
Journal of Alzheimer’s Disease Reports 5 (2021) 7–13
DOI 10.3233/ADR-200247
IOS Press

7

Research Report

Borrelidin from Saltern-Derived Halophilic
Nocardiopsis sp. Dissociates Amyloid-β
and Tau Fibrils

Jisu Shina,1, Seung-Hoon Yangb,1, Young Eun Duc, Keunwan Parkd, DaWon Kima, Daniel Shinc,
Jungwoo Kimc, Seong-Hwan Kimc, Yun Kyung Kime, Jongheon Shinc,
Dong-Chan Ohc,∗ and YoungSoo Kima,f,∗
aDepartment of Pharmacy and Yonsei Institute of Pharmaceutical Sciences, Yonsei University, Incheon, Republic
of Korea
bDepartment of Medical Biotechnology, Dongguk University, Goyang-si, Gyeonggi-do, Republic of Korea
cNatural Products Research Institute, College of Pharmacy, Seoul National University, Seoul, Republic of Korea
dNatural Product Informatics Research Center, Korea Institute of Science and Technology (KIST), Gangneung-si,
Gangwon-do, Republic of Korea
eConvergence Research Center for Diagnosis, Treatment and Care System of Dementia, Brain Science Institute,
Korea Institute of Science and Technology (KIST), Seoul, Republic of Korea
f Department of Industrial Pharmaceutical Sciences and Department of Integrative Biotechnology and Transla-
tional Medicine, Yonsei University, Incheon, Republic of Korea

Accepted 11 December 2020
Pre-press 29 December 2020

Abstract.
Background: Alzheimer’s disease (AD) is characterized by the aggregation of two pathological proteins, amyloid-� (A�)
and tau, leading to neuronal and cognitive dysfunction. Clearance of either A� or tau aggregates by immunotherapy has
become a potential therapy, as these aggregates are found in the brain ahead of the symptom onset. Given that A� and tau
independently and cooperatively play critical roles in AD development, AD treatments might require therapeutic approaches
to eliminate both aggregates together.
Objective: We aimed to discover a chemical drug candidate from natural sources for direct dissociation of both insoluble
A� and tau aggregates through in vitro assessments.
Methods: We isolated four borrelidin chemicals from a saltern-derived halophilic actinomycete strain of rare genus Nocar-
diopsis and simulated their docking interactions with A� fibrils. Then, anti-cytotoxic, anti-A�, and anti-tau effects of
borrelidins were examined by MTT assays with HT22 hippocampal cell line, thioflavin T assays, and gel electrophoresis.
Results: When HT22 cells were exposed to A� aggregates, the treatment of borrelidins alleviates the A�-induced toxicity.
These anti-cytotoxic effects can be derived from the inhibitory functions of borrelidins against the A� aggregation as shown
in thioflavin T and gel electrophoretic analyses. Among them, especially borrelidin, which exhibits the highest probability
of docking, not only dissociates A� aggregates but also directly regulates tau aggregation.
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Conclusion: Borrelidin dissociates insoluble A� and tau aggregates together and our findings support the view that it is
possible to develop an alternative chemical approach mimicking anti-A� or anti-tau immunotherapy for clearance of both
aggregates.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
type of dementia characterized by cognitive impair-
ments associated with neurotoxicity [1, 2]. Abnormal
aggregation of the extracellular amyloid-� (A�) and
the intracellular tau is considered to be the ma-
jor culprit of the AD pathology and a key target for
treatments [3, 4]. Because such protein aggrega-
tion induces neuronal death and interferes the syn-
aptic function in the brain, several current disease-
modifying treatments in phase III aim to clear the
aggregates or prevent the production of them [5, 6].
However, none of these drugs have been approved
for clinical use yet [6]. The possible reason of the
failure is that most of drug candidates were designed
to target only one among the two pathogenic pro-
teins, A� and tau. It is important to remove both
proteins simultaneously due to an extensive crosstalk
between A� and tau during the development of AD
pathology [7]. Synergistic interactions between A�
and tau aggregates result in accelerated neurodegen-
eration and cognitive impairment compared to their
individual contributions on disease progression [8].
It leads to shift attention to a new approach that
simultaneously regulates two pathogenic proteins of
AD. Currently, two small molecules with a dual
targeting mechanism, Nilotinib and Posiphen, are
undergoing phase II clinical trials; however, both drug
candidates regulate A� and tau indirectly. Therefore,
we focused on natural product borrelidins, isolated
from a halophilic actinomycete living in hypersaline
environments, and assessed its therapeutic activities
against two pathogenic proteins of AD.

