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ABSTRACT

MCL-1, an anti-apoptotic member of the BCL-2 protein family, is overexpressed in many types of cancer and contributes to chemotherapy resistance. The drimane de-
rivative NA1-115-7 is a natural compound isolated from Zygogynum pancheri that can be considered as a very promising lead for treating MCL-1-dependent hemato-
logical malignancies. As this drug suffers from low stability in acidic conditions and poor aqueous solubility, we evaluated the potential oral use of NA1-115-7 by en-
capsulating it in lipid nanoemulsions (NA-NEs) prepared by spontaneous emulsification. NA-NEs showed a particle size of 41.9 + 2.2 nm, PDI of 0.131 * 0.016, zeta
potential of -5.8 + 3.4 mV, encapsulation efficiency of approximately 100 % at a concentration of 24 mM. The stability of NA-1-115-7 was sixfold higher than that
of the unencapsulated drug in simulated gastric fluid. NA-NEs significantly restored apoptosis and halved the effective doses of NA1-115-7 on BL2, a Burkitt lym-
phoma cell line, without toxicity in normal cells. Such a drug-delivery system appears to be particularly interesting for the oral administration of NA1-115-7, as it im-
proves its solubility and stability, as well as efficacy, by reducing the therapeutic dose, making it possible to further consider in-vivo studies of this promising drug in

BL2 xenografted mice.

1. Introduction

Proteins of the BCL-2-family are key regulators of apoptosis. In
many types of cancer, in particular, hematological cancers, the expres-
sion of BCL-2 family proteins is dysregulated in favor of anti-apoptotic
proteins. Among them, MCL-1 has emerged as a promising target for
new therapies. Indeed, overexpression of the MCL-1 protein has been
shown to correlate with tumorigenesis (Campbell et al., 2010) and tu-
mor maintenance (Glaser et al., 2012). Over the last several years, syn-
thetic inhibitors targeting MCL-1 and belonging to BH3-mimetics have
been developed. By mimicking the BH3-domain, a region essential for
interactions between members of the BCL-2 protein family (Letai et al.,
2002), these small molecules bind to the hydrophobic groove of MCL-1,
liberating the pro-apoptotic proteins, thus restoring apoptosis and in-
ducing the death of cancer cells (Delbridge and Strasser, 2015). The ef-
ficacy of several synthetic molecules acting as MCL-1 inhibitors has
been demonstrated in preclinical studies when used alone or in combi-
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nation with other drugs (Bhagwat et al., 2021; Caenepeel et al., 2018;
Hedir et al., 2018; Kotschy et al., 2016; Ramsey et al., 2018; Tron et al.,
2018).

NA1-115-7, a natural product isolated from Zygogynum ancheri, is a
promising new selective inhibitor of MCL-1 (Daressy et al., 2021). NMR
and MALDI data have shown that NA1-115-7 is able to bind to MCL-1
in the BH3 binding groove and form a covalent bond with a lysine via
the formation of a Paal-Knorr pyrrole adduct. NA1-115-7 can therefore
be considered as the first covalent BH3-mimetic that targets MCL-1. It
could act as a “suicide” molecule; once bound to its target, it is de-
graded with it. In-vitro evaluation confirmed that, at micromolar doses,
NA1-115-7 acts as a true BH3-mimetic, capable of disrupting the BAK/
MCL-1 interaction and consequently, capable of activating BAX/BAK-
dependent apoptosis, leading to the rapid and specific death of MCL-1-
dependent cells. Interestingly, MCL-1-dependent hematological cell
lines, such as BL2, were shown to be efficiently killed by NA1-115-7,


https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433
https://www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
mailto:anne-claire.groo@unicaen.fr
https://doi.org/10.1016/j.ijpharm.2022.122433
https://doi.org/10.1016/j.ijpharm.2022.122433

and the compound was not cardiotoxic at doses that induced tumor cell
apoptosis (Daressy et al., 2021, 2022).

However, as many natural compounds, NA1-115-7 has a lipophilic
structure (estimated logP of 3.50 from ChemAxon software), which
may hinder its in-vivo evaluation (Fomekong Fotsop et al., 2008). The
drugability parameters of this lead could therefore hinder its preclinical
development and its sensitivity to acidic conditions could equally hin-
der its oral administration and, thus, clinical development (Daressy et
al., 2022). It is, therefore, crucial to find a strategy to improve its solu-
bility and stability.

Among formulation strategies that can be proposed to reach the pre-
clinical stage, certain drug-delivery systems may be advantageous. In-
deed, nanocarriers can protect active pharmaceutical ingredients from
degradation, increase their absorption by facilitating diffusion across
the epithelium, modify the pharmacokinetics and tissue distribution
profile of a drug, and/or improve intracellular penetration and distribu-
tion (Couvreur and Vauthier, 2006). The use of lipid-based nanomedi-
cines has proven to be particularly advantageous in cancer treatment by
improving the activity of several drugs (Garcia-Pinel et al., 2019). For
example, lipid nanoemulsions enabled a 1,000-fold increase in the ap-
parent solubility of pyridoclax, an MCL-1 inhibitor, and showed im-
proved cytotoxic activity relative to the free drug (Hedir et al., 2018;
Groo et al., 2020).

On the basis of the biocompatibility profile of excipients assessed in
a miniaturized hemolytic test and experimental work, our team has re-
cently developed lipid NEs generated from a simple formulation process
by self-emulsification (Séguy et al., 2020). Their advantages include
high temporal stability and high loading capacity. This formulation ap-
peared to be highly efficient in improving the apparent solubility of
well-known anticancer drugs, without the use of any organic solvents,
and can be proposed for their biological study (Ceramella et al., 2021).

Here, in anticipation of the preclinical evaluation of the new lead
NA1-115-7 and considering that the oral route is the most common and
convenient route of administration in animals, we first characterized
the stability of the drug in biomimetic media adapted to oral adminis-
tration. Then, to improve its drugability parameters, we developed
NA1-115-7-loaded nanoemulsions. The toxicity of this new formulation
of NA1-115-7 was determined on normal cells, as well as its activity
against lymphoproliferation cells. Both were compared to the unencap-
sulated drug.

2. Materials and methods
2.1. Materials

Kolliphor® HS15 (macrogol 15 hydroxystearate: 70 % PEG 660 hy-
droxystearate and 30 % free PEG 660) was kindly provided by BASF
(Ludwigshafen, Germany). Labrafac® WL 1349 (medium-chain triglyc-
eride) and Transcutol® HP (diethylene glycol monoethyl ether) were
gifts from Gattefosse S.A. (Saint-Priest, France). Due to the complex
composition of the excipients, the brand names are used in the text.
Na,HPO412H,0, KH,PO,, KCIl, MgCl,, propidium iodide, pepsin from
porcine gastric mucosa, sodium taurocholate hydrate, 1-oleoyl-rac-
glycerol, sodium oleate, maleic acid, and pancreatin (>3 x USP speci-
fication) were purchased from Merck (Steinheim, Germany). Lipoid E
PC (Phosphatidyl choline from egg lecithin) was a gift from Lipoid
GmbH (Ludwigshafen, Germany). CaCl, was purchased from Prolabo
VWR International (Fontenay-sous-Bois, France). NaCl was purchased
from Acros Organics (Geel, Belgium). Water, methanol, and acetonitrile
of HPLC analytical grade were purchased from Fisher Scientific (Lough-
borough, United Kingdom). The demineralized water used was ob-
tained using a mixed bed ion exchange resin Distiplus DS450
(Grosseron, Couéron, France). DMSO was purchased from Fisher Scien-
tific (Illkirch, France).

