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Abstract: PharmaSea performed large-scale in vivo screening of marine natural product (MNP) ex-
tracts, using zebrafish embryos and larvae, to identify compounds with the potential to treat epi-
lepsy. In this study, we report the discovery of two new antiseizure compounds, the 2,5-diketop-
iperazine halimide and its semi-synthetic analogue, plinabulin. Interestingly, these are both known
microtubule destabilizing agents, and plinabulin could have the potential for drug repurposing, as
itis already in clinical trials for the prevention of chemotherapy-induced neutropenia and treatment
of non-small cell lung cancer. Both halimide and plinabulin were found to have antiseizure activity
in the larval zebrafish pentylenetetrazole (PTZ) seizure model via automated locomotor analysis
and non-invasive local field potential recordings. The efficacy of plinabulin was further character-
ized in animal models of drug-resistant seizures, i.e., the larval zebrafish ethyl ketopentenoate
(EKP) seizure model and the mouse 6 Hz psychomotor seizure model. Plinabulin was observed to
be highly effective against EKP-induced seizures, on the behavioral and electrophysiological level,
and showed activity in the mouse model. These data suggest that plinabulin could be of interest for
the treatment of drug-resistant seizures. Finally, the investigation of two functional analogues, col-
chicine and indibulin, which were observed to be inactive against EKP-induced seizures, suggests
that microtubule depolymerization does not underpin plinabulin’s antiseizure action.

Keywords: marine natural products; drug discovery; epilepsy; zebrafish; plinabulin; halimide

1. Introduction

PharmaSea was an FP7-funded European marine biodiscovery consortium, consist-
ing of 24 partners (non-profit organizations, academia, and SME) from 13 countries, that,
from 2012 to 2017, explored oceans in search of novel antibiotic, anti-inflammatory, and
neuroactive compounds isolated from marine microorganisms [1-3]. The interest to de-
velop drugs of marine origin derives from the fact that marine species can produce unique
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secondary metabolites in terms of chemistry and bioactivity, as these organisms have
evolved to survive under extreme conditions and are largely unexplored given the chal-
lenge to access them [1,4]. The search for new microbial diversity by PharmaSea also in-
cluded extreme marine environments, such as deep ocean trenches and cold and hot vent
habitats [1].

This systematic search led to the discovery of many novel molecules and the im-
proved understanding of the therapeutic potential of new and already known small mol-
ecules (selected references [2,3,5-8]). In this paper, we report how zebrafish-based screen-
ing of marine natural product (MNP) extracts for novel compounds with the potential to
treat epilepsy led to the discovery of the pronounced antiseizure activity of plinabulin, a
known drug candidate that is in clinical trials for other therapeutic indications (i.e., the
treatment of non-small cell lung cancer (NSCLC) in combination with docetaxel, as well
as for the prevention of chemotherapy-induced neutropenia (CIN)) [9-14].

The embryonic and larval zebrafish model used is particularly interesting for marine
in vivo drug discovery because: (i) it captures the complexity of a whole-body organism
and the vertebrate central nervous system; (ii) it can be used for phenotype-based drug
discovery that allows the discovery of effective compounds that can have any mode of
action; (iii) it can be used for high-throughput screening, as embryos and larvae fit in
multi-well plates given their small sizes; and, consequently, (iv) it requires only sub-mil-
ligram quantities for hit selection and validation [15-18]. The final point is especially im-
portant for marine drug discovery, as the quantity of MNPs for screening purposes is of-
ten scarce.

Epilepsy is one of the most common severe chronic neurological diseases; it affects
more than 70 million people worldwide [19,20]. It is characterized by an enduring predis-
position to experience unprovoked seizures and involves neurobiological, cognitive, psy-
chological, and social aspects, as well as increased risks for premature death [21]. While
over 30 antiseizure drugs are on the market, 35% of all patients continue to suffer from
seizures and their devastating consequences due to so-called drug-resistant epilepsy
[22,23]. Therefore, the search for novel antiseizure compounds effective against drug-re-
sistant seizures is of utmost importance.

We previously reported on the discovery of the antiseizure activity of the isoquino-
line alkaloids TMC-120A and TMC-120B, which were isolated by bioactivity-guided pu-
rification from the marine-derived fungus Aspergillus insuetus IBT 28443 [3]. The fungus
was collected from a seawater trap set in the North Sea, in between Norway and Denmark.
TMC-120A and TMC-120B were identified as two out of three active constituents from the
hit SK0107, one of the more polar fractions from the initial reversed-phase chromato-
graphic separation of the crude extract of Aspergillus insuetus IBT 28443. We here describe
the identification and study of halimide, the other active constituent. Halimide is a fungal
diketopiperazine metabolite also known as phenylahistin, which was reported to have
been isolated from an Aspergillus ustus NSC-F038 culture broth in 1997 [24]. The S-enanti-
omer (L-phenylalanine residue) was identified as a novel cell-cycle inhibitor that exhib-
ited antitumor activity in vitro as well as in vivo, due to its microtubule destabilizing ef-
fect, by interacting with the colchicine-binding site on tubulin [25,26]. Halimide was of
particular interest for antiseizure drug (ASD) discovery and development as its semisyn-
thetic analogue, plinabulin, is currently in phase III clinical trials for the prevention of
chemotherapy-induced neutropenia and the treatment of non-small cell lung cancer, in
combination with docetaxel [10-12]. Thus, plinabulin could have the potential for drug
repurposing towards epilepsy. In this study, we report the antiseizure activity of halimide
and plinabulin in the zebrafish pentylenetetrazole (PTZ) seizure model, a well-known
standard model used for drug discovery within PharmaSea, as well as the characterization
of plinabulin’s activity against drug-resistant seizures in both the recently developed lar-
val zebrafish ethyl ketopentenoate (EKP) seizure model [27] and the well-known mouse 6
Hz psychomotor seizure model [28,29]. Finally, two functional analogues of plinabulin,
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colchicine and indibulin, were also tested in the zebrafish EKP model to investigate
whether microtubule depolymerization can explain the antiseizure activity of plinabulin.

2. Results
2.1. Marine Antiseizure Drug Discovery and Bioactivity-Guided Purification of Halimide

Over 2000 MNP extracts, including both crude extracts and pre-fractionated extracts,
provided by PharmaSea partners, were screened for neuroactivity using the embryonic
zebrafish photomotor response (PMR) assay, followed by a secondary screen (of neuroac-
tive hits) for antiseizure activity using the larval zebrafish PTZ seizure model (locomotor
assay) [3]. The PMR is a stereotypical behavior of 3040 h post-fertilization (hpf) zebrafish
embryos that is triggered by two subsequent high-intensity light pulses and is used for
high-throughput neuroactive drug discovery because of its robustness and behavioral fin-
gerprinting utility [30-32]. The zebrafish PTZ seizure model is a fully characterized, well-
known model of chemically-induced seizures commonly used for ASD discovery [33-35].
The convulsant PTZ (20 mM) is administered to the swimming water of larvae of 7 days
post-fertilization (dpf) and induces typical seizure-like behavior that is characterized by
high-speed swimming, whirlpool-like circling, clonus-like seizures, and loss of posture
[33,34]. All details of the drug discovery process can be found in our previous publication
[3]. The behavioral and electrophysiological antiseizure activity of the positive control
valproate in the zebrafish PTZ seizure model is shown in the supporting information
(Figure S1A,B).

Among the antiseizure hits was MNP SK0107 (Figure 1A), one of the more polar frac-
tions from the initial reversed-phase chromatographic separation of the crude extract of
Aspergillus insuetus IBT 28443. SK0107 showed significant and concentration-dependent
activity against PTZ-induced seizure behavior, as measured via automated video record-
ing (ZebraBox, ViewPoint, Lyon, France) (Figure 1C).

Bioactivity-guided purification (Figure 1) led to the identification of TMC-120A and
TMC-120B, as previously described [3], and halimide, reported in this paper. In brief, a
large-scale extract was prepared from the cultivation of Aspergillus insuetus IBT 28443 on
czapek yeast extract agar (CYA) media for 9 days (in the dark, at 25 °C) and bioactivity-
guided purification was performed through several reversed phase purification steps un-
til single-compound isolation. In SK1414 and SK1415, the two most bioactive fractions
from the second fractionation of the crude extract, three compounds were tentatively iden-
tified by ultra-high performance liquid chromatography-diode array detection-quadru-
pole time of flight mass spectrometry (UHPLC-DAD-QTOFMS) (Figure 1B,E,F). The two
related isoquinoline compounds, TMC-120A and TMC-120B [3], and one compound with
the pseudomolecular ion, [M + H]* m/z 351.1818 (mass accuracy -0.77 ppm), from which
the molecular formula was established to be C20H2N4O2. A search in Antibase2012 for the
formula revealed a possible candidate, halimide (Figure 2), supported by UV/Vis data
consistent with literature and production by related fungal species (Aspergillus ustus). The
structure of halimide was confirmed by elucidation of the structure by 1D and 2D NMR
spectroscopy and the comparison of 'H and *C chemical shifts to literature data [24].

To enable further analysis and investigation of halimide, another fungal strain, As-
pergillus ustus IBT 4133, was chosen for isolation of halimide in greater amounts (>15 mg).
This strain was found to produce halimide as its main compound in a previous investiga-
tion of crude extracts on CYA and yeast extract sucrose agar (YES) of various closely re-
lated species belonging to the Aspergillus section Usti [3]. The structural semisynthetic an-
alogue plinabulin (Figure 2) was commercially available and therefore purchased to in-
vestigate its antiseizure activity.
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Figure 1. Bioactivity-guided identification of the active compound halimide of antiseizure hit
SK0107. (A) Aspergillus insuetus IBT 28443 cultivated on czapek yeast extract agar (CYA) and yeast
extract sucrose agar (YES) media for 9 days at 25 °C in the dark. Base peak chromatograms (BPC) of
the crude extract and bioactive fraction SK0107 in positive electrospray ionization mode (ESI+). (B)
Aspergillus insuetus IBT 28443 cultivated on CYA media for 9 days at 25 °C in the dark. ESI+ BPC
chromatograms of the most bioactive fraction (SK1312) from first reversed-phase fractionation and
of the two most bioactive fractions (SK1414 and SK1415) from the second reversed-phase fractiona-
tion. UV/Vis and HRMS spectra shown for halimide (I). TMC-120A (II) and TMC-120B (III) peaks
are also indicated. (C-F) Antiseizure activity of SK0107 (means are pooled from three independent
experiments with 12 replicate wells per condition each) (C), SK1312 (n = 23-24 replicate wells per
condition) (D), SK1414 (n = 10-11 replicate wells per condition) (E), and SK1415 (n = 22 replicate
wells per condition) (F) in the zebrafish pentylenetetrazole (PTZ) seizure model after 2 h of treat-
ment. Behavioral data is expressed in mean actinteg units per 5 min (+*SEM) during the 30 min
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recording period. Statistical analysis: (C—F) one-way ANOVA with Dunnett’s multiple comparison
test (GraphPad Prism 5, San Diego, CA, USA). Significance levels: * p <0.05; ** p <0.01; ** p < 0.001.
Abbreviation: vehicle: VHC.

(0] (0]
NH N= X NH N=
M ¢ 0w w {0
7
Halimide Plinabulin

Figure 2. Chemical structures of the 2,5-diketopiperazine halimide and commercially available
structural analogue plinabulin.

