1, 107.0, 104.9, 101.7, 90.6, 60.4, 31.5, 30.5, 13.5, 8.0. HRMS (ESI)
m/z 494.1027 [M - HJ (calcd for 494.1031, Ca4H,1N30S).

4.2.4.13. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(pyridin-4-
yl)-1,4a-dihydro-4H-benzofuro|3,2-flindazol-4-one. (38). Yield 83%,
tawny powder. m.p. 248—250 °C. '"H NMR (500 MHz, DMSO-dg)
6 13.39 (s, 1H), 11.11 (s, 1H), 8.60 (dd, J = 5.0, 1.8 Hz, 1H), 8.08 (td,
J=79,19Hz,1H), 7.96 (d,] = 8.3 Hz, 1H), 7.51-7.46 (m, 1H), 7.45 (s,
1H), 2.69 (s, 3H), 2.51 (s, 3H), 2.00 (s, 3H), 1.74 (s, 3H). °C NMR
(126 MHz, DMSO0-dg) 6 201.5, 196.9, 172.9, 163.0, 157.1, 156.9, 152.2,
151.1, 149.2, 148.8, 140.3, 123.4, 115.6, 111.6, 107.0, 104.9, 101.8, 93.0,
60.4,31.7,30.6,13.7, 8.0. HRMS (ESI) m/z 416.1252 [M - H]" (calcd for
416.1272, C3H19N305).

4.2.4.14. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(pyridin-3-
yl)-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (39). Yield 75%,
yellow powder. m.p. 121-122 °C. 'TH NMR (500 MHz, DMSO-dg)
0 13.34 (s, 1H), 11.15 (s, 1H), 8.91 (d, ] = 2.6 Hz, 1H), 8.82—8.60 (m,
1H), 8.14 (dt,J = 8.2,2.0 Hz,1H), 7.66 (dd, ] = 8.2, 4.8 Hz, 1H), 6.68 (s,
1H), 2.63 (s, 3H), 2.50 (s, 3H), 1.98 (s, 3H), 1.76 (s, 3H). 13C NMR
(126 MHz, DMSO-dg) 6 201.4, 196.7, 173.0, 163.0, 157.2, 156.8, 151.3,
149.9, 149.8, 145.1,134.8, 132.1, 124.9, 110.9, 106.9, 104.8, 101.7, 90.3,
60.4,31.5,30.5,13.5, 8.0. HRMS (ESI) m/z 416.1252 [M - H] (calcd for
416.1273, Co3H19N305).

4.2.4.15. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(pyridin-2-
yl)-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (40). Yield 68%,
bright yellow powder. m.p. 210—-211 °C. 'H NMR (500 MHz,
DMSO-dg) ¢ 13.39 (s, 1H), 11.11 (s, 1H), 8.65—8.52 (m, 1H), 8.08 (m,
1H), 8.02—7.91 (m, 1H), 7.48 (m, 1H), 7.46 (s, 1H), 2.69 (s, 3H), 2.50
(s, 3H), 2.00 (s, 3H), 1.74 (s, 3H). *C NMR (126 MHz, DMSO-dg)
6 201.5, 196.9, 172.9, 163.0, 157.1, 156.9, 152.2, 151.1, 149.2, 148.8,
140.3, 1234, 115.6, 111.6, 106.9, 104.9, 101.8, 93.0, 60.4, 31.7, 30.6,
13.7, 8.0. HRMS (ESI) m/z 416.1252 [M - H] (calcd for 416.1254,
C23H19N305).

4.2.4.16. (R)-8-acetyl-5,7-dihydroxy-1-(6-methoxypyridin-3-yl)-
3,4a,6-trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one.
(41). Yield 40%, yellow powder. m.p. 196—197 °C. 'H NMR
(500 MHz, DMSO-dg) 6 13.35 (s, 1H), 11.21 (s, 1H), 8.47 (d, ] = 2.8 Hz,
1H), 8.01 (dd, ] = 8.8,2.8 Hz,1H), 7.04 (d, ] = 8.8 Hz, 1H), 6.58 (s, 1H),
3.95 (s, 3H), 2.63 (s, 3H), 2.48 (s, 3H), 1.98 (s, 3H), 1.75 (s, 3H). °C
NMR (126 MHz, DMSO-dg) ¢ 201.4, 196.6, 172.7, 163.7, 163.0, 157.2,
156.8,150.9, 149.7,143.0, 136.1,129.3, 111.8, 110.5, 106.9, 104.8, 101.7,
90.2, 60.3, 54.3, 31.5, 30.6, 13.5, 8.0. HRMS (ESI) m/z 446.1358 [M -
HJ (calcd for 446.1357, C24H21N30g).