The BL2 and Rembl cell lines were purchased from the Interna-
tional Agency for Research on Cancer (IARC, Lyon, France). All cell
lines were cultured in RPMI 1640 medium (Fisher Scientific, Illkirch,
France) containing 1 mM sodium pyruvate, 2 mM L-glutamine, 20 mM
glucose, 100 pg/mL streptomycin, 100 U/mL penicillin, and 10 % heat-
inactivated fetal calf serum (complete RPMI medium). Cell lines were
maintained at 37 °C in a humidified atmosphere containing 5 % CO,.

2.2. Plant material and obtention of pure NA1-115-7

Trunk bark and leaves of Z. pancheri subspecies pancheri were col-
lected in the Nodela rainforest (South Province of New Caledonia) by
one of the authors (V.D.). The corresponding reference specimen (DUM-
578) is kept at the Herbarium of New Caledonia (NOU). The extraction
and isolation of NA1-115-7 were performed according to a previously
described procedure (Allouche et al., 2009). This compound was identi-
fied by spectroscopic methods ('H NMR, 13C NMR, IR, UV, and mass)
and by comparison with data reported in the literature (Larsen et al.,
2007).

2.3. NA1-115-7 characterization

2.3.1. Thermodynamic solubility determination at pH 7.4

The thermodynamic solubility of NA1-115-7 was determined in a
phosphate-buffered saline solution at pH 7.4 using a miniaturized
shake-flask procedure as previously reported by our group (Groo et al.,
2017). Briefly, 10 pL of a 50 mM solution of NA1-115-7 solubilized in
DMSO was added to 990 uL buffer solution in a 5 mL glass
tube (n = 4). Immediate precipitation was observed in the tubes. Af-
ter shaking at room temperature by inversion for 24 h, the solution was
transferred to microtubes and centrifuged at 14,500 X g for 5 min.
Then, 100 pL supernatant was mixed with 100 pL acetonitrile/DMSO
(99:1; v/v) in a 96-well UV plate (Greiner Bio-One, Frickenhausen, Ger-
many). Determination of the solubility was performed using an Infinite
M200 plate reader (Tecan, Méannedorf, Switzerland) in spectrophoto-
metric mode (A2 = 280 nm). Quantitative analyses were performed
using a linear calibration curve (R > 0.999) of seven standard solu-
tions (0, 2, 5, 10, 20, 50, and 100 pM) of NA-115-7 solubilized in a
50:50 (v/v) mixture of buffer with acetonitrile/DMSO (99:1; v/v).

2.3.2. Gastrointestinal tract parallel artificial membrane permeability
(PAMPA-GIT) assays

PAMPA-GIT experiments were performed using the PAMPA Ex-
plorer Kit (Pion Inc., Billerica, MA, USA) according to the manufactur-
er’s protocol. Briefly, NA-115-7 was dissolved in DMSO to form a
10 mM stock solution. This solution was then diluted 1/200 (v/v) in
Prisma HT buffer at pH 6.0 or pH 5.0 and 200 pL added to the donor
plates (n = 4). Each membrane filter of the acceptor plate (P/N
110243) was coated with 5 pL GIT-0 Lipid (P/N 110669) and each ac-
ceptor well filled with 200 pL acceptor sink buffer (P/N 110139). After
4 h of incubation at room temperature without stirring, the sandwich
was separated and the amounts of NA-115-7 in the donor and acceptor
compartments quantified by UV-visible spectrometry using an Infinite
M200 microplate reader (Tecan, Mannedorf, Switzerland). The perme-
ability value (Pe) was calculated using PAMPA Explorer software ver-
sion 3.7 (pION). The control standards for the PAMPA-GIT experiment
were ketoprofen (with a Pe of 648.1 = 114.0 nm/s at pH 5.0,
317.6 = 19.8 nm/s at pH 6.0, and 43.5 + 2.8 nm/s at pH 7.4) for pH-
dependent permeability and antipyrine (with a Pe of 22.6 = 0.5 nm/s
at pH 5.0, 20.5 = 5.1 nm/s at pH 6.0 and 20.4 = 0.1 nm/s at pH 7.4)
for low permeability.
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2.3.3. Calculated physicochemical properties of NA

The molecular weight, pKa, and logP were calculated using standard
tools of the ChemAxon Package (Marvin 19.1.0, 2019, ChemAxon
(https://www.chemaxon.com)).

2.4. Formulation of the NEs

The formulation of the NEs was based on the spontaneous na-
noemulsification method previously described by our group (Gué et al.,
2016) and adapted by Séguy et al. (Séguy et al., 2020). Triglycerides
(Labrafac® WL 1349, 84.7 mg), surfactant (Kolliphor® HS 15,
133.1 mg), and solubilizer (Transcutol® HP, 24.2 mg) were mixed,
heated to 70 °C under gentle magnetic stirring (250 rpm) for 2 min, and
cooled to 25 °C over 5 min, during which the magnetic stirring was in-
creased to 750 rpm. Then, 1 mL of water was rapidly added, resulting
in spontaneous emulsification. Stirring was maintained for 15 min at
room temperature. NA1-115-7-loaded NEs (NA-NEs) were prepared
similarly as the unloaded NEs by adding NA1-115-7, at a defined load-
ing rate (from 1 to 4.9 % by weight), at the beginning of the formula-
tion in the anhydrous phase. Each formulation was then filtered
through 0.2 um regenerated cellulose syringe filters (Minisart® Syringe
Filter, Sartorius, Goettingen, Germany).

2.5. Granulometric properties and zeta-potential measurements

Dynamic light scattering (DLS) was used to determine the granulo-
metric properties of the NEs in terms of mean hydrodynamic diameter
and polydispersity index (PDI). A Zetasizer Ultra® apparatus (Malvern
Instruments, Worcestershire, UK) equipped with a 633 nm laser at a
fixed scattering angle of 173° was used. The cell temperature was kept
constant at 25 °C. The NEs were diluted 1:100 (v/v) in a 1 mM Nacl so-
lution to ensure the appropriate scattering intensity in the detector be-
fore measurements. The zeta-potential analyses were performed under
the same conditions using the same apparatus equipped with a DTS
1070 cell at 25 °C, with a dielectric constant of 78.5, a refractive index
of 1.33, a viscosity of 0.8872 cP, and a cell voltage of 150 V. The zeta
potential was calculated from the electrophoretic mobility using the
Smoluchowski equation. All measurements were performed in tripli-
cate.