2.2. Halimide Ameliorates Seizures and Epileptiform Brain Activity in the Zebrafish PTZ
Seizure Model

To confirm that halimide isolated from the most bioactive fractions was indeed an
active constituent, its antiseizure activity was investigated in the zebrafish PTZ seizure
model (Figure 3A, B). Larvae were treated with either vehicle (VHC) or halimide (using
the maximum tolerated concentration (MTC), MTC/2, and MTC/4) for 2 h. Halimide sig-
nificantly lowered PTZ-induced seizure behavior at its MTC (p < 0.0001, Figure 3A) and
MTC/4 (p <0.05, Figure 3A) during the 30 min recording period, these results are compa-
rable to the positive control valproate (Figure S1A). A more detailed analysis of the be-
havior over consecutive 5 min time intervals revealed a significant reduction of PTZ-in-
duced seizure behavior during the entire time period (p < 0.0001, Figure 3B). These data
demonstrate the antiseizure activity of halimide and confirm that the isolated compound
is indeed an active constituent of the antiseizure hit SK0107 and the bioactive fractions
SK1312, SK1414, and SK1415. The higher antiseizure efficacy of hit SK0107 in comparison
with halimide is possibly due to a synergistic action with the other active constituents
identified, i.e., TMC-120A and TMC-120B [3].

To determine whether halimide affects the PTZ-induced hyperexcitable state of the
brain characterized by epileptiform discharges in addition to influencing behavioral anti-
seizure activity [36], local field potential (LFP) recordings [37] were non-invasively meas-
ured from the midbrain (optic tectum) of zebrafish larvae (Figures 3C,D and S2). Larvae
were treated with either VHC or 200 pug/mL halimide for 2 h followed by a 15 min expo-
sure to PTZ or VHC prior to LFP measurements. Pre-exposure to PTZ resulted in a signif-
icant increase of epileptiform electrical discharges compared to VHC. Instead of visual
analysis of the LFP recordings, which is time-consuming and prone to the personal inter-
pretation of the investigator, power spectral density (PSD) computation was performed,
which is an automated, fast, and objective alternative analysis method [35]. The PSD esti-
mates of electrical discharges in each LFP recording were determined per 10 Hz frequency
band, ranging from 0 to 150 Hz using Welch’s method, and normalized against the VHC
control (Figure 3D). Larvae treated with PTZ (VHC + PTZ) showed a significant elevation
in PSD (p <£0.05, p<0.01, p £0.001, p <0.0001) compared with VHC-treated larvae (VHC +
VHC) within the 20-130 Hz region. The highest differences between the PTZ and VHC
controls were observed between 20-90 Hz, which was selected as the region of interest.
Similar to the positive control, valproate (Figure S1B), halimide showed significant and
pronounced anti-epileptiform activity, lowering PTZ-induced elevated PSD of PTZ-
treated larvae (halimide + PTZ) to a level comparable to VHC-treated controls (VHC +
VHC) within the 20-90 Hz region (p < 0.01, Figure 3C) and per the 10 Hz frequency bands
within the 20-130 Hz region (p < 0.05, p < 0.01, p <0.001, and p < 0.0001; Figure 3D). Thus,
these data show that halimide counteracts the hyperexcitable state of the brain. Of note,
halimide treatment in the absence of PTZ did not affect normal swimming behavior
(Figure 3A) or brain activity (Figure 3C,D).
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Figure 3. Antiseizure and anti-epileptiform analysis of halimide in the zebrafish PTZ seizure model.
Antiseizure activity (A,B) and anti-epileptiform activity (C,D) of halimide in the zebrafish pen-
tylenetetrazole (PTZ) seizure model after 2 h of incubation. (A,B) Behavioral data is expressed in
mean actinteg units per 5 min (+SEM) during the 30 min recording period (A) and over consecutive
time intervals (B). Data is normalized against the vehicle (VHC) + PTZ control condition (B). (C,D)
PTZ-induced epileptiform brain activity and the anti-epileptiform effect of 200 pg/mL halimide rec-
orded via non-invasive local field potential recordings. Electrophysiological data is normalized
against the VHC + VHC control condition and expressed as normalized power spectral density
(PSD) (mean +SEM) per larva within the 20-90 Hz region (C) and as normalized PSD (mean +SEM)
per larva per 10 Hz frequency band from 1-150 Hz (D). (A,B) Data are pooled from five independent
experiments with each 6-11 replicate wells per condition: VHC + PTZ (n = 53), compound + PTZ (n
= 52-53), VHC + VHC (n = 53), and compound + VHC (n = 41). (C,D) Number of replicates per
condition: VHC + PTZ (n = 17), VHC + VHC (n = 13), halimide + PTZ (n = 11) and halimide + VHC
(n=12). Statistical analysis: (A,C) one-way ANOVA with Dunnett’s multiple comparison test, (B,D)
two-way ANOVA with Dunnett’s multiple comparison test, (C,D) outliers were removed via the
ROUT test (Q = 1%) (GraphPad Prism 9, San Diego, CA, USA). Significance levels: * p < 0.05; ** p <
0.01; ** p <0.001; **** p < 0.0001.

2.3. The S-Enantiomer of Halimide Is Active within the Scalemic Mixture

In this study, halimide was discovered as a scalemic mixture of the R- and S-enanti-
omer, based on the measurement of the optical rotation and Marfey’s analysis, which sug-
gested a ratio of approximately 3:1 of the D- and L-phenylalanine residue. This is con-
sistent with prior literature [24]. Separation of the two compounds was therefore per-
formed by chiral HPLC, supported by measurement of the optical rotations and compar-
isons to literature [24], to enable the evaluation of each enantiomer individually. The an-
tiseizure activity of the enantiomers was tested in the zebrafish PTZ seizure model after 2
h of treatment (Figure 4). (S)-Halimide significantly lowered PTZ-induced seizure behav-
ior at 200 pg/mL (p < 0.01, Figure 4B) during the 30 min recording period. A more detailed
analysis of the behavior over consecutive 5 min time intervals revealed a significant re-
duction of PTZ-induced seizure behavior during the first 10 min (p < 0.001 and p < 0.05,
Figure 4C) of recording. (R)-Halimide displayed no significant effect (Figure 4D,E). These
data reveal that the activity of the scalemic mixture of halimide (3:1 R:S), as observed in
Figure 3, is due to the S-enantiomer of halimide.
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Figure 4. Behavioral antiseizure analysis of the R- and S-enantiomers of halimide in the zebrafish
PTZ seizure model. (A) Chemical structures of (S)-halimide and (R)-halimide. (B-E) Antiseizure
activity of (S)-halimide (B,C) and (R)-halimide (D,E) in the zebrafish pentylenetetrazole (PTZ) sei-
zure model after 2 h of incubation. Behavioral data is expressed in mean actinteg units per 5 min
(+SEM) during the 30 min recording period (B,D) and over consecutive time intervals (C,E). Data is
normalized against the vehicle (VHC) + PTZ control condition (C,E). Data are pooled from two in-
dependent experiments with a total of 20 replicate wells for VHC + VHC, VHC + PTZ, and com-
pound + PTZ conditions, and 11-12 replicate wells for compound + VHC conditions. Statistical anal-
ysis: (B,D) one-way ANOVA with Dunnett’s multiple comparison test, (C,E) two-way ANOVA with
Dunnett’s multiple comparison test (GraphPad Prism 9, San Diego, CA, USA). Significance levels: *
p<0.05; ** p<0.01; *** p <0.001; *** p < 0.0001.

2.4. Plinabulin Ameliorates Seizures and Epileptiform Brain Activity in the Zebrafish PTZ
Seizure Model

Plinabulin (Figure 2), the commercially available structural analogue of halimide,
was tested in the zebrafish PTZ seizure model after both 2 and 18 h of treatment to exam-
ine whether this 2,5-diketopiperazine also shows antiseizure activity. Given plinabulin’s
limited water solubility [38,39], the highest test concentration was determined not by its
MTC but by its maximum soluble concentration in embryo medium (1% DMSO), which
was 10 uM. After 2 h of exposure, significant antiseizure activity was observed at all
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than the positive control, valproate (Figure S1A). A more detailed analysis of the 30 min
recording over consecutive 5 min intervals revealed the activity profiles of plinabulin as
a function of time and concentration (Figure 5D). Of note, after a long-term exposure to
plinabulin in the absence of PTZ, zebrafish larvae had significant lower swimming behav-
ior at 1.25 and 2.5 uM (p < 0.01), but not at 5 and 10 uM (Figure 5C).
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Figure 5. Behavioral antiseizure analysis of plinabulin after a short- and long-term treatment in the
zebrafish PTZ seizure model. Antiseizure activity of plinabulin in the zebrafish pentylenetetrazole
(PTZ) seizure model after a treatment period of 2 h (A,B) and 18 h (C,D). Behavioral data is ex-
pressed in mean actinteg units per 5 min (+SEM) during the 30 min recording period (A,C) and over
consecutive 5 min time intervals (B,D). Data is normalized against the vehicle (VHC) + PTZ control
condition (B,D). Data were pooled from ten independent experiments with 10 replicate wells per
test condition (1 =100 for VHC + VHC and VHC + PTZ and n = 70 for plinabulin + VHC and plinab-
ulin + PTZ) (A,B), and from three independent experiments with 10 replicate wells per test condition
(n=30) (C,D). Statistical analysis: one-way ANOVA with Dunnett’'s multiple comparison test (A,C),
two-way ANOVA with Dunnett’s multiple comparison test (B,D) (GraphPad Prism 9, San Diego,
CA, USA). Significance levels: * p < 0.05; ** p <0.01; ** p <0.001; **** p < 0.0001.

Next, non-invasive LFP recordings were measured from the optic tectum of zebrafish
larvae after short-term (2 h) and long-term (18 h) treatment with 10 uM plinabulin to un-
derstand whether plinabulin also counteracts the PTZ-induced hyperexcitable state of the
brain, such as halimide. While only a non-significant reduction in PTZ-induced PSD ele-
vation was observed after 2 h pre-exposure (Figure 6A), a complete rescue was observed
after 18 h (p <0.0001 (Figure 6B), p <0.001 and p < 0.01 (Figure 6C)), in line with the loco-
motor results and comparable to the efficacy seen for the positive control, valproate
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(Figures S1B and S2). These data demonstrate that, like halimide, plinabulin has pro-
nounced anti-epileptiform activity.
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Figure 6. Electrophysiological antiseizure analysis of plinabulin in the zebrafish PTZ seizure model
after a short- and long-term treatment. Anti-epileptiform activity of plinabulin after 2 h (A) and 18
h (B,C) in the zebrafish pentylenetetrazole (PTZ) seizure model. Electrophysiological data is nor-
malized against the vehicle (VHC) + VHC control condition and expressed as normalized power
spectral density (PSD) (mean +SEM) per larva within the 20-90 Hz region (A,B) and as normalized
PSD (mean +SEM) per larva per 10 Hz frequency band from 1-150 Hz (C). Number of replicates per
test condition was n = 12-17. Statistical analysis: one-way ANOVA with Dunnett’s multiple com-
parison test (A,B), two-way ANOVA with Dunnett’s multiple comparison test (C), outliers were
removed via the ROUT test (Q = 1%) (GraphPad Prism 9, San Diego, CA, USA). Significance levels:
*p <0.05 * p <0.01; ** p <0.001; *** p <0.0001.

2.5. Plinabulin Ameliorates Seizures and Epileptiform Brain Activity in the Zebrafish EKP
Seizure Model

One of the most important treatment gaps for epilepsy patients is the lack of ASDs
that can achieve seizure freedom in patients that suffer from pharmacoresistant epilepsy.
Therefore, ASD discovery and development efforts are currently focused on new chemical
entities that are active against drug-resistant seizures [23]. Hence, to further characterize
the potential of plinabulin as an antiseizure compound, its antiseizure activity was also
tested in the larval zebrafish EKP model of drug-resistant seizures [27]. This animal model
has recently been developed by our group and, after in-depth pharmacological character-
ization, was reported to have the potential to select innovative antiseizure compounds.
EKP is a lipid-permeable inhibitor of glutamic acid decarboxylase (GAD) that converts
glutamate into y-aminobutyric acid (GABA) [27]. GAD is a key enzyme in the dynamic
regulation of neural network excitability [27]. Importantly, the decrease of GAD activity
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in zebrafish is clinically relevant, as lowered GAD activity is associated with several forms
of epilepsy which are often pharmacoresistant [40—44]. The behavioral and electrophysio-
logical antiseizure activity of the positive control perampanel in the zebrafish EKP seizure
model is shown in the supporting information (Figure S1C,D).