4.2.4.17. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(6-
methylpyridazin-3-yl)-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-
one. (42). Yield 58%, bright yellow powder. m.p. 242—243 °C. 'H
NMR (600 MHz, DMSO-dg) 6 13.37 (s, 1H), 11.01 (s, 1H), 8.12 (d,
J=9.0Hz, 1H), 7.86 (d,J = 9.0 Hz, 1H), 7.37 (s, 1H), 2.70 (s, 3H), 2.68
(s, 3H), 2.51 (s, 3H), 2.00 (s, 3H), 1.74 (s, 3H). '3C NMR (126 MHz,
DMSO0-dg) 6 201.5,197.0,173.4, 163.0, 160.2, 157.1, 156.8, 154.8, 151.6,
149.6, 131.1, 120.8, 111.9, 107.0, 104.8, 101.8, 92.6, 60.6, 31.6, 30.6,
21.8,13.7, 8.0. HRMS (ESI) m/z 431.1361 [M - H] (calcd for 431.1360,
C23H30N405).

4.2.4.18. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(pyrazin-2-
yl)-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (43). Yield 73%,
pale yellow powder. m.p. 230-232 °C. 'H NMR (500 MHz,
DMSO0-dg) ¢ 13.36 (s, 1H), 10.99 (s, 1H), 9.21 (d, ] = 1.3 Hz, 1H), 8.73
(d,J = 2.6 Hz, 1H), 8.67 (dd, ] = 2.5, 1.4 Hz, 1H), 7.34 (s, 1H), 2.68 (s,
3H), 2.52 (s, 3H), 1.99 (s, 3H), 1.74 (s, 3H). *C NMR (126 MHz,
DMSO0-dg) 6 201.4,196.8,173.4,163.0,157.0, 156.8,151.8,150.3,148.3,
143.6, 142.8, 137.6, 111.8, 107.1, 104.8, 101.8, 92.3, 60.7, 31.6, 30.6,
13.6, 8.0. HRMS (ESI) my/z 4171204 [M - H] (calcd for 417.1223,
C22H1gN405).

4.2.4.19. (R)-4-(8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-4-oxo0-4,4a-
dihydro-1H-benzofuro[3,2-findazol-1-yl)benzonitrile. (44).
Yield 37%, yellow powder. m.p. 136—137 °C. 'H NMR (500 MHz,
DMSO-dg) 6 13.34 (s, 1H), 11.10 (s, 1H), 8.08 (d, J = 8.5 Hz, 2H), 7.90
(d,J = 8.5 Hz, 2H), 6.70 (s, 1H), 2.64 (s, 3H), 2.49 (s, 3H), 1.98 (s, 3H),
1.77 (s, 3H). 3C NMR (126 MHz, DMSO-dg) 6 201.4, 196.8, 173.3,
163.0, 157.1, 156.8, 151.5, 149.7, 141.5, 134.5, 124.8, 118.6, 111.2, 111.2,
107.0, 104.8, 101.7, 90.6, 60.5, 31.5, 30.5, 13.5, 8.0. HRMS (ESI) m/z
440.1252 [M - H]_ (calcd for 440.1256, C25H19N305).

4.2.4.20. (R)-8-acetyl-1-(1H-benzo[d]imidazol-2-yl)-5,7-dihydroxy-
3,4a,6-trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one.
(45). Yield 62%, yellow powder. m.p. 246—248 °C. 'H NMR
(500 MHz, DMSO-dg) 6 13.37 (s, 1H), 13.28 (bs, 1H), 11.01 (s, 1H), 7.66
(m, 1H), 7.49 (m, 2H), 7.24 (m, 2H), 2.71 (s, 3H), 2.55 (s, 3H), 2.00 (s,
3H), 1.75 (s, 3H). *C NMR (126 MHz, DMSO-dg) 6 201.5, 196.6, 174.0,
163.0,157.0,156.8,151.8,149.9,145.5,142.1,133.3,123.4,122.8,119.1,
112.2, 111.5, 107.1, 104.9, 101.8, 91.7, 61.0, 31.7, 30.8, 13.6, 8.0. HRMS
(ESI) m/z 455.1361 [M - H] (calcd for 455.1361, Co5HaoN4Os).