2.6. NA1-115-7 concentration measurements by HPLC

NA1-115-7 concentrations were measured by high-performance lig-
uid chromatography (HPLC). The apparatus consisted of an Agilent
1290 binary pump, a 1290 autosampler, and a 1290 diode array UV de-
tector (Agilent Technologies, Santa Clara, CA, USA). A C18 reversed-
phase column (Restek® Ultra, 5 um, 2.1 X 50 mm) was used. The in-
jected volume was 8 pL and total run time 2.5 min. The flow rate was
0.5 mL/min. The temperature of the column was maintained at 25 °C.
The mobile phase was initially composed of a mixture of 50 % acetoni-
trile (A) and 50 % water (B). A linear gradient was then applied over
2 min to reach 90 % A after 2 min, which was maintained for 0.5 min,
before returning to the initial conditions. The retention time for NA1-
115-7 was 1.31 min and the detection wavelength 280 nm.

Under these conditions, linearity was observed in the range of
1-100 pg/mL, with a correlation coefficient >  0.999
(y = 13.50x + 1.944). The detection and quantification limits were
0.55 and 1.62 pM, respectively. These limits were evaluated using the
standard deviation of the response and the slope of calibration curve ac-
cording to ICH Q2(R1) standards (International Conference on Har-
monisation (ICH) of Technical Requirements for Registration of Phar-
maceuticals for Human Use, 2005). In addition, the precision and accu-
racy of the method were evaluated by calculating the relative standard
deviation (RSD) and relative errors (RE) of six inter-batch samples at
low, medium, and high concentrations (Table 1). Concentrations of 2.5,

Table 1
Inter-batch precision and accuracy of NA1-115-7 samples (n = 6,
means + SD).

Theoretical concentration Measured concentration Precision  Accuracy
(ug/mL) (ug/mL) (%RSD) (%RE)
2.5 2.46 * 0.05 2.05 1.95
20 20.13 = 0.28 1.37 1.07
50 50.15 *= 0.51 1.02 0.74

20, and 50 pg/mlL were selected to avoid the extrapolation effect. The
method was considered precise and accurate as the RSD and RE of all
concentrations were below 15 % (Gonzélez et al., 2014; Anjani et al.,
2022).

After checking for the absence of interactions between the NEs and
NA1-115-7 peaks, the HPLC method described above was also used for
the NA-NEs. The NA-NE samples were first diluted in an acetonitrile/
water (1:1, v/v) mixture (1/1000, v/v) and the concentration of NA1-
115-7 determined.

The encapsulation efficiency (EE) was determined in triplicate and
calculated as follows:

EE(%)

— 100 % Quantity of NAl — 115 -7 entrapped

Total quantity of NAl — 115 -7 added

Drug loading (DL) was defined as:

DL(%)

=100 x Quantity of NAl — 115 -7 entrapped

Total quantity of anhydrous excipients

2.7. Stability studies in biorelevant media

Simulated gastric fluid (SGF) was prepared according to USP XXIV
(US.Pharmacopeia.XXIV, 2006) and contained 0.32 % (w/v) pepsin at a
pH of 1.2. The FaSSIF/FeSSIF media are a simplification of the composi-
tion of the proximal small intestine composition in the fasted (FaSSIF)
or fed states (FeSSIF). The composition of each medium used has been
described before by our group (Groo et al., 2017). They were used in an
updated version (V2) according to those proposed by Jantratid et al
(Jantratid et al., 2008), with controlled amounts of lecithin, bile com-
ponents (containing bile salt and lipolysis products), and a defined pH
(6.5 for FaSSIF and 5.8 for FeSSIF).

Before the stability assays of NA1-115-7, the compound was dis-
solved in DMSO at 10.1 mM (4.0 mg/mL). The NA1-115-7 solution and
NA-NEs were diluted to a final concentration of 1 % (v/v) and incu-
bated at 37 °C for 3 h in the various biomimetic media in triplicate. Un-
der these conditions, the expected final concentrations in the various
media were 101.7 + 1.0 uM for NA1-115-7 and 101.9 + 3.1 uM for
the NA-NEs. Samples were taken at defined time points (0, 30, and/or
60, 120, and 180 min) and then centrifuged for 5 min at 19,980 x g to
remove aggregates of the media components and precipitated NA1-
115-7. Quantification of the solubilized drug in the media samples was
performed by HPLC after a 1:5 dilution of the supernatant in acetoni-
trile and water (1/500, v/v), as described in 2.6. NA1-115-7 concentra-
tion measurements by HPLC. The granulometric characteristics of the
NA-NE supernatants were measured by DLS as described in 2.5. Granu-
lometric properties and zeta-potential measurements.

2.8. Storage stability studies

The short-term stability of the NEs was studied during a three-week
storage period at 4 °C. Formulations of NA-NEs were diluted 1:100 (v/
v) in 1 mM NaCl at regular intervals to evaluate the size distribution
and zeta potential. In parallel, the encapsulation efficiency was quanti-
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fied by the HPLC method described above. All tests and measurements
were performed in triplicate.

2.9. MTT assay

The viability of BL2 cells was measured by the MTT (3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay. Cells
(7x10%, in triplicate) were incubated for 24 h at 37 °C with various con-
centrations of unloaded (i.e., blank) NEs after dilution in RPMI medium
by a factor of 1:8;000 to 1:500, v/v (equivalent to 30.1 to 482.5 ug/mL
of anhydrous excipients, respectively) or with equivalent concentra-
tions of each excipient of the NEs (Kolliphor® HS15, Labrafac® WL
1349, Transcutol® HP). Next, 20 pL of MTT reagent (final concentra-
tion 1 mg/mL) was added and the plates were incubated for a further
2 h at 37 °C. Finally, 100 pL lysis buffer (30 % SDS, 33 % dimethylfor-
mamide, 2 % glacial acetic acid, 0.025 N HCL, pH = 4.7) was added
and the absorbance was recorded at 570 nm after overnight incubation
at room temperature. Lethal concentration 50 (LCs,) values were calcu-
lated after plotting the dose-response curves using GraphPad Prism
software. The experiments were performed in triplicate.

2.10. Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated on Ficoll
density gradients of blood diluted in sterile PBS (1:1), as previously de-
scribed (Daressy et al., 2022). Ficoll was added to the bottom of a tube
and gently covered with diluted blood (1:2.5) before centrifugation at
900g without the brake for 20 min at room temperature. The cells at the
interface (containing PBMCs) were then washed in PBS and centrifuged
twice at 300g for 10 min. Finally, the pellet was resuspended in RPMI
1640 supplemented with 10 % FBS and cultured at 37 °C in a humidi-
fied incubator with a 5 % CO, atmosphere for up to 48 h.