The antiseizure activity of plinabulin was investigated after both 2 h and 18 h periods
of exposure. After the short-term treatment of 2 h, plinabulin significantly and concentra-
tion-dependently lowered EKP-induced seizure behavior at 10 uM (p < 0.0001), 5 uM (p <
0.0001), and 2.5 uM (p < 0.01) during the 10-25 min recording period (Figure 7A). This
period was selected from the 30 min recording, because EKP-induced seizure behavior
was observed to be most pronounced during this time window. This behavioral trend is
also clear from the more detailed analysis of the 30 min recording period in consecutive 5
min intervals (Figure 7B). After the long-term treatment of 18 h, plinabulin significantly
and concentration-dependently lowered the EKP-induced seizure behavior at 1.25-10 uM
during the 10-25 min recording period (p < 0.0001, Figure 7C). The more detailed analysis
of the 30 min recording period in consecutive 5 min intervals reveals that plinabulin is
also active outside the 10-25 min window (Figure 7D). Again, the efficacy of plinabulin
was more pronounced after the 18 h treatment compared to the 2 h treatment per and
comparable to that of the positive control, perampanel (Figure S1C). However, after 18 h
of exposure, the normal swimming behavior in the absence of EKP was also significantly
lowered by 1.25-5 uM plinabulin (p < 0.001 and p < 0.0001), but not at higher or lower
concentrations (Figure 7C).
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Figure 7. Behavioral antiseizure analysis of plinabulin after short- and long-term treatment in the
zebrafish EKP seizure model. Antiseizure activity of plinabulin in the zebrafish ethyl
ketopentenoate (EKP) seizure model after a treatment of 2 h (A,B) and after a treatment of 18 h
(C,D). Behavioral data is expressed in mean actinteg units per 5 min intervals (+SEM) during the
10-25 min recording period (A,C) and over consecutive 5 min time intervals during the entire 30
min recording period (B,D). Data is normalized against the vehicle (VHC) + EKP control condition
(B,D). Data were pooled from four independent experiments with 10 replicate wells per test condi-
tion (n = 40) (A,B) and from three or four independent experiments with 10 replicate wells per test
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condition (1 =70 for VHC + VHC and VHC + EKP, n =28-30 for 5-10 uM plinabulin conditions, and
n =39-40 for 0.156-2.5 uM plinabulin conditions) (C,D). Statistical analysis: one-way ANOVA with
Dunnett’s multiple comparison test (A,C), two-way ANOVA with Dunnett’s multiple comparison
test (B,D) (GraphPad Prism 9, San Diego, CA, USA). Significance levels: * p <0.05; ** p <0.01; *** p <
0.001; *** p < 0.0001.

Next, LFP recordings were non-invasively measured from the optic tectum of
zebrafish larvae after both a short-term (2 h) and long-term (18 h) treatment with 10 uM
plinabulin to understand whether plinabulin also counteracts the EKP-induced hyperex-
citable state of the brain. A significant reduction (p < 0.05) in EKP-induced PSD elevation
was observed after 2 h pre-exposure (Figure 8A), and a complete rescue was observed
after 18 h (p <0.0001 (Figure 8B), p < 0.001 and p < 0.01 (Figure 8C)), in line with the loco-
motor results and comparable to the efficacy seen for the positive control, perampanel
(Figures S1D and S3). Thus, plinabulin also shows pronounced anti-epileptiform activity
in the zebrafish EKP model.
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Figure 8. Electrophysiological antiseizure analysis of plinabulin in the zebrafish EKP seizure model
after a short- and long-term treatment. Anti-epileptiform activity of plinabulin after 2 h (A) and 18
h (B,C) in the zebrafish EKP seizure model. Electrophysiological data is normalized against the ve-
hicle (VHC) + VHC control condition and expressed as normalized power spectral density (PSD)
(mean +SEM) per larva within the 20-90 Hz region (A,B) and as normalized PSD (mean +SEM) per
larva per 10 Hz frequency band from 1-150 Hz (C). Number of replicates per test condition was n =
13-16. Statistical analysis: one-way ANOVA with Dunnett’s multiple comparison test (A,B), two-
way ANOVA with Dunnett’s multiple comparison test (C), outliers were removed via the ROUT
test (Q = 1%) (GraphPad Prism 9, San Diego, CA, USA). Significance levels: * p < 0.05; ** p < 0.01; ***
p <0.001; **** p < 0.0001.

2.6. Microtubule Destabilization Is Insufficient for the Antiseizure Mechanism of Action of
Plinabulin

Plinabulin is currently being tested in clinical trials for different therapeutic indica-
tions in the field of cancer therapy [45,46]. Its mode of action has been shown to rely on
the binding to (3-tubulin, preventing the polymerization of tubulin [13,45,47]. To explore
whether a similar mode of action could be responsible for its antiseizure activity, two
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additional microtubule destabilizing agents, colchicine and indibulin (Figure 9A), were
tested in the larval zebrafish EKP seizure model to investigate if these functional ana-
logues also possess antiseizure activity. Colchicine is used in clinical practices for the in-
dication of gout [48], and indibulin is an anticancer agent used against advanced solid
tumors [49].

Colchicine’s MTC was determined to be 50 uM and was tested in a concentration
range of 6.25-50 uM (Figure 9B-E). Indibulin was tested in a concentration range of 0.39-
3.13 uM, where 3.13 uM was the highest soluble concentration in embryo medium (1%
DMSO) (Figure 9F-I). Indibulin is characterized by low water solubility [50] and conse-
quently tested at the maximum soluble concentration instead of the MTC.

Neither after 2 h of exposure, nor after 18 h, did the functional analogues show activ-
ity against EKP-induced seizure behavior compared to VHC-treated zebrafish larvae (p >
0.05, Figure 9). The lack of antiseizure activity of colchicine and indibulin suggests that
microtubule depolymerization is not likely to be involved in plinabulin’s antiseizure
mode of action.
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Figure 9. Behavioral antiseizure analysis of colchicine and indibulin in the zebrafish EKP seizure model after short- and
long-term treatment. (A) Chemical structures of colchicine and indibulin. (B-I) Antiseizure activity of colchicine (B-E)
and indibulin (F-I) after a treatment of 2 h (B,C,F,G) and after a treatment of 18 h (D,EH,I) in the zebrafish ethyl
ketopentenoate (EKP) seizure model. Behavioral data is expressed in mean actinteg units per 5 min (+SEM) during the 10-
25 min recording period (B,D,F,H), and over consecutive 5 min time intervals during the entire 30 min recording period
(C,E,G,I). Data are normalized against the vehicle (VHC) + EKP control condition (C,E,G,I). Data were pooled from three
independent experiments with 10 replicate wells per test condition (n = 30) (B-I). Statistical analysis: one-way ANOVA
with Dunnett’s multiple comparison test (B,D,F H), two-way ANOVA with Dunnett’s multiple comparison test (C,E,G,I)
(GraphPad Prism 9, San Diego, CA, USA). Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001.

2.7. Plinabulin Ameliorates Seizures in the Mouse 6 Hz Psychomotor Seizure Model

Finally, we investigated whether the antiseizure action of plinabulin observed in the
larval zebrafish model translated to a standard rodent seizure model. To that end, we used
the mouse 6 Hz (44 mA) psychomotor seizure model, a gold standard in current ASD
discovery efforts that is useful for screening and can detect compounds with novel anti-
seizure mechanisms and with potential against drug-resistant seizures [28,29,51]. It is an
acute model of drug-resistant focal impaired awareness seizures [52], previously referred
to as complex partial or psychomotor seizures [53], that are induced by a low-frequency,
long-duration corneal electrical stimulation [29].

Male NMRI mice were intraperitoneally (i.p.) injected with a 50 uL volume (adjusted
to the individual weight) of VHC (DMSO:PEG200 1:1), positive control valproate (300
mg/kg), or plinabulin (5, 10, 20, or 40 mg/kg) 30 min before electrical stimulation (Figure
10). VHC-injected mice showed characteristic seizure behavior with a mean (+SD) dura-
tion of 28 s (+11 s). In line with previous studies, mice that were injected with valproate
were fully protected against the induced seizures [28,54], as none of the mice showed any
seizure after electrical stimulation (p < 0.001). Mice i.p. injected with plinabulin had a
shorter seizure duration than the VHC control group, which was significant at 40 mg/kg
(p £ 0.01, mean duration of 15 s (7 s)), 20 mg/kg (p < 0.01, mean duration of 15 s (+4 s)),
and 10 mg/kg (p < 0.001, mean duration of 12.5 s (+6 s)), but not at 5 mg/kg (mean duration
of 21 s (+10 s)). Thus, the antiseizure activity of plinabulin that was observed in the larval
zebrafish PTZ and EKP seizure models was observed to translate to a standard mouse
model of drug-resistant focal seizures.
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Figure 10. Antiseizure activity analysis of plinabulin in the mouse 6 Hz psychomotor seizure model.
Drug-resistant psychomotor seizures were induced by electrical stimulation (6 Hz, 0.2 ms rectangu-
lar pulse width, 3 s duration, 44 mA) through the cornea, 30 min after intraperitoneal injection of
vehicle (VHC, n = 11), positive control valproate (1 = 6), or plinabulin (1 = 8-9). Mean seizure dura-
tions (+SD) are depicted. Statistical analysis: one-way ANOVA with Dunnett’s multiple comparison
test (GraphPad Prism 9). Significance levels: * p <0.05; ** p <0.01; ** p < 0.001.
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3. Discussion

The interest in pharmacologically active marine natural products as a source for
novel drug candidates has increased strongly over time [55-57]. The global marine phar-
maceutical clinical pipeline in 2020 consisted of 14 marine drugs and 23 drug candidates
in phase I-1II trials (Clinical Pipeline (midwestern.edu)), including four small molecules
in phase III, three of them as an anticancer therapy (plinabulin, lurbinectedin, and salino-
sporamide A) and one as an analgesic compound (tetrodoxin) [55-60]. Despite the value of
MNPs and their contribution to the drug development pipeline, there are obvious chal-
lenges to the discovery of compounds from a marine source in terms of accessibility, mate-
rial supply, structural complexity, and the identification of novel chemistry and bioactivity.
Advanced techniques for deep-water sampling, automated extraction, pre-fractionation,
and rapid dereplication, as well as metagenomics, genome mining, and high-content screen-
ing are therefore in use and under constant improvement [57,58,61]. The use of zebrafish
embryos and larvae, a small vertebrate animal model, allows medium-throughput in vivo
assessment of bioactivities using only microgram quantities [62]. This is a key advantage for
(marine) natural product discovery and research, where material is often scarce [62,63] and
was, therefore, used by PharmaSea for neuroactive drug discovery [1-3]. Other examples of
zebrafish-based screening for active marine natural products can be found in [64,65].