4.2.4.21. (R)-8-acetyl-1-(benzo[d]thiazol-2-yl)-5,7-dihydroxy-
3,4a,6-trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one.
(46). Yield 88%, yellow powder. m.p. 281-282 °C. 'H NMR
(600 MHz, Chloroform-d) ¢ 13.34 (s, 1H), 10.80 (s, 1H), 7.96 (d,
J = 8.2 Hz, 1H), 7.85 (d, ] = 7.9 Hz, 1H), 7.54—7.45 (m, 2H), 7.39 (td,
J=176,11Hz, 1H), 2.74 (s, 3H), 2.58 (s, 3H), 2.11 (s, 3H), 1.79 (s, 3H).
13C NMR (151 MHz, Chloroform-d) 6 200.5,196.2,174.8,163.7,159.8,
157.3,156.3,1529, 151.0, 149.6, 132.7,126.8,125.5,122.8,121.5, 112.0,
108.6, 103.8, 101.7, 91.4, 61.3, 31.4, 30.8, 13.3, 7.5.

4.2.4.22. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(4-0x0-3,4-
dihydrophthalazin-1-yl)-1,4a-dihydro-4H-benzofuro|3,2-flindazol-4-
one. (47). Yield 33%, tawny powder. m.p. 315-316 °C. '"H NMR
(600 MHz, DMSO-dg) ¢ 13.36 (s, 1H), 13.05 (s, 1H), 11.16 (s, 1H),
8.40—8.29 (m, 1H), 8.12—-7.92 (m, 2H), 7.88—7.64 (m, 1H), 6.75 (s,
1H), 2.60 (s, 3H), 2.54 (s, 3H), 2.00 (s, 3H), 1.76 (s, 3H). >°C NMR
(151 MHz, DMSO-dg) 6 201.4, 196.9, 172.9, 162.9, 160.0, 157.1, 156.8,
152.2,151.1,138.2,134.6,133.3,129.1,127.2,126.8,125.4,110.2,106.9,
104.9,101.7,90.4, 60.5, 31.4, 30.6, 13.6, 8.0. HRMS (ESI) m/z 483.1310
[M - H] (calcd for 483.1319, Co6H20N40g).

4.2.4.23. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-(phenyl-
sulfonyl)-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one. (48).
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Yield 93%, yellow powder. m.p. 208—209 °C. 'H NMR (600 MHz,
DMSO-dg) 6 13.36 (s, 1H), 10.68 (s, 1H), 8.19—8.05 (m, 2H), 7.90—7.81
(m, 1H), 7.73 (t, ] = 7.8 Hz, 2H), 7.06 (s, 1H), 2.72 (s, 3H), 2.37 (s, 3H),
1.98 (s, 3H), 1.69 (s, 3H). 13C NMR (151 MHz, DMSO-dg) ¢ 201.5,
196.9, 175.6, 162.9, 156.7, 156.6, 153.2, 152.9, 136.4, 136.2, 130.7,
128.5,111.6,107.2, 105.0, 101.8, 90.1, 61.2, 31.6, 30.5, 13.6, 8.0. HRMS
(ESI) m/z 479.0918 [M - H] (calcd for 479.0927, C24H29N207S).

4.2.4.24. (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trimethyl-1-tosyl-1,4a-
dihydro-4H-benzofuro[3,2-flindazol-4-one. (49). Yield 95%, yellow
powder. m.p. 221—222 °C. 'H NMR (500 MHz, DMSO-dg) 6 13.36 (s,
1H),10.71 (s, 1H), 7.99 (d, ] = 8.2 Hz, 2H), 7.52 (d, ] = 8.2 Hz, 2H), 7.05
(s, 1H), 2.72 (s, 3H), 2.41 (s, 3H), 2.36 (s, 3H), 1.99 (s, 3H), 1.69 (s, 3H).
13C NMR (126 MHz, DMSO-dg) 6 201.5, 197.0, 175.5, 162.9, 156.8,
156.6, 153.0,152.7, 147.5,133.3,131.2, 128.6, 111.5, 107.2, 105.1, 101.9,
90.2,61.2,31.7,30.5, 21.7,13.6, 8.0. HRMS (ESI) m/z 493.1075 [M - H]
(calcd for 493.1071, C25H22N207S).