2.11. Quantification of apoptosis

Apoptosis was assessed by labelling cells with annexin-V-FITC and
propidium iodide (PI), as previously described (Daressy et al., 2022;
Robert et al., 2020). Cells (3x105) were treated for the indicated times
in the complete corresponding medium, washed in PBS, resuspended in
annexin buffer (10 mM HEPES/NaOH, pH = 7.4, 150 mM NaCl, 5 mM
KCl, 1 mM MgCl,, 1.8 mM CaCl,) containing 2.5 pg/mL annexin V-
FITC (eBioscience) and incubated for 5 to 10 min before the addition of
100 pL annexin buffer supplemented with PI (10 pg/mL). The analyses
(n = 10,000) were performed by flow cytometry (Accuri C6 cytometer,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Annexin V-
positive cells (PI negative and positive) were considered to be apop-
totic. For PBMCs, the cells were labelled with anti-CD3-FITC (BD
Pharmingen, BD Biosciences, Franklin Lakes, NJ, USA) to identify the
isolated population and with annexin V-APC. Experiments were per-
formed at least four times.

2.12. Statistical analysis

The data were analysed using GraphPad® Prism statistical software
(version 6.01, GraphPad® Software, La Jolla, CA, USA) and are ex-
pressed as means and standard deviations (SDs).

Unpaired Student’s t-tests were used when two groups were ana-
lyzed and the data were normally distributed. One-way ANOVA was
used for multiple comparisons of paired samples for quantitative analy-
sis of NA-115-7 for all time points. If the results were statistically differ-
ent, Tukey’s post-test was performed to determine which groups were
statistically different. Normality tests were performed to ensure that the
data were normally distributed. For non-normally distributed data,
Friedman’s test, followed by Tukey’s test when appropriate, was used
to compared paired samples.

For cell-based assays, statistical analyses were performed using two
nonparametric tests: either the Mann-Whitney test for two groups or
the Kruskal-Wallis and Dunn's test for multiple comparisons.

Values of p < 0.05 were considered significant for all comparisons.

3. Results
3.1. NA1-115-7 solubility and stability assessment

Based on its structural properties, NA1-115-7 appears to be a mole-
cule that respects Lipinski's rule of five for orally bioavailable drugs
(Log P: 3.50, MW: 396.48, only 1 hydrogen bond donor and 5 hydrogen
bond acceptors) (Lipinski et al., 1997). At pH = 7.4, NA1-115-7 was
not ionized and its thermodynamic solubility was 357.5 * 9.8 uM, i.e.,
141.7 + 3.9 ug/mlL, as determined by the shake-flask method. Accord-
ing to the results of the PAMPA GIT test, NA1-115-7 has a relatively
low permeability value across the gastrointestinal barrier at all pHs
tested (Table 2). After 4 h of incubation at pH = 5, variable results
with a high standard deviation were obtained, probably due to the in-
stability of the compound under acidic conditions.

We studied the stability of NA1-115-7 in digestive media. NA1-
115-7, initially dissolved at 10.1 mM (4.0 mg/mL) in DMSO, was
added to various biomimetic media (1:100 dilution) before immediate
quantification of the solubilized drug. The amount of solubilized NA1-
115-7 appeared to be higher in the intestinal media (96.5 = 0.6 uM in
the simulated fasted state - FaSSIF, and 94.7 = 0.5 uM in the fed state -
FeSSIF) than in the simulated gastric fluid (SGF, 78.3 = 0.3 uM). Un-
der these conditions, the equilibrium solubility of NA1-115-7 was at-
tained from the beginning of the experiment in both intestinal media,
not being significantly (p > 0.05) affected by the presence of bile salts
and phospholipids (Fig. 1).

Approximately 16 % of the NA1-115-7 was lost after 1 h in both
simulated intestinal media before a steady state was reached. In the bio-
mimetic acidic environment of the stomach, the fraction of the solubi-
lized drug gradually decreased over time and after 3 h, only about 14 %
of the NA1-115-7 was recovered, i.e., 10.7 = 0.1 pM, which is signifi-
cantly different than at the beginning of the experiment (p < 0.05)
(Fig. 1). Such results cannot be explained by a difference in the ionized
state of NA1-115-7 as, based on its pKa values (Table 2), the molecule
is un-ionized in the various media. The instability in SGF was related to
the degradation of NA1-115-7 over time, as shown by the appearance
of a second peak on the HPLC chromatogram at tg = 2.24, which in-
creased over time and became predominant 3 h after the start of the ex-
periment (results not shown). Indeed, we have previously shown that a
close analogue of NA1-115-7 was sensitive to acidic conditions and
spontaneously rearranged into a lactone (Fig. 2) due to the presence of
the 6a-OH (Fomekong Fotsop et al., 2008).

Table 2
Properties of NA1-115-7.

OH

Molecular weight (g/mol) 396.48

pKa > 12

LogP 3.50
Melting point (°C) 157.0 = 1.0
Thermodynamic solubility at pH 7.4 (uM) 357.5 + 9.8
PAMPA gastrointestinal tract permeability assay at pH 5: Pe (nm/s) 49.9 = 72.6
PAMPA gastrointestinal tract permeability assay at pH 6: Pe (nm/s) 26.5 = 5.1

PAMPA gastrointestinal tract permeability assay at pH 7.4: Pe (nm/s) 20.3 = 2.5

pKa and LogP (Consensus method) were calculated using ChemAxon software.
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Fig. 1. Kinetic solubility of NA1-115-7 in SGF (in black), FaSSIF (in blue), and
FeSSIF (in green) media at 37 °C (n = 3, data are shown as the mean + SD).
(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

As the usual transit time in the stomach is between 15 min and 3 h
(Javadzadeh and Hamedeyazdan, 2012), it is crucial to find solutions
that allow the stabilization of NA1-115-7 under acidic conditions to en-
able preclinical development, especially since oral administration is en-
visaged during early animal experiments.

3.2. NA-NE formulation and characterization

A nanoemulsion formulation has been recently developed according
to a specific mixture design and after a careful selection of excipients on
the basis of their safety profile and proven on human whole blood using
a miniaturized process (Séguy et al., 2020). Given the interest of this
approach in solubilizing and stabilizing chemotherapeutic molecules
(Ceramella et al., 2021), we decided to apply this formulation strategy
to NA1-115-7. NA-NEs appear to have been successfully formulated by
a spontaneous self-emulsification process using a drug loading rate of 1
to 4.9 wt% (Table 3) in light of the critical product attributes of paricle
size, zeta potential, and drug content that were achieved.

Monodisperse nanoemulsions could be formulated from a low drug
payload of 10 mM to a high drug payload of 24.0 + 2.0 mM (i.e.,
9.5 * 0.8 mg/mL). At these concentrations, the drug added to the an-
hydrous mixture during the formulation process appeared to be com-
pletely dissolved. After the addition of the aqueous phase, a homoge-
neous colloidal suspension was observed. Remarkably, these nanoemul-
sions did not undergo Ostwald ripening, as their granulometric proper-
ties remained highly stable for more than three weeks of storage at 4 °C
(Fig. 3a). The formulation resulted in a> 60-fold increase in the appar-
ent solubility of NA1-115-7 relative to the thermodynamic solubility of
NA1-115-7 at pH 7.4. However, over time, some NA1-115-7 molecules
precipitated before reaching thermodynamic equilibrium (Fig. 3b). In-
deed, the drug payload did not change significantly after 7 days
(p > 0.05).