Our systematic search for novel antiseizure compounds present in MNP extracts ul-
timately led to the investigation of the antiseizure properties of plinabulin, a commercially
available compound, well-known in the field of cancer therapy —as a drug candidate for
the treatment of NSCLC in combination with docetaxel and for the prevention of CIN [9-
14]. Halimide was identified as an active constituent of the antiseizure hit SK0107, one of
the more polar fractions derived from the crude extract of Aspergillus insuetus IBT 28443,
collected from a seawater trap set in the North Sea. Its antiseizure and anti-epileptiform
activities were characterized in the zebrafish PTZ seizure model via locomotor analysis
and LFP recordings. While halimide is known to possess antitumor activity [25,26], it has
never before been described to be active against epileptic seizures. In fact, to the best of
our knowledge, it is the first 2,5-diketopiperazine reported to have antiseizure activity. Of
note, 2,6-diketopiperazine derivatives have previously been described with anticonvul-
sant activity [66,67]. A wide spectrum of biological properties has been reported for 2,5-
diketopiperazines, including antitumoral, antiviral, antifungal, antibacterial, antihyper-
glycemic activities, neuroprotective, and nootropic activity [68]. Of particular interest is
the neuroprotective and nootropic action. The 2,5-diketopiperazines structurally related
to the thyrotropin-releasing hormone have been reported to prevent or reduce both ne-
crotic and apoptotic cell death in different in vitro models and to reduce lesion volumes
and improve cognitive and motor outcomes in rodent models of traumatic brain injury
[68-71]. They have, therefore, been suggested for the treatment of neurodegenerative dis-
orders such as Alzheimer’s disease and Parkinson’s disease [68].

Consistent with prior literature [24], halimide was discovered as a scalemic mixture
(3:1 R:S). Each of the separated enantiomers was tested in the zebrafish PTZ seizure model
and indicated the S-enantiomer of halimide as the active component. Kanoh and col-
leagues showed, in line with this, that the S-enantiomer was more active than the R-enan-
tiomer, exhibiting 33-100-fold more potent antitumor activity in tumor cell lines [25].

Plinabulin, the semisynthetic structural analogue of halimide, also showed pro-
nounced antiseizure and anti-epileptiform activity in the zebrafish PTZ seizure model.
Like halimide, plinabulin is shown for the first time to be active against epileptic seizures.
Moreover, it also showed pronounced antiseizure and anti-epileptiform activity in the
zebrafish EKP model of drug-resistant seizures and was active in the mouse 6 Hz psycho-
motor seizure model, an acute model of drug-resistant focal impaired awareness seizures
that is commonly used for ASD discovery [28,29]. These data demonstrate plinabulin’s
effectiveness against drug-resistant seizures, which makes it of particular interest for fur-
ther investigation within the field of epilepsy.
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In both zebrafish models, plinabulin was observed to be more effective after a long-
term 18 h treatment compared to a short-term 2 h treatment. This might be explained by
an increased compound uptake and/or brain concentration. Given plinabulin’s low water
solubility [38,39] and the use of water immersion for compound administration (oral up-
take and passive diffusion via skin and gills) to the larvae, a low bioavailability after a
short exposure time seems plausible, but currently no pharmacokinetic data are present
to support this. Plinabulin’s poor pharmacokinetic properties in general, and low water
solubility in particular, have been reported to limit its pharmaceutical advantages, and
derivatives with improved pharmacokinetics have been developed [38,39]. In the absence
of convulsant, an 18 h exposure to 1.25-5 uM plinabulin lowered the normal swimming
behavior of zebrafish larvae, which was not observed at 10 uM. It is unclear what causes
this effect, as no visual signs of toxicity or locomotor impairment were observed. From
the literature [72], it is known that antiseizure compounds can have locomotor effects on
zebrafish larvae without any obvious translation to adverse effects in the rodent model or
clinic.

In the mouse 6 Hz psychomotor seizure model, 10-40 mg/kg doses were observed to
be comparable in terms of efficacy, and, although significant activity was observed,
plinabulin was less effective than the positive control, 300 mg/kg valproate. When
valproate is dosed in a suboptimal manner (data not shown), a significant reduction in
seizure duration is also observed without complete rescue. The low doses used for plinab-
ulin could also be suboptimal, but no higher doses were tested due to solubility limita-
tions. Based upon our findings in zebrafish, we speculate that in the mouse 6 Hz seizure
model, a longer treatment period and repetitive dosing could elevate plinabulin’s uptake
and efficacy. Pharmacokinetic analysis would be essential to decide upon the optimal
treatment period and dosing scheme. In an antitumor study of Singh and colleagues, mice
were treated twice per week for three weeks [47].

As plinabulin is currently in phase III clinical trials, it could have potential for drug
repurposing towards epilepsy. Plinabulin is a microtubule destabilizing agent, exerting
its function via reversible binding to B-tubulin within the colchicine pocket, thereby in-
hibiting tubulin polymerization and blocking cell division. More specifically, B-tubulin
plays a crucial role in the formation of the components of cellular mitosis, such as the
cytoskeleton. Since cancer cells show a higher rate of mitosis, their vulnerability to the
actions of plinabulin increase, partially clarifying its mechanism of action [58,73,74]. The
lack of antiseizure activity of the functional analogues, colchicine and indibulin, suggests
that microtubule depolymerization is not likely to be involved in its antiseizure mode of
action. In addition to this tumor cytotoxicity mechanism, another mode of action reported
for plinabulin is the guanine nucleotide exchange factor-H1 (GEF-H1), typically released
upon microtubule stabilization and required for dendritic cell activation. The release of
GEF-H1 results in the activation of an innate immune-signaling pathway, initiating den-
dritic cell (DC) maturation and differentiation, as well as T-cell activation. Thus, the bind-
ing of plinabulin and subsequent activation of the GEF-H1 signaling pathway enhances
the presentation of tumor antigens to CD8 T-cells, resulting in antitumor immunity [75].
While other colchicine-site microtubule destabilizing agents, such as colchicine, ansami-
tocin-P3, and vinblastine, have a similar capacity to induce DC maturation and T-cell de-
pendent tumor control, the signaling pathways in DCs, acting downstream of microtubule
destabilization, remain unclear [75]. Surprisingly, microtubule destabilizing agents such
as colchicine are reported to increase or cause neutropenia, whereas plinabulin is used as
a CIN-therapy [76-78]. This highlights the differences of plinabulin in comparison to other
agents binding to the same B-tubulin pocket [76]. Indeed, when looking closely at the col-
chicine binding site of p-tubulin, plinabulin has an altered binding profile, which might
explain the changes in anticancer activity [76]. In the case of epilepsy, however, it is not
yet clear how plinabulin exerts its antiseizure activity. Most of the recent advances in ep-
ilepsy research have focused on the role of synaptic components in the pathogenesis of
epilepsy, rather than potential actions of the cytoskeleton. Especially in neurons, the
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cytoskeleton covers a wide range of pivotal functions such as cell division, intracellular
transport, neural proliferation and migration, synaptic transmission, neurotrophic sup-
port, voltage-gated ion channel modulation, et cetera [79,80]. Despite the fact that altera-
tions in any of these events may lead to an impaired cytoskeletal network and, conse-
quently, the development of neurodevelopmental disorders and epileptic syndromes, the
question remains as to how the actions of the microtubule destabilizer plinabulin can pro-
duce antiseizure and anti-epileptiform effects, while the other agents do not. A potential
hypothesis is the role of innate immune system activation in the pathogenesis of epilepsy.
However, the function of DC and T-cell activation in epileptogenesis and seizure control
has been largely unexplored [81]. One could suggest that, as already cited above, the al-
ternative activation profile of the GEF-H1 release among microtubule destabilizing agents
could induce different DC and T-cell maturation effects and thus downstream immune
effects, thereby promoting seizure control [75].

Clearly, there are currently more questions than answers when it comes to the mode
of action underlying plinabulin’s antiseizure action. Understanding its molecular mecha-
nisms and how it differs from its known applications in the cancer field will be key to
evaluating whether its therapeutic use could be broadened. Safety is a main concern in
this regard, as ASDs are given long-term and should present no or minimal adverse effects
to be favorable. Microtubule destabilizers are associated with relatively severe side effects.
Colchicine, for example, has been reported to induce gastrointestinal problems and over-
dosing can have a poor outcome [76,82]. Other drugs in use, such as combretastatin-A4,
are known to generate cardiovascular side effects [76,83]. The adverse-effect profile of
plinabulin, on the other hand, is mainly gastrointestinal and much less severe than that
observed with colchicine. The observed side effects for microtubule destabilizing agents
are primarily declarable by the residence time, i.e., the time during which a ligand is
bound to its target. In a recent study published by La Sala et al. [76], it was demonstrated
that, for colchicine binding, a long residence time was associated with gastrointestinal
toxicity, while a short residence time was associated with cardiotoxicity. Moreover, they
propose plinabulin as an ideal compound with a good efficacy and acceptable toxicity
profile, achieved by a favorable residence time and, thus, a gastrointestinal-cardiac tox-
icity profile midway between colchicine and combretastatin-A4. Besides, whereas colchi-
cine and combretastatin-A4 are known to cause or increase CIN, plinabulin is used in pa-
tients as an anti-CIN therapy, highlighting its great potential in the clinic [76,77]. Of
course, when the anti-epileptic targets of plinabulin are unraveled, hit-to-lead optimiza-
tion could identify specific compounds that do not bind to B-tubulin.

4. Materials and Methods
4.1. Chemical Experimental Procedures

UHPLC-DAD-QTOFMS was performed on an Agilent Infinity 1290 UHPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a diode array detector. Sep-
aration was achieved on an Agilent Poroshell 120 phenyl-hexyl column (2.1 x 150 mm, 2.7
pum) with a flow of 0.35 mL/min at 60 °C using a linear gradient 10% acetonitrile (MeCN)
in Milli-Q water buffered with 20 mM formic acid (FA) increased to 100% in 15 min stay-
ing there for 2 min, returned to 10% in 0.1 min and kept there for 3 min before the follow-
ing run. MeCN was LC-MS grade. MS detection was conducted using an Agilent 6550
iFunnel QTOFMS equipped with an Agilent Dual Jet Stream electrospray ion source with
a drying gas temperature of 160 °C, gas flow of 13 L/min, sheath gas temperature of 300
°C, and flow of 16 L/min. The capillary voltage was set to 4000 V and the nozzle voltage
to 500 V. Data processing was performed using Agilent MassHunter Qualitative Analysis
for quadrupole time of flight (v.B.07.00). The elemental composition of peaks correspond-
ing to halimide were identified based on mass accuracy and isotopic ratios, as well as the
isotopic pattern. Pre-fractionations were performed using flash chromatography of the
crude extracts with an Isolera One automated flash system (Biotage, Uppsala, Sweden).
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Purification of the scalemic mixture and the individual enantiomers of halimide was per-
formed using a Waters 600 Controller (Milford, MA, USA) coupled to a Waters 996 Pho-
todiode Array Detector. The 1D and 2D NMR experiments were conducted using stand-
ard pulse sequences on a 600 MHz Bruker Ascend spectrometer with a SmartProbe (BBO).
Optical rotations were measured on a Perkin Elmer 341 polarimeter (Perkin Elmer, Wal-
tham, MA, USA).

4.2. Microbial Strain and Microbial Cultivation

Aspergillus insuetus IBT 28443 was sourced from the IBT culture collection at the De-
partment of Biotechnology and Biomedicine, Technical University of Denmark. The fun-
gus was isolated from a seawater trap set in the North Sea, in between Denmark and Nor-
way, and cultivated in small scale as previously described [3]. For cultivation on a large
scale, the fungus was cultivated on 250 plates of CYA for 9 days in the dark at 25 °C.

Aspergillus ustus IBT 4133 was sourced from the IBT culture collection at the Depart-
ment of Biotechnology and Biomedicine, Technical University of Denmark. For the cultiva-
tion in large scale the fungus was cultivated on 140 CYA media plates for 7 days in the dark
at 25 °C.

