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ARTICLE INFO ABSTRACT

Keywords: R/S-N-3-cyanophenyl-N’-(6-tert-butoxycarbonylamino-3,4-dihydro-2,2-dimethyl-2H-1-benzopyran-4-yl)urea
2,2-Dimethylchromans (BPDZ 711, 4) initially designed as a Kap channel opener, was found to exhibit diverse biological activities. The
Racemate

compound inhibited insulin release from rat pancreatic islets, indicating a potential effect on glucose meta-
bolism. Oxygraphy measurements on chronic myeloid leukemia (CML) K-562 cells revealed an impact on cellular
respiration. Additionally, the compound demonstrated inhibitory activity on histone deacetylase class III en-
zymes (sirtuins), linking metabolic and epigenetic regulation. This was corroborated by its effect on protein

Enantiomeric separation
Pancreatic B-Cell
Potassium channel opener
Anticancer agent

Glucose metabolism acetylation and modulation of the extracellular pH of treated CML cells. Alterations in CML cells’ nuclear
Sirtuin inhibitor morphology and the release of high-mobility group box 1 (HMGB1) protein confirmed mechanisms related to
Leukemia cellular stress and immunogenic cell death. BPDZ 711 preserved the viability of peripheral blood mononuclear

cells, thus demonstrating excellent differential toxicity.

Since BPDZ 711 is a racemate, the present study focused on the preparation of the two enantiomers and
examined the possibility that each isomer could display a distinct pharmacological profile. Our data revealed that
the R-enantiomer (5) of BPDZ 711 was consistently the most biologically active compound (eutomer), making it
the reference compound for future drug discovery and development.

1. Introduction reference cromakalim (1), diversely 6-substituted 4-phenylureido/4-
phenylthioureido-2,2-dimethylchromans exerted a potent inhibitory

Among the 2,2-dimethylchromans studied as ATP-sensitive potas- activity on insulin-secreting cells due to the activation of the pancreatic
sium (Katp) channel openers (PCOs) which are structurally related to the SUR1-type Karp channels [1-4]. Unlike cromakalim, which
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preferentially activates the vascular smooth muscle SUR2B-type Karp
channels, a significant selectivity for the pancreatic versus the vascular
smooth muscle tissue was observed with several 4-phenylureido/4-phe-
nylthioureido-2,2-dimethylchromans (i.e., compounds 2 and 3; Fig. 1)
[11.

Surprisingly, enhanced activity on pancreatic p-cells was observed
with a series of 4-phenylureido-substituted 2,2-dimethylchromans
bearing a bulky alkoxycarbonylamino group at the 6-position of the
chroman ring. The 6-tert-butoxycarbonylamino-substituted compound
(4) [R/S-N-3-cyanophenyl-N’-(6-tert-butoxycarbonylamino-3,4-dihy-
dro-2,2-dimethyl-2H-1-benzopyran-4-yl)urea or BPDZ 711 (4)] was the
most potent inhibitor of glucose-induced insulin release; with an
inhibitory concentration ICsy of 0.24 pM. At high concentrations, the
Katp channel opener BPDZ 711 (4) also acted as a calcium entry blocker
and promoted intracellular calcium translocation [5].

6-halo-substituted- and 6-alkoxycarbonylamino-substituted 2,2-
dimethylchromans bearing an arylurea or arylthiourea moiety at the 4-
position were also described as potent inhibitors of glioma cell prolif-
eration [6]. Among these antiproliferative agents, BPDZ 711 (4)
potently inhibited histone deacetylase (HDAC) class III sirtuins 1 and 2
(SIRT1/2) activities associated with marked antiproliferative activity on
glioblastoma cells while having little impact on normal glial cells, thus
demonstrating excellent differential toxicity. Moreover, the anticancer
potential of BPDZ 711 (4) was also confirmed in 3D glioblastoma
spheroids and by zebrafish xenografts in vivo [7].

Given the potential interaction of potassium channel openers with
mitochondrial Katp channels, we further characterized the effects of
BPDZ 711 (4) on mitochondrial respiratory parameters in car-
diomyocytes and its effects on calcium homeostasis in isolated mouse
liver mitochondria [8]. We concluded that the compound behaved, at
least, as a potent reversible inhibitor of the mitochondrial electron
transport chain.

Previous research explored new targets for eradicting persistent
chronic myeloid leukemia (CML) stem cells. Transcriptomic data from
healthy individuals and CML patients led to the development of a
disease-specific network focusing on SIRT1/2, which regulates meta-
bolism and cell survival. The therapeutic potential of SIRT1/2 inhibition
was assessed using siRNA and BPDZ 711 (4, referred to as Si-711 in
Ref. [9]) in imatinib-sensitive and -resistant CML cell lines. SIRT1/2
inhibition by BPDZ 711 disrupted key transcription factors like Myc,
reduced oxidative phosphorylation, and caused energy depletion, lead-
ing to regulated necrosis. Combining BPDZ 711 (4) with imatinib
significantly enhanced anti-CML effects in vitro and in vivo. Notably,
BPDZ 711 (4) induced the release of damage-associated molecular pat-
terns, enhanced phagocytosis, promoted immunogenic cell death, and
allowed us to explore a pre-clinical anti-CML vaccination approach [9].