4.2.4.25. (R)-8-acetyl-5,7-dihydroxy-1-((4-methoxyphenyl)sulfonyl)-
3,4a,6-trimethyl-1,4a-dihydro-4H-benzofuro[3,2-flindazol-4-one.
(50). Yield 94%, yellow powder. m.p. 200—201 °C. 'H NMR
(500 MHz, DMSO-dg) 6 13.37 (s, 1H), 10.73 (s, 1H), 8.06 (d, ] = 9.0 Hz,
2H), 7.22 (d, ] = 9.0 Hz, 2H), 7.06 (s, 1H), 3.87 (s, 3H), 2.72 (s, 3H),
2.37 (s, 3H), 1.99 (s, 3H), 1.69 (s, 3H). >*C NMR (126 MHz, DMSO-dg)
0 201.5, 197.0, 175.3, 165.3, 162.9, 156.8, 156.6, 152.8, 152.4, 131.2,
127.2,115.9, 111.4, 107.2,105.1, 101.8, 90.2, 61.1, 56.6, 31.7, 30.6, 13.6,
8.0. HRMS (ESI) m/z 509.1024 [M - H| (caled for 509.1041,
C25H22N20585).

4.3. Biology

4.3.1. AcPHF6 aggregation kinetics by Thioflavin T fluorescence
assays

ThT fluorescence assays were performed as described previ-
ously [58,62,63] with some variations. The AcPHF6 powder (Med-
ChemExpress) was first dissolved in 1,1,1,3,3,3,-hexafluoro-2-
propanol (HFIP), dispensed and ventilated overnight at room
temperature. The AcPHF6 (1 mM) stock solution was formulated
with pure water and immediately used in ThT fluorescence exper-
iments. All test compounds were prepared in DMSO with 10 mM
stock solution, while stock solution of 10 mM ThT (MedChemEx-
press) was prepared in 50 mM phosphate buffer pH 7.4. AcPHF6
aggregation was detected by fluorescence microplate reader in a
black 96-well optical flat-bottom plate, and the excitation and
emission wavelengths were set to 440 nm and 490 nm, respec-
tively. The total volume of each well was 100 uL for a final con-
centration of 100 uM AcPHF6, 20 uM ThT and 10 uM usnic acid
derivatives (maximum final DMSO content: 0.1%, v/v) in 50 mM
phosphate buffer pH 7.4. In addition, 10 uM myricetin (MedChe-
mExpress) was used as a positive control and compound-free wells
were added DMSO as a negative control and sodium usnate (Yua-
nye, Shanghai, China) was also used as a reference. System tem-
perature was set at 25 °C. Fluorescence data were recorded every
minute over 120 min with 10 s shaking (400 rpm) prior to each
reading. At least three parallel wells are set for each compound, and
the fluorescence values between 50 and 60 min are finally averaged
to calculate the inhibition rate (%). Results are expressed as the
mean + SD of three independent experiments.

4.3.2. Circular dichroism (CD) spectroscopy

CD spectra were measured in the 260-200 nm spectral range on
a Jasco J-810 spectropolarimeter (Jasco Corporation, Tokyo, Japan)
using a quartz small cell with a path length of 1 mm and a
maximum volume of 300 uL. Measurement informations were
recorded at room temperature with a 1 s response, a 1 nm

bandwidth, 1 nm data pitch and a 50 nm min~' scanning speed.

Spectra were acquired from fresh samples, which included a final
concentration of 100 uM AcPHF6 and 10 uM compound 18 and 30
(maximum final DMSO content: 0.1%, v/v) in 50 mM phosphate
buffer pH 7.4. CD spectra of the samples were measured immedi-
ately after vibration for 10 s per minute at 25 °C for 120 min. The
spectral contribution of solvents and test compounds were
deducted before converting the spectral raw data to molar units per
residue (Aeges), and then spectral curves smoothed by Savitzky-
Golay method.