4.3. Microbial Extraction and Isolation

The extraction and fractionation of the small-scale cultivations of Aspergillus insuetus
IBT 28443 (both combined (on CYA and YES) and individual (on CYA, YES and Oatmeal
agar)) was performed as previously described [3]. The large-scale cultivation of Aspergillus
insuetus IBT 28443 (on CYA) was extracted with 150 mL ethyl acetate (EtOAc), with 1%
FA for every 10 plates. The EtOAc crude extract was fractionated on a reversed-phase Cis
flash column (Sepra ZT, Isolute, 25 g/33 mL) using the Isolera One automated flash sys-
tem. The gradient was 10% stepwise (12 column volumes (CV)) from 15% to 100% MeCN
buffered with 20 mM FA and using a flow of 25 mL/min. Fractions were collected manu-
ally for every 10%. The most bioactive fraction, SK1312, 25% MeCN, was fractionated on
a reversed phase Isolute SPE column (500 mg/3 mL) using methanol (MeOH) buffered
with 20 mM FA. The metabolites were eluted with 2 CV per fraction: 15% MeOH, 20%
MeOH, 30% MeOH, 40% MeOH, 50% MeOH, 60% MeOH, 80% MeOH, and 100% MeOH.
From the 50% MeOH, 60% MeOH (SK1414), and 80% MeOH (SK1415) isolera fractions,
halimide separation was achieved on a Gemini Cs Phenyl, 5 pum, 250 x 10 mm column
(Phenomenex, Torrance, CA, USA) with a flow of 4 mL/min. A linear gradient of 40%
MeCN in Milli-Q water buffered with 20 mM FA going to 70% MeCN in 30 min was used.

For the large-scale cultivation of Aspergillus ustus IBT 4133, the 140 plates were ex-
tracted in seven 1L beakers with 300 mL EtOAc per 20 plates. The EtOAc crude extract
was fractionated on a reversed-phase Cis flash column (15 um/100 A, 25 g/33 mL) using
the Isolera One automated flash system. MeCN and Milli-Q water were buffered with 20
mM FA and the flow was 25 mL/min. The gradient was stepwise from 15% to 100% MeCN
and metabolites were eluted with CV per fraction: 12 CV 15% MeCN, 6 CV 22% MeCN,
12 CV 25% MeCN, 6 CV 27% MeCN, 12 CV 30% MeCN, 12 CV 35% MeCN, 12 CV 65%
MeCN, and 12 CV 100% MeCN. Halimide purification was achieved from the 25% MeCN
fraction on a Kinetex Cis, 5 um, 250 x 10 mm column (Phenomenex, Torrance, CA, USA)
with a flow of 4 mL/min. A linear gradient of 25% MeCN in Milli-Q water buffered with
20 mM FA going to 75% MeCN in 30 min was used.

Separation of the R- and S-enantiomers of halimide was achieved on a Lux Cellulose-
1, 3 pm, 100 x 4.6 mm column (Phenomenex, Torrance, CA, USA) with a flow of 2 mL/min
and using a linear gradient of 20% MeCN in Milli-Q water going to 80% MeCN in 20 min.

Halimide (scalemic mixture): yellow solid; [a]f’ +78 (c 0.24, MeOH); UV (MeCN)
Amax: 205 nm; 236 sh nm; 320 nm; 'H- and ®*C-NMR (Table 1, Figure S4 and S5) and
HRESIMS m/z 351.1818 [M+H]* (calculated for C20H23N4Oz, m/z 351.1816, A -0.77); R-enan-
tiomer: [a]3” +213 (c 0.27, MeOH); and S-enantiomer: [a]3° =200 (c 0.09, MeOH).
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Table 1. 'H- and *C-NMR spectroscopic data of halimide (scalemic mixture).

Halimide
Position OH (Mult, J) oBC
1 - -
2 7.67 s 135.1
3 - -
4 - 1324
5 - 138.7
6 6.60 s 107.2
7 - 124.4
8 - -
9 - 167.4
10 4.46 t(4.4) 58.1
11 - -
12 - 162.3
3.06 dd(13.6,4.4)
13 3.27 dd(13.6,4.4) 414
14 - 135.9
15/19 7.18 m 131.5
16/18 720 m 129.6
17 715m 128.4
20 - 38.8
21 5.99 dd(17.5,10.6) 146.6
5.02 dd(17.5,1.0)
22 5.08 dd(10.6,1.0) 1131
23/24 1.41 d(6.6) 28.6

NMR spectroscopic data (600 MHz, MeOD, 6 in ppm, | in Hz) for halimide isolated from the EtOAc
crude extract of Aspergillus insuetus IBT 28443.

Marfey’s Analysis

A total of 50 pg of halimide was hydrolyzed in 6 M hydrogen chloride (HCI) at 110
°C for 24 h. After hydrolysis the sample was dried using N2 steam. A total of 100 pL 0.125
M borate buffer and 100 uL 1% 1-fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA) in
acetone was added to the hydrolysis product or L- and D-phenylalanine (2.5 umol). This
reaction was heated to 40 °C for 1 h. The reaction was quenched by addition of 20 uL 1 M
HCl and, prior to UHPLC-DAD-QTOFMS analysis, 400 pL MeOH was added to the solu-
tion.

4.4. Compounds

Plinabulin (>98% purity) was purchased at Adooq BioScience (Irvine, CA, USA), PTZ
(299% purity) and valproate (sodium valproate, 298% purity) were purchased from
Sigma-Aldrich (Overijse, Belgium), perampanel (>98% purity) and colchicine (>98% pu-
rity) from Bio-Connect (Huissen, The Netherlands), and indibulin (298% purity) from
Tocris Bioscience (Abingdon, UK). EKP was synthesized in several batches using an in-
house-optimized literature procedure [27] (Figure 11).

Dess-Martin
o) >S-I\ o}
0 | BF3 Et,0 W A~ periodinane \/\H)J\ .
o + Si
*)ko/\ A DCM, 0 °C, 8 h o © DCM, RT, 18 h I ©

EHP EKP (+ 40 %)
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Figure 11. Synthesis of ethyl ketopentenoate (EKP) via Lewis acid-catalyzed allylation of ethyl gly-
oxylate followed by Dess-Martin oxidation. Abbreviations: dichloromethane: DCM; ethyl hydroxy-
pentenoate: EHP; 3-oxo-1A>-benzo[d][1,2]iodaoxole-1,1,1(3H)-triyl triacetate: Dess-Martin perio-
dinane; and room temperature: RT.

4.5. Compound and Sample Preparation

For experiments using zebrafish larvae, dry samples and compounds were dissolved
in 100% dimethyl sulfoxide (DMSO, spectroscopy grade, Acros Organics (Geel, Belgium))
as 100-fold-concentrated stocks and diluted in embryo medium to a final concentration of
1% DMSO content, except for PTZ which was dissolved in embryo medium (0% DMSO).
Control groups were treated with 1% DMSO (VHC) in accordance with the final solvent
concentration of tested samples or compounds. For mice experiments, a mixture of poly-
ethylene glycol M.W. 200 (PEG200, > 95% purity, Acros Organics (Geel, Belgium)) and
DMSO (1:1 PEG200:DMSO) was used as solvent and VHC.

4.6. Experimental Animals

All animal experiments carried out were approved by the Ethics Committee of the
University of Leuven (approval numbers 101/2010 (zebrafish), 061/2013 (mouse), 150/2015
(zebrafish), 023/2017 (zebrafish), and 027/2017 (mouse)) and by the Belgian Federal De-
partment of Public Health, Food Safety and Environment (approval numbers LA1210199
and LA1210261) in accordance with the EU Directive 2010/63/EU.

4.6.1. Zebrafish

Adult zebrafish (Danio rerio) stocks of AB strain (Zebrafish International Resource
Center, Eugene, OR, USA) were maintained at 28 °C on a 14/10 h light/dark cycle under
standard aquaculture conditions. Fertilized eggs were collected via natural spawning and
raised in embryo medium (1.5 mM HEPES, pH 7.2, 17.4 mM NaCl, 0.21 mM KC], 0.12 mM
MgSOs, 0.18 mM Ca(NOs)2, and 0.6 uM methylene blue) at 28 °C under constant light with
regards to the zebrafish PTZ seizure model and under a 14/10 h light/dark cycle with re-
gards to the zebrafish EKP seizure model.

4.6.2. Mice

Male NMRI mice (weight 18-20 g) were acquired from Charles River Laboratories
(Ecully, France) and housed in polyacrylic cages under a 14/10 h light/dark cycle at 21 °C.
The animals were fed a pellet diet and water ad libitum and were allowed to acclimate for
one week before experimental procedures were conducted. Prior to the experiment, the
mice were isolated in polyacrylic cages with a pellet diet and water ad libitum for habitu-
ation overnight in the experimental room to minimize stress.

4.7. Toxicity Evaluation

The MTC was determined as described previously [84], prior to further experiments,
and used as the highest test concentration. In brief, 12 larvae of 6 or 7 dpf were individu-
ally exposed to a certain concentration within a concentration range (2-fold dilution se-
ries), in a 100 pL volume for 18 h in a 96-well plate at 28 °C in the dark. The following
parameters were investigated after 2 and 18 h of exposure: touch response, morphology,
posture, edema, signs of necrosis, swim bladder, and heartbeat. The MTC was defined as
the highest concentration at which no larvae died nor showed signs of toxicity or locomo-
tor impairment in comparison to VHC-treated control larvae. In case no MTC was
reached, the highest soluble concentration was used.

4.8. Behavioral Analysis

Experiments were performed as described previously [2,35]. 7 dpf larva (in the case
of 2 h incubation) or 6 dpf larva (in the case of 18 h incubation) were individually treated
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with either VHC (1% DMSO) or the test compound (1% DMSO) in a 100 pL volume for 2
or 18 hin a 96-well plate at 28 °C in the dark. Then, 100 uL of either VHC (0 or 1% DMSO),
40 mM PTZ (0% DMSO, 20 mM working concentration), or 600 uM EKP (1% DMSO, 300
1M working concentration) was added to each well. Next, within 5 min, the 96-well plate
was placed in an automated tracking device (ZebraBox, ViewPoint, Lyon, France), and
larval behavior was video recorded for 30 min. The complete procedure was performed
in the dark using infrared light. Total locomotor activity was recorded by ZebralLab soft-
ware (ViewPoint, Lyon, France) and expressed in actinteg units, which is the sum of pixel
changes detected during the defined time interval (5 min). Larval behavior was depicted
as mean actinteg units per 5 min, during the 30 min recording period (PTZ model) or
during the 10-25 min recording period (EKP model), and over consecutive time intervals.
Data are expressed as mean +SEM.

4.9. Electrophysiology

Non-invasive LFP recordings were measured from the midbrain (optic tectum) of 7 dpf
zebrafish larvae pre-incubated with VHC only, PTZ or EKP only, compound and VHC, or
compound and PTZ or EKP, as described previously [2,27,35]. Larvae were treated as de-
scribed above. After incubation, an equal volume of either VHC (0 or 1% DMSO), 40 mM
PTZ (0% DMSO, 20 mM working concentration), or 600 pM EKP (1% DMSO, 300 pM work-
ing concentration) was added to the well for 15 min prior to the recording. These steps oc-
curred at 28 °C, while further manipulation and electrophysiological recordings occurred at
room temperature (21 °C). The larva was embedded in 2% low-melting-point agarose (Invi-
trogen, Carlsbad, CA, USA), and the signal electrode (an electrode inside a blunt soda-glass
pipet (1412227, Hilgenberg, Germany) was pulled with a DMZ Universal Puller (Zeitz, Ger-
many), diameter + 20 microns, containing artificial cerebrospinal fluid (ACSF: 124 mM NaCl,
10 mM glucose, 2 mM KCl, 2 mM MgSOs, 2 mM CaClz, 1.25 mM KHz2PO4, and 26 mM Na-
HCOs, 300-310 mOsmols)), which was positioned on the skin covering the optic tectum. A
differential extracellular amplifier (DAGAN 2400 amplifier, Minneapolis, MN, USA) ampli-
fied the voltage difference between the signal (measured by the signal electrode) and the
reference electrode. The differential signal was band-pass filtered at 0.3-300 Hz and digit-
ized at 2 kHz via a PCI-6251 interface (National Instruments Belgium NV, Zaventem, Bel-
gium) using WinEDR (John Dempster, University of Strathclyde, Glasgow, UK). A ground-
ing electrode grounded the electrical system. All electrodes were connected with ACSF.
Each recording lasted 600 s. Automated power spectral density analysis was performed us-
ing Matlab R2019b and R2021b (The MathWorks, Inc., Natick, MA, USA), as described pre-
viously [35], using specifically developed software [85]. Electrophysiological data was nor-
malized against the VHC + VHC control condition and expressed as mean +SEM per larva
within the 20-90 Hz region and as mean +SEM per larva per 10 Hz frequency band from 1-
150 Hz.