We then evaluated the ability of NEs to protect NA1-115-7 in the
acidic gastric environment by adding NA-NEs, with an initial concen-
tration of 10.2 mM (4.0 mg/mL), to a simulated gastric fluid solution.

Na-115-7

H*

After a 1:100 dilution, the kinetic solubility of the drug was assessed at
37 °C and compared to that of free NA1-115-7 (Fig. 4).

NA1-115-7 appeared to be fully available once the NA-NE formula-
tion was diluted in SGF (NA1-115-7 concentration of 113.0 = 1.1 uM
at the start of the experiment, Fig. 4a). NEs appear to be an attractive
approach for carrying this drug and allowing its oral administration
while controlling the dose, as this concentration is considerably higher
than that of the free form of NA1-115-7 (78.3 = 0.3 uM at ty). Over
time, the droplets apparently partially reorganized and released some
NA1-115-7 into the biomimetic gastric medium, as indicated by the in-
crease in PDI and average diameter of the NEs (Fig. 4b). Nevertheless,
the NEs appeared to significantly stabilize the NA1-115-7
(p < 0.0001), as approximately 56 % of the molecule was recovered in
the medium after three hours. This is equivalent to a final concentration
of 63.4 = 0.7 puM, i.e., six times higher than that for the non-
encapsulated molecule (10.7 + 0.1 pM,).

3.3. Biological evaluation of the nanoemulsions

3.3.1. Invitro cytotoxicity of NEs on BL2 cells

We evaluated the cytotoxicity of the blank NEs, after dilution in
RPMI 1640 medium by a cell proliferation MTT assay on the MCL-1 and
BCL-xL-dependent BL2 (Burkitt lymphoma) cell line. This cell line
showed good sensitivity to NA1-115-7, as, after treatment for 24 h, a
lethal concentration 50 (LCsg) of 3.6 uM was determined (Daressy et
al., 2021).

We then compared the cytotoxicity of the blank NEs to that of each
excipient used in similar proportions to the corresponding diluted NEs
(Fig. 5). After 24 h of exposure of the cells to the formulations, neither
Labrafac® WL 1349, a medium chain triglyceride, nor Transcutol® HP,
a high-purity solvent and solubilizer, affected the growth of BL2 cells at
any concentration. Cell survival was only slightly decreased (<20 %)
at a 1:2,000 dilution of the blank NEs (i.e., a corresponding concentra-
tion of 120.6 ng/mL in anhydrous excipients), with an estimated LCs,
of 236 pg/mL. The observed toxicity could be attributable to Kol-
liphor® HS 15, as its LCsy of 132 pg/mL is consistent with the propor-
tion of this non-ionic surfactant used in the formulation (55 %, w/w).
Therefore, exposure of cells to levels below this concentration of blank
NEs, and ideally after a 1:4,000 dilution to eliminate any cytotoxicity,
should be performed before use on BL2 cells. Given the NA1-115-7 pay-
loads of 10.2 and 24.0 mM (4 and 9.5 mg/mL, respectively), it should
be possible to explore the effects of NA1-115-7 on BL2 cells with con-
centrations up to 2.5 and 6 M, i.e., beyond the LCs, of the drug.

3.3.2. In-vitro efficacy of NA-NEs

In our previous study, we determined that the LCsq of NA1-115-7
was equal to 3.1 uM and 12 pM in the BL2 and Remb1 cell lines, respec-
tively (Daressy et al., 2022). The mechanism of NA1-115-7 induced cell
death was explored by incubating cell lines for 24 h without or with
4 uM NA1-115-7 (Daressy et al., 2022).To enable a comparison of ef-
fect, in the present study, BL2 and Rembl cells were treated with either
free NA1-115-7 (2 and 4 pM), blank NEs (equivalent to a 2 uM treat-

Lactone

Fig. 2. Rearrangement of NA1-115-7 in acidic media.



Table 3

Physicochemical properties of blank (i.e., unloaded) and NA-NEs (n = 22,
data are presented as the mean *+ SD).
Z-average PDI {potential Encapsulation NA1-115-7
diameter (mV) efficiency (%) payload
(nm)
Blank 50.6 = 2.6 0.176 = 0.014 - - -
NEs 4.7 * 3.1
NA- 419 = 2.2 0.131 * 0.016 - 98.9 = 5.9 9.5 + 0.8 mg/
NEs 5.8 = 3.4 mL
24.0 = 2.0 mM

NA1-115-7-loaded droplets appeared to be homogeneous in size (polydispersity
index value < 0.2), with a mean diameter of 41.9 + 0.4 nm (Table 3). NA1-
115-7 encapsulation slightly but significantly decreased the hydrodynamic di-
ameter and PDI of the nanodroplets (p < 0.001), without modifying the zeta
potential, which remained neutral for both blank-NEs and NA-NEs. Given the
high encapsulation efficiency of NA1-115-7 in NEs, a drug payload of
24.0 = 2.0 mM (i.e., 9.5 + 0.8 mg/mL) was obtained.

ment), or NA-NEs (2 uM) for 24 h. Apoptosis was then quantified after
annexin V / PI labeling (Fig. 6).

Importantly, blank-NEs alone, at a concentration equivalent to the
2 uM treatment, were found to be nontoxic and, thus, did not induce
apoptosis in the BL2 or Remb1 cell lines. In the BL2 cell line, 4 uM free
NA1-115-7 induced 86 * 3 % apoptosis, whereas a concentration of
2 uM induced 47 + 5 % apoptosis (Fig. 6a). Treatment of BL2 cells
with 2 uM NA-NEs was sufficient to induce 88 * 3.5 % apoptosis. The
treatment doses could therefore be reduced from 4 uM to 2 pM while
maintaining substantial induction of apoptosis in this cell line. By con-
trast, treatment of BCL-xL-dependent Rembl cells with 2 uM NA-NEs
only weakly induced apoptosis (19.5 * 3 % apoptotic cells). A similar
percentage of apoptotic cells was measured after treatment with free
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NA1-115-7: 16.5 * 3 % for 2 uM and 22 = 2.5 % for 4 uM (Fig. 6b).
These results are coherent with the LCsq of 12.2 uM previously deter-
mined for free NA1-115-7 on Rembl cells and confirm the MCL-1 speci-
ficity of the drug, either free or encapsulated into NEs.