4.3.3. Transmission electron microscopy (TEM)

The sample preparation method for TEM Assay was same as that
for the CD assay. In order to facilitate the observation of the fila-
ments, the final concentration of AcCPHF6 was increased to 200 uM,
but the concentration ratio of protein to compound 30 (20 uM)
remained unchanged. Samples (10 uL) were placed on a carbon-
coated copper grid for 5 min. Each grid was stained with phos-
photungstic acid (1%, 10 uL) for 5 min. After draining excess dye
solution and drying it, the specimen was transferred for imaging in
a Hitachi HT7700 transmission electron microscope (Hitachi,
Tokyo, Japan).

4.3.4. Full-length 2N4R tau protein expression and purification

Full-length 2N4R tau protein was purified by previously pub-
lished method [66]. Briefly, the full-length 2N4R tau was cloned
into pET-28a vector (Novagen) to produce a His-tagged protein in
Escherichia coli strain BL21 (DE3). When vector-transformed bac-
teria grown to an optical density (OD) of 0.6 at 600 nm, isopropyl-
beta-Dthiogalactopyranoside (IPTG) was used at a final concen-
tration of 1 mM to induce 2N4R tau expression at 37 °C. After 4 h,
the bacteria were collected and lysed. Bacterial lysates were loaded
on the His-hag purification resin (Sigma-Aldrich, U.S.), and the
heteroprotein was washed out with low-density imidazole
(20 mM) in PBS 1 x , then the target tau protein was washed out
with high-density imidazole (200 mM) in PBS 1 x . Purity of the
protein was verified on a Coomassie Brilliant Blue stained SDS-
polyacrylamide gel. 2N4R tau protein was concentrated by an ul-
trafiltration tube (Millipore, U.S.), and then the protein concentra-
tion was determined by the BCA method. Full-length 2N4R tau
protein was stored at —80 °C until use.

4.3.5. Full-length 2N4R tau protein aggregation kinetics

Full-length 2N4R tau protein solution (10 uM) was incubated at
37 °Cin the presence of 10 uM compound 30 and 1 mM DTT, 10 uM
heparin (Average molecular weight: 6117) was added to initiate the
reactionin PBS 1 x , and 10 uM ThT dye (all from MedChemExpress)
was added to detect the aggregation progress. A basic reaction
mixture was performed in a black 96-well optical flat-bottom plate.
The plate was inserted into a fluorescent plate reader, and the
excitation and the emission wavelengths were set to 440 nm and
490 nm, respectively. The reading period was 4 min and shaked
(600 rpm) for 2 min before reading.

4.3.6. Cytotoxicity test

The toxicity effect of compound 30 on the Human neuroblas-
toma SK-N-SH cell line (SH-SY5Y), human hepatocyte cells (LO2)
cells and BV2 microglial cells was examined. The cells were
routinely grown in high glucose DMEM supplemented with 10%
fetal bovine serum, 100 units/mL penicillin, and 100 units/mL of
streptomycin in a humidified incubator with 5% CO; at 37 °C. Cells
were subcultured in 96-well plates at a seeding density of
3000—-5000 cells per well and allowed to adhere and grow. When
the cells reached the desired confluence, they were incubated with
the compounds at the required concentration and incubated for
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another 24 h. Subsequently, cells were incubated with 20 uL of
0.5 mg/mL MTT solution for 4 h at 37 °C and 5% CO,. Then removed
all media and added 200 uL of DMSO to dissolve the formazan
crystals attached to the bottom of the plate. The absorbance of each
well was measured using a microculture plate reader with a test
wavelength of 570 nm and a reference wavelength of 630 nm.
Results are expressed as the mean + SD of three independent
experiments.

4.3.7. Inhibiting NO production of LPS-stimulated BV2 microglial
cells

BV2 microglia cells were routinely grown in high glucose DMEM
supplemented with 10% fetal bovine serum, 100 units/mL penicillin,
and 100 units/mL of streptomycin in a humidified incubator with
5% CO, at 37 °C. When the cells reached the desired confluence,
they were seeded in a 96-well microplate at a density of
3 x 10% cells/well. After the cells attached, cells were preincubated
with the compounds at the desired concentration for 1 h and after
that time LPS (Sigma-Aldrich, U.S.) was added at a final concen-
tration of 1 ug/ml and incubated for another 18 h. 50 uL of medium
was transferred to a new 96-well plate, then added the same vol-
ume of Griess assay reagent and incubated for 10 min at 25 °C.
Immediately, the absorbance at 540 nm was measured in a multi-
function microplate reader. Calculate the percent inhibition of NO
production by the formula: (F.-F¢)/(F-Fg) x 100, where Fc is
absorbance of the neurons treated with the tested compound, F; is
absorbance of the neurons treated with LPS, and Fg is absorbance of
the normal neurons.Results are expressed as the mean + SD of
three independent experiments.