4.10. Mouse 6 Hz (44 mA) Psychomotor Seizure Model

Experiments were performed as previously described [2]. In brief, 50 puL (injection
volume was adjusted to the individual weight) of VHC (PEG200:DMSO 1:1) or treatment
(valproate or plinabulin dissolved in VHC) was i.p. injected in NMRI mice (average
weight 32 g, range 28-36 g), and, after 30 min, psychomotor seizures were induced by
corneal electrical stimulation (6 Hz, 0.2 ms rectangular pulse width, 3 s duration, 44 mA)
using an ECT Unit 5780 (Ugo Basile, Comerio, Italy). Seizure durations were measured
during the experiment by experienced researchers who were familiar with the different
seizure behaviors. In addition, seizure durations were determined by blinded video anal-
ysis to confirm or correct the initial observations. Data are expressed as mean +SD.
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4.11. Statistical Analysis

Statistical analyses were performed using either one-way ANOVA (more than two
groups and one variable) or two-way ANOVA (more than two groups and two variables)
with Dunnett’s multiple comparison test in GraphPad Prism 9 (San Diego, CA, USA). Data
are expressed as mean +SEM or mean +SD, as indicated. Animals were randomly allocated
to experimental groups.

5. Conclusions

In conclusion, this study shows for the first time that 2,5-diketopiperazines have an-
tiseizure properties, and that the clinical drug candidate plinabulin is active against drug-
resistant epileptic seizures in zebrafish and mice. Although the antiseizure mode of action
is currently unclear, the inactivity of functional analogues suggest that it is unrelated to
microtubule depolymerization. Further research will be crucial to understand the thera-
peutic value of these findings, and to investigate whether the medical use of plinabulin
might be broadened from the cancer field to include epilepsy.

6. Patents

PCT patent publication W02019043012 (PCT/EP2018/073147), Copmans D., Craw-
ford A., de Witte P., Esguerra C., Kildgaard S., Ostenfeld Larsen T., Ny A. Treatment of
epilepsy with plinabulin or halimide or diketopiperazine derivatives, Katholieke Univer-
siteit Leuven and Technical University of Denmark.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/ph15020247/s1: Figure S1: Behavioral and electrophysiological antiseizure analysis of
positive controls valproate and perampanel in the zebrafish PTZ and EKP seizure model, respec-
tively. Figure S2: Representative local field potential recordings of the zebrafish PTZ seizure model.
Figure S3: Representative local field potential recordings of the zebrafish EKP seizure model. Figure
S4: 'TH-NMR (600 MHz, MeOD) of halimide. Figure S5: ®*C-NMR (150 MHz, MeOD) of halimide.
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Abbreviations

Antiseizure drug: ASD; base peak chromatogram: BPC; chemotherapy-induced neutropenia:
CIN; czapek yeast extract agar: CYA; days post-fertilization: dpf; ethyl ketopentenoate: EKP; y-ami-
nobutyric acid: GABA; glutamic acid decarboxylase: GAD; guanine nucleotide exchange factor-H1:
GEF-H1; hours post-fertilization: hpf; local field potential: LFP; marine natural product: MNP; max-
imum tolerated concentration: MTC; non-small cell lung cancer: NSCLC; pentylenetetrazole: PTZ;
photomotor response: PMR; positive electrospray ionization mode: ESI+; power spectral density:
PSD; ultra-high performance liquid chromatography-diode array detection-quadrupole time of
flight mass spectrometry: UHPLC-DAD-QTOFMS; vehicle: VHC; yeast extract sucrose agar: YES.

References

1.

10.

11.

12.

13.

14.

15.

16.

Marecel, J.; De Pascale, D.; Andersen, J.H.; Reyes, F.; Crawford, A.D.; Ianora, A. The Marine Biodiscovery Pipeline and Ocean
Medicines of Tomorrow. J. Mar. Biol. Assoc. United Kingd. 2016, 96, 151-158. https://doi.org/10.1017/5S0025315415002106.
Copmans, D.; Rateb, M.; Tabudravu, J.N.; Perez-Bonilla, M.; Dirkx, N.; Vallorani, R.; Diaz, C.; del Palacio, J.P.; Smith, AJ.; Ebel,
R.; et al. Zebrafish-Based Discovery of Antiseizure Compounds from the Red Sea: Pseurotin A2 and Azaspirofuran A. ACS
Chem. Neurosci. 2018, 9, 1652-1662. https://doi.org/10.1021/acschemneuro.8b00060.

Copmans, D.; Kildgaard, S.; Rasmussen, S.A.; Slezak, M.; Dirkx, N.; Partoens, M.; Esguerra, C.V.; Crawford, A.D.; Larsen, T.O.;
de Witte, P.A.M. Zebrafish-Based Discovery of Antiseizure Compounds from the North Sea: Isoquinoline Alkaloids TMC-120A
and TMC-120B. Mar. Drugs 2019, 17, 607. https://doi.org/10.3390/md17110607.

Romano, G.; Costantini, M.; Sansone, C.; Lauritano, C.; Ruocco, N.; lanora, A. Marine Microorganisms as a Promising and
Sustainable Source of Bioactive Molecules. Mar. Environ. Res. 2017, 128, 58-69. https://doi.org/10.1016/j. marenvres.2016.05.002.
Sonnenschein, C.E.; Stierhof, M.; Goralczyk, S.; Vabre, F.M.; Pellissier, L.; Hanssen, K.O.; de la Cruz, M.; Diaz, C.; de Witte, P.;
Copmans, D.; et al. Pseudochelin A, a Siderophore of Pseudoalteromonas Piscicida S2040. Tetrahedron 2017, 73, 2633-2637.
https://doi.org/10.1016/j.tet.2017.03.051.

Gnavi, G.; Esposito, F.P.; Festa, C.; Poli, A.; Tedesco, P.; Fani, R.; Monti, M.C.; de Pascale, D.; D’ Auria, M.V.; Varese, G.C. The
Antimicrobial Potential of Algicolous Marine Fungi for Counteracting Multidrug-Resistant Bacteria: Phylogenetic Diversity and
Chemical Profiling. Res. Microbiol. 2016, 167, 492-500. https://doi.org/10.1016/j.resmic.2016.04.009.

Tedesco, P.; Maida, I.; Esposito, F.P.; Tortorella, E.; Subko, K.; Ezeofor, C.C.; Zhang, Y.; Tabudravu, J.; Jaspars, M.; Fani, R.; et
al. Antimicrobial Activity of Monoramnholipids Produced by Bacterial Strains Isolated from the Ross Sea (Antarctica). Mar.
Drugs 2016, 14, 83. https://doi.org/10.3390/md14050083.

Leiros, M.; Sanchez, J.A.; Alonso, E.; Rateb, M.E.; Houssen, W.E.; Ebel, R.; Jaspars, M.; Alfonso, A.; Botana, L.M. Spongionella
Secondary Metabolites Protect Mitochondrial Function in Cortical Neurons against Oxidative Stress. Mar. Drugs 2014, 12, 700
718. https://doi.org/10.3390/md12020700.

Wang, Y.; Wang, P.; Ma, H.; Zhu, W. Developments around the Bioactive Diketopiperazines: A Patent Review. Expert Opin.
Ther. Pat. 2013, 23, 1415-1433. https://doi.org/10.1517/13543776.2013.828036.

Plinabulin. ClinicalTrials.gov. Available online:
https://clinicaltrials.gov/ct2/results?cond=&term=plinabulin&cntry=&state=&city=&dist= (accessed on 16 June 2021).

Blayney, W.D.; Zhang, Q.; Feng, J.; Zhao, Y.; Bondarenko, I.; Vynnychenko, I.; Kovalenko, N.; Nair, S.; Ibrahim, E.; Udovista,
D.P,; et al. Efficacy of Plinabulin Vs Pegfilgrastim for Prevention of Chemotherapy-Induced Neutropenia in Adults with Non-
Small Cell Lung Cancer: A Phase 2 Randomized Clinical Trial. JAMA Oncol. 2020, 6, €204429.
https://doi.org/10.1001/jamaoncol.2020.4429.

Ding, Z,; Li, F.; Zhong, C,; Li, F,; Liu, Y.; Wang, S.; Zhao, J.; Li, W. Structure-Based Design and Synthesis of Novel Furan-
Diketopiperazine-Type Derivatives as Potent Microtubule Inhibitors for Treating Cancer. Bioorg. Med. Chem. 2020, 28, 115435.
https://doi.org/10.1016/j.bmc.2020.115435.

Mita, M.M.; Spear, M.A.; Yee, L.K; Mita, A.C.; Heath, E.I; Papadopoulos, K.P.; Federico, K.C.; Reich, S.D.; Romero, O.; Malburg,
L.; et al. Phase 1 First-in-Human Trial of the Vascular Disrupting Agent Plinabulin(Npi-2358) in Patients with Solid Tumors or
Lymphomas. Clin. Cancer Res. 2010, 16, 5892-5899. https://doi.org/10.1158/1078-0432.Ccr-10-1096.

Millward, M.; Mainwaring, P.; Mita, A.; Federico, K.; Lloyd, G.K.; Reddinger, N.; Nawrocki, S.; Mita, M.; Spear, M.A. Phase 1
Study of the Novel Vascular Disrupting Agent Plinabulin (Npi-2358) and Docetaxel. Investig. New Drugs 2012, 30, 1065-1073.
https://doi.org/10.1007/s10637-011-9642-4.

Crawford, D.A.; Esguerra, C.V.; de Witte, P.A. Fishing for Drugs from Nature: Zebrafish as a Technology Platform for Natural
Product Discovery. Planta Med. 2008, 74, 624-632. https://doi.org/10.1055/s-2008-1034374.

MacRae, A.C; Peterson, R.T. Zebrafish as Tools for Drug Discovery. Nat. Rev. Drug Discov. 2015, 14, 721-731.
https://doi.org/10.1038/nrd4627.



Pharmaceuticals 2022, 15, 247 24 of 26

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Copmans, D.; Siekierska, A.; de Witte, P.A.M. Zebrafish Models of Epilepsy and Epileptic Seizures. In Models of Seizures and
Epilepsy; Pitkanen, A., Buckmaster, P.S., Galanopoulou, A.S., Moshé, S.L., Eds.; Elsevier: Amsterdam, The Netherlands, 2017;
pp- 369-384.

Patton, E.E.; Zon, L.I; Langenau, D.M. Zebrafish Disease Models in Drug Discovery: From Preclinical Modelling to Clinical
Trials. Nat. Rev. Drug Discov. 2021, 20, 611-628. https://doi.org/10.1038/s41573-021-00210-8.

Ngugi, K.A.; Bottomley, C.; Kleinschmidt, I.; Sander, ] W.; Newton, C.R. Estimation of the Burden of Active and Life-Time
Epilepsy: A Meta-Analytic Approach. Epilepsia 2010, 51, 883-890. https://doi.org/10.1111/j.1528-1167.2009.02481.x.

Singh, A.; Trevick, S. The Epidemiology of Global Epilepsy. Neurol. Clin. 2016, 34, 837-847.
https://doi.org/10.1016/j.ncl.2016.06.015.