3.3.3. Invitro toxicity on healthy cells

It was important to confirm that the observed increase in cytotoxic
activity was not associated with higher toxicity in healthy cells. Thus,
NA-NEs were tested on PBMCs isolated from healthy donors and apop-
tosis was quantified after annexin V/PI labelling (Fig. 7). First, blank-
NEs at a concentration equivalent to 2 uM treatment did not induce
apoptosis of PBMCs, confirming the safety of NEs. Compared to the re-
sults obtained with 0.5 uM S63845 (61 + 4 %), a known MCL-1 in-
hibitor, low apoptosis of 16 = 2 % was observed after treatment with
2 uM NA-NEs and 21.5 = 2 % after treatment with 4 uM free NA1-
115-7.

4. Discussion

Since 2016, six MCL-1 inhibitors (S64315/MIK665, AZD-5991,
AMG-176, AMG-397, ABBV-467, and PRT1419) have been evaluated in
clinical trials for the treatment of multiple myeloma, acute myeloid
leukemia, and various types of lymphoma. However, only two mole-
cules are still currently in clinical development. Trials of AMG-176 (NC-
T02675452 and NCT03797261) were halted due to cardiac toxicity,
AZD-5991 (NCT03218683) for potential safety reasons, and those of
AMG-397 and ABBV-467 (NCT03465540 and NCT04178902) were pre-
maturely suspended for strategic reasons. PRT1419 is currently under
evaluation in a Phase I clinical trial in patients with relapsed/refractory
hematological malignancies (NCT04543305) and trials of S64315 in
combination with MIK665 (NCT04702425 and NCT03672695) are still
ongoing. Importantly, these inhibitors bind to MCL-1 with nanomolar
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10 20
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Fig. 3. Evolution over time of a. the granulometric properties (hydrodynamic diameter shown as the Z-average (bars) and subsequent PDI (points)) of NA-NEs
stored at 4 °C formulated with increasing loading rates of NA1-115-7 (in blue for 4 mg/mL, orange for 6 mg/mL, and red for 9 mg/mL) and b. their resulting drug
payloads (n > 3, data are shown as the mean + SD). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 4. A. Comparison over time of solubilized NA1-115-7 in SGF at 37 °C in a DMSO solution (in black) with the NA-NE formulation under the same conditions
(in blue). b. Concomitant evolution of the granulometric properties (hydrodynamic diameter shown as the Z-average (bars) and subsequent PDI (points)) of the
NA-NEs in SGF at 37 °C (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Viability of BL2 cells after 24 h of exposure to various concentrations of the aqueous suspension of blank-NEs or the respective proportions of each excipient
used in NEs (n = 3, data are expressed as the mean *+ SD). The results obtained for BL2 cells with vehicle alone are considered to correspond to 100 % survival.
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Fig. 6. Induction of apoptosis was measured on the BL2 (a) or Rembl1 (b) cell lines after 24 h of treatment with 2 and 4 uM free NA1-115-7, blank-NEs at a concen-
tration equivalent to a treatment of 2 pM (eq. 2 uM), or 2 uM NA-NEs by annexin V/PI labelling analyzed by cytometry. The values presented (mean * SD) are from
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Fig. 7. Induction of apoptosis was measured on PBMCs after 24 h of treatment
with blank-NEs at a concentration equivalent to a treatment of 2 uM (Blank-
NEs (eq.2 uM)), 2 uM NA-NEs, 4 uM free NA1-115-7, or 0.5 pM S63845 by an-
nexin V/PI labeling analyzed by cytometry. The values presented (mean + SD)
are from at least four independent experiments (***p < 0.001, ns: nonsignifi-
cant).

***p < 0.001, ns: nonsignificant).

affinity (Caenepeel et al., 2020; Szlavik et al., 2020). However, the
safety of MCL-1 inhibitors may be an important issue in their clinical
development, as knocking out MCL-1 may lead to cardiotoxicity prob-
lems (Daressy et al., 2022). This implies that there is still a need for
safer alternative molecules.

NA1-115-7, a natural product isolated from Zygogynum ancheri, re-
cently appeared as a promising new selective inhibitor of MCL-1
(Daressy et al., 2021). To establish the drugability profile of this MCL-1
inhibitor, certain relevant physicochemical properties of NA1-115-7
were first investigated (Table 2). With a solubility of 157.0 uM at pH
7.4, NA1-115-7 appeared to be poorly soluble in water. This has also
been shown to be true for other MCL-1 inhibitors. For example, an
aqueous solubility of 9.4 uM has been reported for pyridoclax (De
Pascale et al., 2020). The experimentally determined solubilities of the
MCL-1 inhibitors currently in clinical trials are not published, which
prevents direct comparison with NA1-115-7. However, two, i.e.,
S64315 and AZD-5991, are formulated in 20 % or 30 % 2-
hydroxypropyl-beta-cyclodextrin (HPBCD), respectively, which is an
FDA-approved excipient to increase the aqueous solubility of many hy-
drophobic compounds (Davis and Brewster, 2004; Gidwani and Vyas,
2015). Using a PAMPA assay, a high-throughput technique commonly
used in drug discovery to predict passive permeation through biological
membranes, we evaluated the ability of NA1-115-7 to cross the gas-



trointestinal tract. NA1-115-7 exhibited poor permeability (Pe = 20.6
to 49.9 nm/s for pH 7.4 to pH 5). A threshold value of Pe > 100 nm/s
is the generally accepted threshold value to consider that permeation is
not a limiting factor for oral bioavailability, which would not be the
case for NA1-115-7 (Veber et al., 2002). The PAMPA assay may provide
valuable information about the permeability of single molecules, and in
certain cases, of more complex substrates, such as extracts and formula-
tions (Piazzini et al., 2017). PAMPA and Caco-2 cells have similar pre-
dictivity for passive oral absorption (Avdeef et al., 2007). Thus, the
PAMPA method is well suited for the early stages of drug discovery, al-
though it does not provide any information on absorption involving
transporter-mediated processes, such as active uptake or efflux (Kansy
etal., 1998; Avdeef et al., 2007). In further preclinical steps, it would be
informative to study the ex vivo mucosal permeability of the NA1-115-7
formulation to obtain additional predictive permeability data (Hosny et
al., 2021, 2019). Here, stability assays in biorelevant media also
showed that NA1-115-7 is unstable in an acidic environment. It is, thus,
likely that NA-115-7 spontaneously rearranges to a lactone in the bio-
mimetic acidic environment of the stomach (Fig. 2). Based on our previ-
ous structure-activity relationship (SAR) studies on this chemical series
(Daressy et al., 2021), this lactone is inactive on the MCL-1 protein.

To overcome these issues, which could limit the clinical develop-
ment of NA1-115-7, we resorted to nanomedicines, as already done for
other natural anticancer compounds (Gong et al., 2017; Ma et al.,
2019). For example, nanomedicine strategies have been successfully
applied to baicalin and its aglycone, baicalein, the major bioactive
flavones derived from Scutellaria baicalensis (Gong et al., 2017). Drug-
delivery nanosystems can address the bioavailability issues related to
these compounds by improving their oral bioavailability, enhancing
their anti-cancer activity, and reducing their side-effects.