4.3.8. Animal study

Adult male SD rats (250—270 g), were purchased from Shanghai
Sippr Bk Laboratory Animals Ltd (Shanghai, China). The rats were
reared on a 12/12 h light/dark cycle at 25 °C, 60—70% relative hu-
midity and allowed free access to water and standard chow ad lib.
Animals were reared and handled strictly according to the obliga-
tions of the Animal Ethics Committee of China Pharmaceutical
University and the guidelines for the care and use of laboratory
animal from the National Institute of Health. Sterile food and water
were provided according to institutional guidelines. The animals
were acclimated for 7 days prior to operation.

4.3.8.1. Animal modeling. Animal modeling was performed by
previously published method [67]. Rats were anesthetized with
isoflurane and placed in a stereotaxic apparatus. Okadiac acid
(300 ng in 1.5 uL of saline) or saline (0.9% NaCl,1.5 uL) was micro-
injected stereotaxically by micro syringe (8 mm diameter) into the
right dorsal hippocampus (-3.8 mm AP, -2.5 mm ML,
and —3.2 mm DV, according to the Rat Brain Paxinos Atlas) and
completed in 5—6 min. Then, the needle remained stationary for
5 min to ensure OA diffusion and removed slowly over 5 min.
Finally, the wound of the rats was sutured and wiped with peni-
cillin (50 mg/mL) for 3 days to prevent wound infection. Rats
injected with OA and saline were regarded as model group and
control group, respectively. Subsequent subdivision of the model
group based on the treatment of the drugs.

4.3.8.2. Drug injection and animal grouping. After 7 days of adap-
tive feeding, rats with a body weight of 260—280 g were randomly
selected and divided into 4 groups (n = 8 per group): control (sham
operation), model, 30 (5 mg/kg), 30 (10 mg/kg). Due to the poor
water solubility of 30, 8% DMSO and 1% Tween-80 were used as a
cosolvent and dissolved in physiological saline. 30 5 mg/kg group
and 30 10 mg/kg group were intraperitoneally injected with the
corresponding doses according to body weight for 7 days, during

which the control group and the model group were only injected
with physiological saline and cosolvent. Subsequently, rats were
modeled and the control group was only sham operated. The
Morris water maze test was performed 7 days after the treatment.
Rats body weight changes were recorded during the period.

4.3.8.3. Morris water maze test. Spatial memory function of rats
was tested by Morris water maze, it included 5 days of learning and
memory training and a probe trial on day 6. Rats were individually
trained in a circular pool (110 cm in diameter and 60 cm in height)
filled with water to a depth of 40 cm and maintained at 25 °C with
an automatic heater. The maze was located in a darker room but
contained a mass of fixed visual cues. The circular pool was divided
into four quadrants, where an escape platform was placed and fixed
1 cm below the surface of the water in the center of one of the
quadrants. On the first 5 days, rats (n = 8 per group) were trained
four times a day, each training randomly changed a quadrant where
the rats were placed in the maze. If a rat successfully reached the
platform (a successful escape) within 60 s, it was allowed to stay
there for another 15 s. If not, it was directed to the platform and also
stayed there for 15 s to ensure consistent learning time. In order to
prevent a cold, every time the rats were removed from the water,
they were dried with a towel. The swimming speed and the la-
tencies to find the platform were recorded. On the last day (day 6),
the platform was removed from its location, then rats were given a
probe trial and they had 60 s to search for the platform. During the
period, the rats were placed in the quadrant farthest from the vir-
tual platform to start the examination. The time taken to reach the
missing platform and the number of times the animals crossed the
platform location were recorded. Data for the escape latency, the
distances traveled, and the number of platform location crossings
were recorded and processed by ananalysis-management system.
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