Here, we report the possibility of borrelidin as a
small molecule mimicking anti-A� and anti-tau anti-
body drug candidates to clear the toxic aggregates.
Borrelidin (1) and borrelidins C-E (2–4), were obt-
ained from a saltern-derived halophilic actinomycete
strain belonging to the rare genus Nocardiopsis
(Fig. 1A) [9]. These small molecules were previ-
ously reported for their anti-cancer and anti-bacterial
functions. Likewise, several studies have shown
that borrelidins, especially 1, possess therapeutic
effects against many diseases; however, the effects
on neurodegenerative diseases have not been reported

yet [9–13]. In this study, the docking models of
1–4 to A� fibrils presented the potential interac-
tions between A� and borrelidins mostly formed
within the hydrophobic pockets of A�. The com-
parative structure-activity analysis suggested that
the hydroxyl groups in the cyclopentane ring are
responsible for the varied activities of the borrelidin
derivatives on A� aggregation by affecting solvent
accessibility of the ligands. Also, we investigated
the potency of 1–4 on A� aggregates-induced neu-
ronal cell death by MTT assay. To further assess
their activities, inhibition of A� aggregation by
1–3 was examined through Thioflavin T (ThT) and
Photo-Induced Cross-Linking of Unmodified Pro-
teins (PICUP) assay. Among these molecules, the
most potent candidate 1 was additionally examined
on its dissociation mechanism for A� and tau in vitro.

MATERIALS AND METHODS

MTT assay

Borrelidins (1–4) were obtained as previously
reported [9]. A�42 synthesis and MTT assay using
HT22 murine hippocampal neuronal cells were
performed as previously described [14–17]. Cells
(2×104 cells/well) were treated with 10 �M A�42
with 1–4 (20, 100 �M) and incubated for 24 h at
37◦C. After the incubation, A�-induced cytotoxicity
was measured by absorbance as previously reported
[16, 17].

Docking simulation

The docking of 1–4 to A�42 were described
previously [17, 18]. Briefly, the two-staged dock-
ing procedure was sequentially performed using the
three-dimensional conformers of each ligand. The
numbers of conformers considered for docking were
61, 42, 75, and 51 for 1–4, respectively. The low-
resolution global docking was first performed by
PatchDock software [19] to estimate potential bind-
ing sites in the A� structure (PDB ID 2LMO). Of the
low-resolution docking structures, the top 500 were
used for the secondary all-atom refinement by Rosetta
software [20]. Docking structures were refined by
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Fig. 1. Docking simulation of borrelidins. A) Chemical structures of borrelidin (1) and borrelidins C-E (2–4) and (B) binding simulation of
each compound to A� aggregates in docking model.

the customized Rosetta ligand docking protocol, con-
sisted of five rounds of docking/minimization, two
low-repulsive followed by three normal. The dock-
ing conformation with the lowest binding energy was
finally selected as the most plausible model. The
binding energy was estimated by the Rosetta energy
difference between ligand-bound and unbound struc-
ture.

Aβ inhibition and disaggregation

10 mM A�42 were dissolved in DMSO and diluted
with distilled water to make 25 �M A� solutions. To
measure the inhibition effect of 1–3 on A� aggrega-
tion, monomeric A�42 with 1 mM of each compound
was incubated for five days at 37◦C. For A� dis-
aggregation, 0.1 mM of A�42 in 10% DMSO and
90% distilled water was aggregated for three days at
37◦C. After the pre-incubation, 1 mM of compound
was added to aggregates and incubated for additional
three days at 37◦C. To observe the inhibition or disso-
ciating effect of compound, all samples were loaded
into the half-area 96-well black plate. 75 �L of ThT
solution (5 �M in 50 mM glycine buffer, pH 8.5) was
added to each well [21]. Fluorescence of A�-bound
ThT was measured at 450 nm (excitation) and 485 nm

(emission) using SpectraMax M2 microplate reader
(Molecular Devices).

Tau inhibition and disaggregation

Tau K18 fragment (0.5 mg/mL in PBS) was used
in these assays. For tau inhibition assay, 1 mM of
compound was added to tau containing 0.1 mg/mL
of Heparin and 100 �M of DTT, aggregation induc-
ers. Mixed samples were incubated for five days at
37◦C. For disaggregation assay, tau containing induc-
ers was aggregated for two days at 37◦C. After the
pre-incubation, 1 mM of compound was added to
aggregates and incubated for additional three days
at 37◦C. To evaluate the inhibition and disaggrega-
tion effect of compound, the fluorescence intensity
was measured by ThT assay as described above.