Previously, we sought to develop a versatile drug-delivery system
that would be particularly useful for poorly soluble drugs. The resulting
nanoemulsions were formulated by the spontaneous nanoemulsifica-
tion method using three excipients: Labrafac® WL 1349, composed of
medium-chain triglycerides, Kolliphor® HS15, a nonionic surfactant,
and Transcutol® HP, a high-purity solvent and solubilizer. This formu-
lation was developed by carefully designed mixture experiments using
a ternary oil/surfactant/cosurfactant phase diagram to determine the
self-nanoemulsifying region with appropriate properties (Séguy et al.,
2020). These nanoemulsions have been applied to several drugs with-
out modification of the composition or formulation process (Ceramella
et al., 2021; Séguy et al., 2021). NA1-115-7-loaded NEs were also suc-
cessfully formulated in the present study. Its encapsulation weakly de-
creased the size and PDI of the nanodroplets without modifying the zeta
potential, which remained neutral (Table 3). The neutral zeta-potential
value is consistent with the nature of the excipients (medium-chain
triglyceride, diethylene glycol monoethyl ether, and macrogol 15 hy-
droxystearate), and the un-ionized state of the drug at pH 7.4. The en-
capsulation of NA1-115-7 increased its solubility by>60-fold, as a
maximal payload of approximately 9.5 mg/mL was obtained (Fig. 3).
Thus, this formulation appears to be relatively close to a supersaturated
lipid-based formulation (sLBF). Indeed, NA1-115-7 appears to become
spontaneously oversaturated in the droplets of the nanoemulsions after
the addition of excess drug to the excipients. As with other sLBFs, pre-
cipitation eventually occurs, depending on the drug properties, lipid ve-
hicle, supersaturation ratio, and storage conditions, as dictated by the
thermodynamic solubility of the drug in the vehicle. Such behavior has
recently been reported for venetoclax in sLBFs. This selective B-cell
lymphoma 2 (Bcl-2) inhibitor, approved in 2016 for the treatment of
leukemia, appeared to violate the classical Lipinski’s rule of five. As it
required a biologically driven formulation approach to overcome its
solubility and/or permeability issues, it was formulated with defined
oils and monoglycerides. The resulting sLBF appeared to be a good
strategy to promote and maintain supersaturation of the drug and in

fine to achieve higher oral bioavailability of the drug (Koehl et al.,
2020).

Based on our results, the nanoemulsions did not undergo Ostwald
ripening, as their granulometric properties remained highly stable for
more than three weeks of storage at 4 °C and even at room temperature
(results not shown).

We then evaluated the ability of NEs to protect NA1-115-7 in the
acidic gastric environment by adding NA-NEs to a simulated gastric
fluid solution. Encapsulation of NA1-115-7 into NEs made it possible to
obtain higher concentrations of the drug than in its free form at t,. Al-
though the NA-NEs partially reorganized and released some NA1-115-7
molecules into the biomimetic gastric medium (Fig. 3b), the concentra-
tion of the molecule was sixfold higher than that of the non-
encapsulated molecule after three hours (Fig. 1). It is known that the
residence time in the stomach varies due to many parameters (age,
species, fasting or feeding state, the volume of food intake, etc.). More-
over, given that gastric emptying for liquid administration is rapid and
most of the contents are evacuated within the first hour, the stabiliza-
tion of NA1-115-7 through the formulation of NEs appears to be a
promising means to further consider preclinical studies of NA1-115-7
after oral administration.

To better anticipate future in vivo tests, the development of in vitro
experiments capable of providing information on cytotoxicity in pre-
clinical studies is necessary (Fattal and Hillaireau, 2020). Our proposed
NEs for NA1-115-7 encapsulation are formulated using an organic sol-
vent-free method. Indeed, the use of organic solvents can cause safety
issues and dose limitations due to their toxicity. The present nanoemul-
sions were developed from anhydrous mixtures composed of excipients
already described in the European Pharmacopeia (World Health
Organization, 2018) and already proven to be hemocompatible on hu-
man whole blood (Séguy et al., 2020).

Among the three excipients that comprise the nanoemulsions, only
Kolliphor® HS15 showed toxicity on the BL2 cell line (Fig. 5). Never-
theless, due to its unique solubilization characteristics and safety pro-
file, this solubilizer, with inherent amphiphilicity stemming, has been
widely used in parenteral and oral formulations for several decades
(Ruchatz and Schuch, 1998). Kolliphor® HS 15 is included, for exam-
ple, in the formulations of orodispersible tablets of phloroglucinol, ad-
ministered orally, travoprost eye drops, administered ophthalmically,
or rolapitant injection, administered intravenously. As for all surfac-
tants, it can induce adverse effects at high concentrations. This is true,
for example, for Kolliphor® EL (formerly known as Cremophor® EL), a
non-ionic surfactant included in injectable paclitaxel solutions that can
induce non-allergic hypersensitivity reactions (Gelderblom et al.,
2001). According to the toxicity studies carried out by the manufac-
turer, repeated administration of Kolliphor® HS 15 to dogs can also
cause pseudo-allergic reactions (no observed-adverse-effect level
(NOAEL) = 25 mg/kg/d), but these were completely reversible and
less serious than those after administration of Kolliphor® EL under the
same conditions (lowest-observed-adverse-effect level
(LOAEL) = 5 mg/kg/d)). When used alone, Kolliphor® HS15 is known
to form 13-14 nm sized micelles in an aqueous medium above its criti-
cal micelle concentration (CMC) (0.06-0.1 mM, corresponding to ap-
proximately 55-95 pg/mL), regardless of the nature of the aqueous
buffer. On epithelial cells, this surfactant has been shown to exert sig-
nificant toxicity at concentrations above its CMC (Shubber et al., 2015).
Surfactant monomers, eventually provided by micelles, could poten-
tially become incorporated into the cell membrane. By inducing a sub-
sequent disorder in the phospholipid bilayer following its insertion,
Kolliphor® HS15 could induce an increase in membrane permeability,
and therefore toxicity.

The high encapsulation efficiency of NA1-115-7 into NEs of up to
22.7 mM and the non-apparent toxicity of NEs when the payloads are
between 10.2 and 22.7 mM show promise for its biological evaluation.
Thus, to further investigate the ability of NEs to transport NA1-115-7,



we explored its efficacy in vitro by quantifying apoptosis in two hema-
tological cell lines: BL2, a Burkitt lymphoma cell line, dependent on
MCL-1 and BCL-xL, and Rembl, a lymphoblastoid cell line (EBV-
transformed normal B lymphocytes), dependent on BCL-xL and useful
for evaluating resistance to apoptosis (Daressy et al., 2021).