Fisher, SR.; Boas, W.V,; Blume, W.; Elger, C.; Genton, P.; Lee, P.; Engel, ], Jr. Epileptic Seizures and Epilepsy: Definitions
Proposed by the International League against Epilepsy (Ilae) and the International Bureau for Epilepsy (Ibe). Epilepsia 2005, 46,
470-472. https://doi.org/10.1111/j.0013-9580.2005.66104.x.

Loscher, W.; Potschka, H.; Sisodiya, S.M.; Vezzani, A. Drug Resistance in Epilepsy: Clinical Impact, Potential Mechanisms, and
New Innovative Treatment Options. Pharmacol. Rev. 2020, 72, 606-638. https://doi.org/10.1124/pr.120.019539.

Loscher, W.; Klein, P. The Feast and Famine: Epilepsy Treatment and Treatment Gaps in Early 21st Century. Neuropharmacology
2020, 170, 108055. https://doi.org/10.1016/j.neuropharm.2020.108055.

Kanoh, K.; Kohno, S.; Asari, T.; Harada, T.; Katada, J.; Muramatsu, M.; Kawashima, H.; Sekiya, H.; Uno, L. (-)-Phenylahistin: A
New Mammalian Cell Cycle Inhibitor Produced by Aspergillus Ustus. Bioorg. Med. Chem. Lett. 1997, 7, 2847-2852.
https://doi.org/10.1016/50960-894X(97)10104-4.

Kanoh, K.; Kohno, S.; Katada, J.; Hayashi, Y.; Muramatsu, M.; Uno, I. Antitumor Activity of Phenylahistin in Vitro and in Vivo.
Biosci. Biotechnol. Biochem. 1999, 63, 1130-1133. https://doi.org/10.1271/bbb.63.1130.

Kanoh, K.; Kohno, S.; Katada, J.; Takahashi, J.; Uno, I. (-)-Phenylahistin Arrests Cells in Mitosis by Inhibiting Tubulin
Polymerization. J. Antibiot. 1999, 52, 134-141.

Zhang, Y.; Vanmeert, M.; Siekierska, A.; Ny, A.; John, J.; Callewaert, G.; Lescrinier, E.; Dehaen, W.; de Witte, P.A.M.; Kaminski,
R.M. Inhibition of Glutamate Decarboxylase (Gad) by Ethyl Ketopentenoate (Ekp) Induces Treatment-Resistant Epileptic
Seizures in Zebrafish. Sci. Rep. 2017, 7, 7195. https://doi.org/10.1038/s41598-017-06294-w.

Barton, E.M.; Klein, B.D.; Wolf, H.H.; White, H.S. Pharmacological Characterization of the 6 Hz Psychomotor Seizure Model of
Partial Epilepsy. Epilepsy Res. 2001, 47, 217-227.

Kehne, HJ.; Klein, B.D.; Raeissi, S.; Sharma, S. The National Institute of Neurological Disorders and Stroke (Ninds) Epilepsy
Therapy Screening Program (Etsp). Neurochem. Res. 2017, 42, 1894-1903. https://doi.org/10.1007/s11064-017-2275-z.

Kokel, D.; Bryan, ]J.; Laggner, C.; White, R.; Cheung, C.Y.; Mateus, R.; Healey, D.; Kim, S.; Werdich, A.A.; Haggarty, S.J.; et al.
Rapid Behavior-Based Identification of Neuroactive Small Molecules in the Zebrafish. Nat. Chem. Biol. 2010, 6, 231-237.
https://doi.org/10.1038/nchembio.307.

Kokel, D.; Dunn, T.W.; Ahrens, M.B.; Alshut, R.; Cheung, C.Y,; Saint-Amant, L.; Bruni, G.; Mateus, R.; van Ham, T.J.; Shiraki,
T.; et al. Identification of Nonvisual Photomotor Response Cells in the Vertebrate Hindbrain. ]. Neurosci. 2013, 33, 3834-3843.
https://doi.org/10.1523/J]NEUROSCI.3689-12.2013.

Copmans, D.; Meinl, T.; Dietz, C.; van Leeuwen, M.; Ortmann, J.; Berthold, M.R.; de Witte, P.A. A Knime-Based Analysis of the
Zebrafish Photomotor Response Clusters the Phenotypes of 14 Classes of Neuroactive Molecules. ]. Biomol. Screen. 2016, 21, 427—
436. https://doi.org/10.1177/1087057115618348.

Baraban, C.S; Taylor, M.R,; Castro, P.A.; Baier, H. Pentylenetetrazole Induced Changes in Zebrafish Behavior, Neural Activity
and C-Fos Expression. Neuroscience 2005, 131, 759-768. https://doi.org/10.1016/j.neuroscience.2004.11.031.

Afrikanova, T.; Serruys, A.S.; Buenafe, O.E.; Clinckers, R.; Smolders, I.; de Witte, P.A.; Crawford, A.D.; Esguerra, C.V. Validation
of the Zebrafish Pentylenetetrazol Seizure Model: Locomotor Versus Electrographic Responses to Antiepileptic Drugs. PLoS
ONE 2013, 8, e54166. https://doi.org/10.1371/journal.pone.0054166.

Li, J.; Copmans, D.; Partoens, M.; Hunyadi, B.; Luyten, W.; de Witte, P. Zebrafish-Based Screening of Antiseizure Plants Used
in Traditional Chinese Medicine: Magnolia Officinalis Extract and Its Constituents Magnolol and Honokiol Exhibit Potent
Anticonvulsant Activity in a Therapy-Resistant Epilepsy Model. ACS Chem. Neurosci. 2020, 11, 730-742.
https://doi.org/10.1021/acschemneuro.9b00610.

Britton, W.J.; Frey, L.C; Hopp, J.L; Korb, P.; Koubeissi, M.Z.; Lievens, W.E.; Pestana-Knight, E.M.; Louis, E.K.S.
Electroencephalography (EEG): An Introductory Text and Atlas of Normal and Abnormal Findings in Adults, Children, and Infants; St.
Louis, E.K,, Frey, L.C., Eds.; American Epilepsy Society: Chicago, IL, USA, 2016.

Zdebik, A.A.; Mahmood, F.; Stanescu, H.C.; Kleta, R.; Bockenhauer, D.; Russell, C. Epilepsy in Kcnj10 Morphant Zebrafish
Assessed with a Novel Method for Long-Term Eeg Recordings. PLoS ONE 2013, 8, e79765.
https://doi.org/10.1371/journal.pone.0079765.

Yakushiji, F.; Muguruma, K.; Hayashi, Y.; Shirasaka, T.; Kawamata, R.; Tanaka, H.; Yoshiwaka, Y.; Taguchi, A.; Takayama, K,;
Hayashi, Y. Click Strategy Using Disodium Salts of Amino Acids Improves the Water Solubility of Plinabulin and Kpu-300.
Bioorg. Med. Chem. 2017, 25, 3623-3630. https://doi.org/10.1016/j.bmc.2017.04.024.

Ding, Z.; Cheng, H.; Wang, S.; Hou, Y.; Zhao, J.; Guan, H.; Li, W. Development of Mbri-001, a Deuterium-Substituted Plinabulin
Derivative as a Potent Anti-Cancer Agent. Bioorg. Med. Chem. Lett. 2017, 27, 1416-1419. https://doi.org/10.1016/j.bmcl.2017.01.096.



Pharmaceuticals 2022, 15, 247 25 of 26

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Joubert, B.; Belbezier, A.; Haesebaert, J.; Rheims, S.; Ducray, F.; Picard, G.; Rogemond, V.; Psimaras, D.; Berzero, G.; Desestret,
V.; et al. Long-Term Outcomes in Temporal Lobe Epilepsy with Glutamate Decarboxylase Antibodies. . Neurol. 2020, 267, 2083
2089. https://doi.org/10.1007/s00415-020-09807-2.

Baizabal-Carvallo, J.F. The Neurological Syndromes Associated with Glutamic Acid Decarboxylase Antibodies. ]. Autoimmun.
2019, 101, 35-47. https://doi.org/10.1016/j.jaut.2019.04.007.

Lloyd, G.K.; Bossi, L.; Morselli, P.L.; Munari, C.; Rougier, M.; Loiseau, H. Alterations of Gaba-Mediated Synaptic Transmission
in Human Epilepsy. Adv. Neurol. 1986, 44, 1033-1044.

Errichiello, L.; Perruolo, G.; Pascarella, A.; Formisano, P.; Minetti, C.; Striano, S.; Zara, F.; Striano, P. Autoantibodies to Glutamic
Acid Decarboxylase (Gad) in Focal and Generalized Epilepsy: A Study on 233 Patients. ]. Neuroimmunol. 2009, 211, 120-123.
https://doi.org/10.1016/j.jneuroim.2009.04.010.

Peltola, J.; Kulmala, P.; Isojarvi, J.; Saiz, A.; Latvala, K.; Palmio, J.; Savola, K.; Knip, M.; Keranen, T.; Graus, F. Autoantibodies to
Glutamic Acid Decarboxylase in Patients with Therapy-Resistant Epilepsy. Neurology 2000, 55, 46-50.
https://doi.org/10.1212/wnl.55.1.46.

Nicholson, B.; Lloyd, G.K.; Miller, B.R.; Palladino, M.A.; Kiso, Y.; Hayashi, Y.; Neuteboom, S.T. Npi-2358 Is a Tubulin-
Depolymerizing Agent: In-Vitro Evidence for Activity as a Tumor Vascular-Disrupting Agent. Anticancer Drugs 2006, 17, 25-31.
https://doi.org/10.1097/01.cad.0000182745.01612.8a.

Pereira, B.R.; Evdokimov, N.M.; Lefranc, F.; Valentao, P.; Kornienko, A.; Pereira, D.M.; Andrade, P.B.; Gomes, N.G.M. Marine-
Derived Anticancer Agents: Clinical Benefits, Innovative Mechanisms, and New Targets. Mar. Drugs 2019, 17, 329.
https://doi.org/10.3390/md17060329.

Singh, V.A; Bandi, M.; Raje, N.; Richardson, P.; Palladino, M.A.; Chauhan, D.; Anderson, K.C. A Novel Vascular Disrupting
Agent Plinabulin Triggers Jnk-Mediated Apoptosis and Inhibits Angiogenesis in Multiple Myeloma Cells. Blood 2011, 117, 5692—
5700. https://doi.org/10.1182/blood-2010-12-323857.

Pascart, T.; Richette, P. Colchicine in Gout: An Update. Curr. Pharm. Des. 2018, 24, 684-689.
https://doi.org/10.2174/1381612824999180115103951.

Oostendorp, L.R.; Witteveen, P.O.; Schwartz, B.; Vainchtein, L.D.; Schot, M.; Nol, A.; Rosing, H.; Beijnen, ].H.; Voest, E.E,;
Schellens, J.H. Dose-Finding and Pharmacokinetic Study of Orally Administered Indibulin (D-24851) to Patients with Advanced
Solid Tumors. Investig. New Drugs 2010, 28, 163-170. https://doi.org/10.1007/s10637-009-9244-6.

Saeedian Moghadam, E.; Hamel, E.; Shahsavari, Z.; Amini, M. Synthesis and Anti-Breast Cancer Activity of Novel Indibulin
Related Diarylpyrrole Derivatives. DARU J. Pharm. Sci. 2019, 27, 179-189. https://doi.org/10.1007/s40199-019-00260-9.

Wilcox, S.K.; Dixon-Salazar, T.; Sills, G.J.; Ben-Menachem, E.; White, H.S.; Porter, R.].; Dichter, M.A.; Moshe, S.L.; Noebels, J.L.;
Privitera, M.D.; et al. Issues Related to Development of New Antiseizure Treatments. Epilepsia 2013, 54 (Suppl. S4), 24-34.
https://doi.org/10.1111/epi.12296.