PICUP and SDS-PAGE

To visualize inhibitory effect of compounds on
A� aggregation, all samples were prepared under
the identical conditions as used in ThT assay. For
A� cross-linking, 10 mM Ru(Bpy) and 200 mM APS
were dissolved in buffer A (0.1 M sodium phos-
phate, pH 7.4), and diluted with the same buffer to
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make 1 mM and 20 mM, respectively. Then, 1 �L of
Ru(Bpy) and APS were added to 10 �L of each incu-
bated sample. The mixtures were irradiated by visible
light, and the reaction was quenched by adding 3 �L
of 5X sample buffer containing 5% reducing agent.
Then, samples were boiled for 5 min at 95◦C and
separated by SDS-PAGE electrophoresis. After gel
running, different size of A� peptides was visualized
by silver staining according to the manufacturer’s
instructions (GE Healthcare).

Statistical analysis

Graphs were obtained with GraphPad Prism 7 and
statistical analysis were performed with Student’s t-
tests and one-way ANOVA, followed by Bonferroni’s
post hoc comparisons tests (∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001). The error bars in all data represent the
SEM.

RESULTS

Borrelidins bind to Aβ aggregates in docking
model

As the abnormal aggregation of A� and tau exac-
erbate AD, the direct interaction between these
pathological proteins and drug candidate is needed to
dissociate the toxic aggregates. In this regard, we ini-
tially performed exhaustive low-resolution docking
simulation to find the most plausible docking model
of 1–4 to the A� structure. These low-resolution
docking structures were then refined by Rosetta
ligand optimization protocol with all-atom Rosetta
energy function (REF15) [22]. The final docking
model for each ligand was selected by the calculated
binding energy.

Among the docking models, 1 showed the low-
est binding energy (–23.04 by Rosetta Energy Unit)
and 2–4 showed undistinguishable binding energies
(Fig. 1B). The docking structures of 1, 2, and 4 had
similar binding modes that commonly packed in the
hydrophobic patch formed by the beta-strand assem-
bly, whereas 3 was located between the beta-strand
assemblies. Notably, the docking model of 1 was
more sequestered inside the beta-strands than the
others, which might be more effective in terms of
preventing further A� aggregation.

The chemical structures of 1 and 2 are very sim-
ilar except for the hydroxyl group (solid line circle
in Fig. 1B) attached to the cyclopentane ring. In the
docking model of 1, the cyclopentane ring showed

tight hydrophobic contacts to the A� structure with-
out the hydroxyl group attachment. However, 2 was
docked more towards the exterior surface, probably
due to the presence of the hydroxyl group in the
cyclopentane ring. The hydroxyl group in 2 formed
hydrogen bonds to the main-chain atoms of Val39.

On the other hand, the chemical structure of 4
is almost similar to 1 except for another hydroxyl
group attached to the carbon chain (dotted line circle
in Fig. 1B). The carbon chains in 4 faced outside,
but the same part in all other ligands without the
hydroxyl group was tightly packed into the hydro-
phobic patches in the A� structure. Moreover, the
docking model of 3 showed a distinctive binding
mode where the hydroxyl group was fully exposed
to the solvent. Accordingly, the two hydroxyl groups
might be responsible for the varied activities of the
borrelidin derivatives on A� aggregation.

Borrelidins reduce Aβ-induced cytotoxicity

Since the possibility of binding between A�
and borrelidins was confirmed through the docking
model, we performed additional biochemical assays
to investigate the effects of 1–4 on A� and tau
aggregates. To evaluate their effects on A�-oligomer-
induced neuronal cell death, we performed MTT
assay using HT22, murine hippocampal cell line.
A� were pre-aggregated at 37◦C for 24 hours to
form oligomers. We observed about 60% decrease
in cell viability due to the toxicity induced by pre-
formed aggregates. However, when the cells were
treated with 1–4, a significant increase in cell via-
bility was observed (Fig. 2A). 1 and 2 attenuated
the A� oligomer-induced neuronal death dose depen-
dently, and about 100% of viability as non-treated cell
was shown at higher concentration (100 �M) of both
compounds. 4 showed the significant change in only
higher concentration. These findings indicated that
both concentrations (20 and 100 �M) of 1–3 reduced
the neurotoxicity induced by A� oligomers.