Efficacy results obtained on the MCL-1-dependent BL2 cell line sug-
gest that NA-NEs were more effective than free NA1-115-7 in inducing
apoptosis; the treatment doses could therefore be reduced from 4 uM to
2 uM while maintaining a marked induction of apoptosis in this cell line
(Fig. 6a). By contrast, treatment of BCL-xL-dependent Remb1 cells with
2 uM NA-NEs was only weakly associated with apoptosis. In previous
studies, we showed that free NA1-115-7 is a new BH3-mimetic that is
selective for MCL-1 and capable of inducing the apoptosis of
hematopoietic tumoral cells via BAK and BAX activation, followed by
the release of apoptogenic factors (SMAC and cytochrome c) from the
mitochondria (Daressy et al., 2021, 2022).

By forming a covalent bond with a lysine residue in the BH3-groove
of MCL-1, NA1-115-7 is the first MCL-1 inhibitor that acts as a “suicide
molecule”, as it remains in the dying cells. This property may limit its
use in tumoral cells expressing high levels of MCL-1, which would thus
require high doses of NA1-115-7. By contrast, it ensures its efficacy in
MCL-1-dependent cells, even if they do not overexpress MCL-1. For ex-
ample, this is true for myeloma cells that do not harbor an amplification
of the 1q arm (approximately 60 % of de novo and 30 % of relapsed pa-
tients) but are still sensitive to MCL-1 inhibitors (Seiller et al., 2020).
Thus, NEs offer an advantage by preserving the specificity of the com-
pound and increasing its efficacy. A similar improvement in compound
efficacy has already been observed for another NE formulation applied
to the MCL-1 inhibitor, pyridoclax, evaluated on the IGROV1-R10 ovar-
ian cancer cell line (Groo et al., 2020). In this study, it was established
that encapsulation of pyridoclax in NEs provided a 2.5-fold increase in
the cytotoxic activity of the MCL-1 inhibitor relative to that of free pyri-
doclax (Groo et al., 2020). This activity was illustrated by a strong in-
crease in caspase 3/7 activation from 10 pM pyridoclax-loaded NEs.
The interaction between NEs and a membrane component, such as
phospholipids, or the extracellular matrix of cells can promote the entry
of nanocarriers into the cell by endocytosis (Shubber et al., 2015). As al-
ready mentioned, Kolliphor® HS15 could induce a subsequent disorder
in the cellular phospholipid bilayer following its insertion, but an in-
crease in the rate of endocytosis in the presence of this surfactant at per-
meability-enhancing concentrations has also been reported (Shubber et
al., 2015). Here, the presence of Kolliphor® HS15 could partially ex-
plain the enhanced cellular uptake by endocytosis.

Before considering in vivo preclinical studies, it is necessary to eval-
uate the safety of NE-NAs on healthy cells. Our results show that, as for
free NA1-115-7, NA-NEs are not associated with toxicity in healthy
PBMCs (Fig. 7). However, many MCL-1 inhibitors have encountered
safety problems in clinical trials, notably due to cardiac adverse events.
Through MTT and hERG inhibition assays, NA1-115-7 has not been
shown to be cardiotoxic (Daressy et al., 2022). Given that MCL-1 in-
hibitors can be associated with cardiac toxicity via on-target/off-tumor
effects due to the involvement of MCL-1 in mitochondrial cell function,
these results appear to be meaningful (Rasmussen et al., 2020; Wang et
al., 2013). For example, AZD-5991 combined with venetoclax is cur-
rently on a clinical hold due to an asymptomatic elevation in cardiac
biomarkers (NCT03218683). These results allow us to consider NA-NEs
as a solution for the evaluation of the cytotoxic activity of this com-
pound in vivo. Thus, the NA-NE approach appears to be effective in sta-
bilizing NA1-115-7 under acidic conditions, hence allowing its oral ad-
ministration while also providing a twofold reduction in its therapeutic
concentration, leading to fewer potential cytotoxic effects. No toxicity
to erythrocytes, PBMCs, platelets, or cardiomyocytes, nor cardiotoxicity
by hERG testing, have been observed (Daressy et al., 2022). In contrast
to previous clinical trials on MCL-1 inhibitors, we propose a galenic
strategy, which allows a reduction in the dose used, therefore reducing

the cost associated with the quantity of the drug and the risk of adverse
effects. Indeed, nanodrug-delivery systems are known to achieve a
lower drug dose by consistently delivering the drug to tumor sites, thus
reducing side effects (Gong et al., 2017). Among nanocarriers, na-
noemulsions are currently being envisaged as an effective drug-delivery
approach for cancer therapeutics because of their advantages
(biodegradability, biocompatibility, nanometric size range with a large
surface area, non-immunogenicity, ease of formulation, and thermody-
namic stability). However, there are challenges associated with the
clinical translation of nanoformulations. For further development, ma-
terial safety (for the health and the environment), scale-up issues, and
quality control problems, as well as legal, consumer, and economic fac-
tors, will need to be addressed to maximally exploit the NE perspective
in the clinical setting (Alshahrani, 2022; Ozogul et al., 2022).

5. Conclusion

In previous studies, we have shown free NA1-115-7 to be a new
BH3-mimetic selective for MCL-1 capable of inducing the apoptosis of
hematopoietic tumoral cells. At doses toxic to tumoral cells, NA1-115-7
did not induce apoptosis of normal blood cells (PBMCs, platelets, ery-
throcytes) or cardiomyocytes and is thus a potential new tool for the
treatment of cancer cells. However, certain drugability parameters, i.e.,
its hydrophobic character, its limited passive gastro-intestinal perme-
ability, and its instability in acidic conditions, could hamper its preclin-
ical value and its further clinical development. Here, we were able to
overcome the challenge of limited solubility and stability through the
use of nanoemulsions. Considering that the formulation itself may not
be exempt from having biological effects, we characterized the cytotox-
icity profile of the nanoemulsions to define the optimal conditions for
use in in vitro evaluations. Our biocompatible formulation preserved the
specificity of NA1-115-7 as an MCL-1 inhibitor, inducing the death of
lymphoproliferation cells by activation of the apoptotic mitochondrial
pathway. Indeed, the nanoemulsions even increased the efficiency of
the compound on hematological cells, while showing no toxicity in
healthy PBMCs, offering a considerable advantage in the perspective of
their in vivo evaluation. Overall, considering the various application
possibilities of the developed nanoemulsions, they can offer a versatile
formulation solution to overcome solubility and stability issues of drugs
and promote the development of new therapeutic approaches.

Furthermore, NA1-115-7 harbors a specific feature, as it is the first
MCL-1 inhibitor to act as a “suicide molecule”. This property may limit
its use in tumoral cells expressing high levels of MCL-1 and thus requir-
ing high doses of NA1-115-7, which are modulable with the use of the
nanoemulsions. By contrast, it ensures its efficacy against MCL-1-
dependent cells, such as myeloma cells, and NA-NEs could represent a
novel potential strategy for cancer treatment. Xenografts of such tu-
moral cells would therefore constitute a useful model for the in vivo
evaluation of the effects of NA-NEs. In a further work, pharmacokinet-
ics studies should also be performed to determine the biodistribution of
the encapsulated drug to finally establish the potential of the NEs, not
only to improve the stability of NA1-115-7 but also its bioavailability.
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