Fisher, S.R.; Cross, ].H.; D’Souza, C.; French, J.A.; Haut, S.R.; Higurashi, N.; Hirsch, E.; Jansen, F.E.; Lagae, L.; Moshe, S.L.; et al.
Instruction Manual for the Ilae 2017 Operational Classification of Seizure Types. Epilepsia 2017, 58, 531-542.
https://doi.org/10.1111/epi.13671.

Holcomb, J.M.; Dean, R.S. Psychomotor Seizures. In Encyclopedia of Child Behavior and Development; Goldstein, S., Naglieri, J.A.,
Eds.; Springer: Boston, MA, USA, 2011; pp. 1191-1192. https://doi.org/10.1007/978-0-387-79061-9_2307.

Orellana-Paucar, M.A.; Afrikanova, T.; Thomas, J.; Aibuldinov, Y.K.; Dehaen, W.; de Witte, P.A.; Esguerra, C.V. Insights from
Zebrafish and Mouse Models on the Activity and Safety of Ar-Turmerone as a Potential Drug Candidate for the Treatment of
Epilepsy. PLoS ONE 2013, 8, e81634. https://doi.org/10.1371/journal.pone.0081634.

Molinski, F.T.; Dalisay, D.S.; Lievens, S.L.; Saludes, ].P. Drug Development from Marine Natural Products. Nat. Rev. Drug Discov.
2009, 8, 69-85. https://doi.org/10.1038/nrd2487.

Newman, ].D.; Cragg, G.M. Drugs and Drug Candidates from Marine Sources: An Assessment of the Current State of Play .
Planta Med. 2016, 82, 775-789. https://doi.org/10.1055/s-0042-101353.

Gerwick, HW.; Moore, B.S. Lessons from the Past and Charting the Future of Marine Natural Products Drug Discovery and
Chemical Biology. Chem. Biol. 2012, 19, 85-98. https://doi.org/10.1016/j.chembiol.2011.12.014.

Jimenez, C. Marine Natural Products in Medicinal Chemistry. ACS Med. Chem. Lett. 2018, 9, 959-961.
https://doi.org/10.1021/acsmedchemlett.8b00368.

Pereira, F. Have Marine Natural Product Drug Discovery Efforts Been Productive and How Can We Improve Their Efficiency?
Expert Opin. Drug Discov. 2019, 14, 717-722. https://doi.org/10.1080/17460441.2019.1604675.

Clinical Pipeline Marine Pharmacology. Midwestern University. Available online:
https://www.midwestern.edu/departments/marinepharmacology/clinical-pipeline (accessed on 5 November 2021).

Zhang, G.; Li, ]J.; Zhu, T.; Gu, Q.; Li, D. Advanced Tools in Marine Natural Drug Discovery. Curr. Opin. Biotechnol. 2016, 42, 13—
23. https://doi.org/10.1016/j.copbio.2016.02.021.

Pitchai, A.; Rajaretinam, R.K.; Freeman, J.L. Zebrafish as an Emerging Model for Bioassay-Guided Natural Product Drug
Discovery for Neurological Disorders. Medicines 2019, 6, 61. https://doi.org/10.3390/medicines6020061.

West, HK.; Crawford, A.D. Marine Biodiscovery Goes Deeper: Using in Vivo Bioassays Based on Model Organisms to Identify
Biomedically Relevant Marine Metabolites. Planta Med. 2016, 82, 754-760. https://doi.org/10.1055/s-0042-106391.



Pharmaceuticals 2022, 15, 247 26 of 26

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Long, M.S; Liang, F.Y.; Wu, Q; Lu, X.L.; Yao, X.L.; Li, S.C; Lj, J.; Su, H.; Pang, ].Y.; Pei, Z. Identification of Marine Neuroactive
Molecules in Behaviour-Based Screens in the Larval Zebrafish. Mar. Drugs 2014, 12, 3307-3322.
https://doi.org/10.3390/md12063307.

Bosse, D.G.; Urcino, C.; Watkins, M.; Salcedo, P.F.; Kozel, S.; Chase, K.; Cabang, A.; Espino, S.S.; Safavi-Hemami, H.;
Raghuraman, S.; et al. Discovery of a Potent Conorfamide from Conus Episcopatus Using a Novel Zebrafish Larvae Assay. J.
Nat. Prod. 2021, 84, 1232-1243. https://doi.org/10.1021/acs.jnatprod.0c01297.

Dawidowski, M.; Herold, F.; Chodkowski, A.; Kleps, J.; Szulczyk, P.; Wilczek, M. Synthesis and Anticonvulsant Activity of
Novel 2,6-Diketopiperazine Derivatives. Part 1: Perhydropyrrole[1,2-a]Pyrazines. Eur. |. Med. Chem. 2011, 46, 4859-4869.
https://doi.org/10.1016/j.ejmech.2011.07.027.

Dawidowski, M.; Herold, F.; Chodkowski, A.; Kleps, J. Synthesis and Anticonvulsant Activity of Novel 2,6-Diketopiperazine
Derivatives. Part  2: Perhydropyrido[1,2-a]Pyrazines. Eur. ] Med. Chem. 2012, 48,  347-353.
https://doi.org/10.1016/j.ejmech.2011.11.032.

Cornacchia, C.; Cacciatore, I.; Baldassarre, L.; Mollica, A.; Feliciani, F.; Pinnen, F. 2,5-Diketopiperazines as Neuroprotective
Agents. Mini Rev. Med. Chem. 2012, 12, 2-12. https://doi.org/10.2174/138955712798868959.

Faden, I.A.; Knoblach, S.M.; Cernak, I.; Fan, L.; Vink, R.; Araldi, G.L.; Fricke, S.T.; Roth, B.L.; Kozikowski, A.P. Novel
Diketopiperazine Enhances Motor and Cognitive Recovery after Traumatic Brain Injury in Rats and Shows Neuroprotection in
Vitro and in Vivo. ]. Cereb. Blood Flow Metab. 2003, 23, 342-354. https://doi.org/10.1097/01.WCB.0000046143.31247 .FD.

Faden, L.A; Fox, G.B.; Di, X.; Knoblach, S.M.; Cernak, I.; Mullins, P.; Nikolaeva, M.; Kozikowski, A.P. Neuroprotective and
Nootropic Actions of a Novel Cyclized Dipeptide after Controlled Cortical Impact Injury in Mice. J. Cereb. Blood Flow Metab.
2003, 23, 355-363. https://doi.org/10.1097/01.WCB.0000046144.31247.33.

Faden, I.A; Knoblach, S.M.; Movsesyan, V.A.; Lea, P.M.T.; Cernak, I. Novel Neuroprotective Tripeptides and Dipeptides. Ann.
N. Y. Acad. Sci. 2005, 1053, 472—481. https://doi.org/10.1111/j.1749-6632.2005.tb00057 x.

Sourbron, J.; Schneider, H.; Kecskes, A ; Liu, Y.; Buening, E.M.; Lagae, L.; Smolders, L.; de Witte, P. Serotonergic Modulation as
Effective Treatment for Dravet Syndrome in a Zebrafish Mutant Model. ACS Chem. Neurosci. 2016, 7, 588-598.
https://doi.org/10.1021/acschemneuro.5b00342.

Wang, Y.; Zhang, H.; Gigant, B.; Yu, Y.; Wu, Y.; Chen, X,; Lai, Q.; Yang, Z.; Chen, Q.; Yang, J. Structures of a Diverse Set of
Colchicine Binding Site Inhibitors in Complex with Tubulin Provide a Rationale for Drug Discovery. FEBS |. 2016, 283, 102-111.
https://doi.org/10.1111/febs.13555.

Choi, Y.B,; Suh, S.W. Antimicrotubule Agent-Induced Zinc Neurotoxicity. Biol. Pharm. Bull. 2018, 41, 1001-1005.
https://doi.org/10.1248/bpb.b17-00937.

Kashyap, S.A.; Fernandez-Rodriguez, L.; Zhao, Y.; Monaco, G.; Trefny, M.P.; Yoshida, N.; Martin, K.; Sharma, A.; Olieric, N.;
Shah, P.; et al. Gef-H1 Signaling Upon Microtubule Destabilization Is Required for Dendritic Cell Activation and Specific Anti-
Tumor Responses. Cell Rep. 2019, 28, 3367-3380.e8. https://doi.org/10.1016/j.celrep.2019.08.057.

La Sala, G.; Olieric, N.; Sharma, A.; Viti, F.; Perez, F.D.B.; Huang, L.; Tonra, ].R; Lloyd, G.K.; Decherchi, S.; Diaz, J.F.; et al.
Structure, Thermodynamics, and Kinetics of Plinabulin Binding to Two Tubulin Isotypes. Chem 2019, 5, 2969-2986.
https://doi.org/10.1016/j.chempr.2019.08.022.

Grisham, R.; Ky, B.; Tewari, K.S.; Chaplin, D.J.; Walker, J. Clinical Trial Experience with Ca4p Anticancer Therapy: Focus on
Efficacy, Cardiovascular Adverse Events, and Hypertension Management. Gymnecol. Oncol. Res. Pract. 2018, 5, 1.
https://doi.org/10.1186/s40661-017-0058-5.

Harris, R.; Marx, G.; Gillett, M.; Kark, A.; Arunanthy, S. Colchicine-Induced Bone Marrow Suppression: Treatment with
Granulocyte Colony-Stimulating Factor. |. Emerg. Med. 2000, 18, 435-440. https://doi.org/10.1016/s0736-4679(00)00160-8.
Gambino, G.; Rizzo, V.; Giglia, G.; Ferraro, G.; Sardo, P. Microtubule Dynamics and Neuronal Excitability: Advances on
Cytoskeletal Components Implicated in Epileptic Phenomena. Cell. Mol. Neurobiol. 2020. https://doi.org/10.1007/s10571-020-
00963-7.

Lasser, M.; Tiber, J.; Lowery, L.A. The Role of the Microtubule Cytoskeleton in Neurodevelopmental Disorders. Front. Cell.
Neurosci. 2018, 12, 165. https://doi.org/10.3389/fncel.2018.00165.

Broekaart, M.D.W.; Anink, ].J.; Baayen, J.C.; Idema, S.; de Vries, H.E.; Aronica, E.; Gorter, J.A.; van Vliet, E.A. Activation of the
Innate Immune System Is Evident Throughout Epileptogenesis and Is Associated with Blood-Brain Barrier Dysfunction and
Seizure Progression. Epilepsia 2018, 59, 1931-1944. https://doi.org/10.1111/epi.14550.

Finkelstein, Y.; Aks, S.E.; Hutson, ].R.; Juurlink, D.N.; Nguyen, P.; Dubnov-Raz, G.; Pollak, U.; Koren, G.; Bentur, Y. Colchicine
Poisoning: The Dark Side of an Ancient Drug. Clin. Toxicol. 2010, 48, 407—414. https://doi.org/10.3109/15563650.2010.495348.
Subbiah, M.I; Lenihan, D.].; Tsimberidou, A.M. Cardiovascular Toxicity Profiles of Vascular-Disrupting Agents. Oncologist 2011,
16, 1120-1130. https://doi.org/10.1634/theoncologist.2010-0432.

Copmans, D.; Orellana-Paucar, A.M.; Steurs, G.; Zhang, Y.; Ny, A, Foubert, K.; Exarchou, V.; Siekierska, A.; Kim, Y.; de
Borggraeve, W.; et al. Methylated Flavonoids as Anti-Seizure Agents: Naringenin 4',7-Dimethyl Ether Attenuates Epileptic
Seizures in Zebrafish and Mouse Models. Neurochem. Int. 2018, 112, 124-133. https://doi.org/10.1016/j.neuint.2017.11.011.
Hunyadi, B.; Siekierska, A.; Sourbron, J.; Copmans, D.; de Witte, P.A.M. Automated Analysis of Brain Activity for Seizure
Detection in Zebrafish Models of Epilepsy. J. Neurosci. Methods 2017, 287, 13-24. https://doi.org/10.1016/j.jneumeth.2017.05.024.