Borrelidins inhibit Aβ aggregation

Next, we quantified the A� fibril formation through
ThT fluorescence intensity [23] to examine the pro-
tective mechanisms of borrelidins against neuronal
death by A� aggregates. All compounds signifi-
cantly inhibited the A� aggregation, especially, 1
exhibited the highest effect against A� aggrega-
tion, reducing ThT-positive aggregates by more than
50% (Fig. 2B). However, it is difficult to identify
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Fig. 2. The effects of borrelidins, especially borrelidin (1), against A� and tau pathology in vitro. A) The effects of each compound on
A�-induced cell death were measured by MTT assay in HT22 neuronal cell line. Cell viability was normalized to non-treated cells (100%).
B, C) The inhibition effects of borrelidin (1) and borrelidin C, D (2, 3) were presented by ThT assay (B) and PICUP followed by SDS-PAGE
gel (C). Fluorescence intensity was normalized to A� aggregates (100%, 5 days incubation). D) A� disaggregation effect of borrelidin (1)
by ThT assay. Fluorescence intensity was normalized to pre-formed A� aggregates (100%, 3 days incubation). E, F) Tau inhibition (E) and
disaggregation effects (F) of borrelidin (1) by ThT assay. Fluorescence intensity was normalized to tau aggregates (100%, 5 days incubation)
and pre-formed tau aggregates (100%, 2 days incubation), respectively. Cpd, compound; aggr., aggregates. All data were represented as
mean ± SEM. MTT and ThT assays were analyzed by Student’s t-tests and One-way ANOVA followed by Bonferroni post-hoc comparison
tests (∗p ≤ 0.05 and ∗∗∗p ≤ 0.001).

the effects on oligomers or protofibrils by ThT
assays. Thus, all samples were visualized after cova-
lently cross-linking of proteins to fix the original
states of aggregates [24]. Through the silver stained
SDS-PAGE gel, we discovered that all compounds,
especially 1 and 3, remarkably decreased the for-
mation of A� fibrils in size greater than 250 kDa
(Fig. 2C), corresponding to ThT results (Fig. 2B). It
might be because the conversion of aggregates to the
monomers (4.5 kDa) by the compounds, resulting in
increase of A� monomers when incubated with each
compound.

Borrelidin dissociates pre-formed Aβ aggregates
and also regulates tau pathology

Overall, 1 showed the highest possibility; interac-
tion with A� aggregates, leading to the decrease of
neuronal cell death via an inhibition of A� aggre-
gation. However, the clearing of toxic pre-formed
aggregates is considered more effective way because
these accumulation starts decades in the brain before
onset of symptoms. Thus, we examined whether 1,

which was regarded as the most potent inhibitor, also
has a clearance effect on pre-existing A� aggregates.
We observed the levels of A� aggregates measured
by ThT fluorescence intensity were notably reduced
when incubated with 1, indicating that it could disso-
ciate pre-existing A� aggregates (Fig. 2D).

As aggregation of tau proteins are also contributed
to neuronal dysfunction and eventually neuronal
death, we confirmed that the inhibitory effects of
1 on tau aggregation. Tau K18 fragment contain-
ing repeat domain was used in this assay. After tau
incubation with 1, we found that the level of tau
aggregation decreased by more than 50% in ThT
assay (Fig. 2E). Moreover, ThT fluorescence inten-
sity was also reduced when 1 was incubated with
pre-aggregated tau, implying that this small molecule
has inhibitory effect on tau aggregation and also can
dissociate tau aggregates (Fig. 2F).

DISCUSSION

Here we report that borrelidin, a natural product
derived from Nocardiopsis sp. isolated from a solar
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Fig. 3. The mechanism of action of borrelidin. The inhibition of
the aggregation of both protein aggregates and dissociates toxic
aggregates by borrelidin.

saltern, can dissociate A� and tau fibrils in vitro,
leading to attenuate neuronal cell death induced by
toxic aggregates (Fig. 3). Previously, we reported that
reduced A� aggregates and hyperphosphorylated tau
together mediated by a small molecule necrostatin-1
led to inhibition of neuronal cell death, and eventually
alleviation of cognitive impairments in AD model
mouse [25]. Thus, our in vitro data suggests borre-
lidin may be potential to improve cognitive function
in vivo and such possibility makes borrelidin more
beneficial than necrostatin-1 in that it dissociates both
A� and tau aggregates.

Given that AD is a chronic disorder that may
require a long-term administration of treatments,
safety is one of the major issues for AD drugs. Such
property can be solved by searching for drug candi-
dates among natural products such as borrelidin. It
is not common to find a single small natural prod-
uct effective on both pathogenic proteins of AD,
A� and tau, with additional anti-neurotoxic activ-
ity. Although further animal studies are required to
warrant the therapeutic potency of borrelidin in vivo,
the discovery of the effects of borrelidins, especially
1, on toxic A� and tau aggregates highlights that
saltern-derived secondary metabolites could serve as
chemical reservoirs providing bioactive compounds
with pharmaceutical potential.
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