Consequently, BPDZ 711 (4) exhibits a promising multitarget profile
and potential as an anticancer agent for glioblastoma and leukemia.
Since the compound is a racemate, the aim of this work was to separate
the two enantiomers [Fig. 2; R-BPDZ 711 (or BPDZ 811, 5) and S-BPDZ
711 (or BPDZ 812, 6)] and investigate whether each isomer could ex-
press a distinct pharmacological profile. This information is critical for
the development of new anticancer drugs belonging to this class of
compounds.
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2. Results and discussion
2.1. Chemistry

2.1.1. Synthesis and enantiomeric separation

The synthesis of the two enantiomers of BPDZ 711 (4) is described in
Scheme 1. The starting compound 7 was obtained as previously
described [4]. Preparative chromatographic purification on the chiral
column Chiralcel OD-H was performed to separate the two enantiomers
(Fig. 3). The first eluted enantiomer was characterized as the R-isomer 8
by examining its S-naproxen salt 10 by X-ray crystallography (Fig. 4).
The two separated enantiomers of 7 were then converted into their
respective N-aryl-N'-alkyl-substituted urea compounds 5 (R-BPDZ 711
or BPDZ 811) and 6 (S-BPDZ 711 or BPDZ 812) after reaction with 3-cya-
nophenyl isocyanate.

Moreover, the two separated isomers of BPDZ 711 (4) were also
obtained in larger amounts from the racemate by preparative chro-
matographic purification on the chiral column Chiralcel OD-H (Fig. 5)
and individually characterized by comparison with authentic samples of
each enantiomer obtained in accordance with the pathway reported in
Scheme 1.

2.1.2. Conformational study

BPDZ 711 (4) belongs to the N,N-disubstituted urea derivatives
known to exist in different conformations in solution and in the solid
state [10-16]. Ureas and thioureas bearing an alkyl and/or an aryl
substituent on the nitrogen atoms are expected to adopt four preferential
low-energy conformations assuming an optimal electron delocalization
in the planar urea/thiourea system (see Fig. 6; X = O for ureas; X = S for
thioureas, conformations A, B, C, and D). Conformation A with two N-H
groups in a parallel orientation is the most common [10,13]. Addi-
tionally, ureas and thioureas can adopt different tautomeric forms
[Fig. 6: X = O, urea (A)/uronium (A, A") forms; X = S, thiourea
(A)/thiouronium (A’, A") forms] in solution and in the solid state. As a
result, the question arose as to whether BPDZ 711 (4), despite existing as
two distinct enantiomers, might adopt different stable conformations or
tautomeric forms in a biological medium that could interact differently
with its various targets.

We attempted to determine the conformation/tautomeric form
adopted by BPDZ 711 (4) in the solid state (X-ray crystal structure
analysis) and in solution (NMR NOESY and I5N-1H HSQC experiments in
DMSO-dg). However, we were unable to obtain suitable crystals of BPDZ
711 (4) for determining its solid-state conformation via X-ray diffraction
(the compound crystallized in fine needles). Nonetheless, we obtained
appropriate crystals of BPDZ 645 (11, Fig. 7), the 6-methoxycarbonyl
amino-substituted analog of BPDZ 711 (4). In the solid state, com-
pound 11 adopted conformation A (Fig. 6), supporting that the struc-
turally related BPDZ 711 (4) could adopt the same conformation.

NMR experiments were conducted on BPDZ 711 (4) in DMSO-dg, as
well as on its thiourea counterpart, BPDZ 625 (12) (Fig. 8A). The ISN-1H
HSQC spectrum of BPDZ 711 (4) (Fig. 8B) and compound 12 (Fig. 8C)
showed that the hydrogen atoms are linked to the nitrogen atoms of the
urea [NH(2) and NH(3)] and the thiourea [NH(1) and NH(3)] functions;
this observation theoretically excludes the (thio)uronium tautomeric

o
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Fig. 1. Structure of the SUR2B-type Karp channel opener cromakalim (1) and diversely 6-substituted 4-phenylureido/4-phenylthioureido-2,2-dimethylchromans [2,
3 and 4 (BPDZ 711)] reported as activators of pancreatic SUR1-type Karp channels and subsequently inhibitors of insulin-release.
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Fig. 2. The structure of the racemate BPDZ 711 (4) and its two enantiomers, R-BPDZ 711 (5) (or BPDZ 811) and S-BPDZ 711 (6) (or BPDZ 812).
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Scheme 1. Reagents: i: Chiralcel OD-H; ii: 3-CN-CgH4NCO.

forms (Fig. 6; A’ and A") in DMSO. The NH(3) proton of the two com-
pounds is easily identified because it appears as a doublet due to a
coupling with the C-H proton at the 4-position of the heterocycle.

The 'H two-dimensional NOE spectroscopy (NOESY) experiment
performed on both compounds by saturation of the signal of the N-H
proton directly attached to the phenyl ring [Fig. 8D: NH(2) for BPDZ 711
(4); Fig. 8E: NH(1) for 12] indicated that, ostensibly, the NH(3) proton
of BPDZ 711 (4) was not in close proximity to the NH(2) proton; this
suggests that the urea compound in solution may adopt another
conformation where the two protons at a distance from each other (i.e.,
conformations B, C or D, Fig. 6; conf. C, Fig. 8A). In contrast, the same
experiment performed on the thiourea compound 12 clearly indicated
that the two NH protons of the thiourea group are near to each other,
supporting the view that conformation A dominates for this compound.

Consequently, the investigations into the conformational behavior of
BPDZ 711 (4) reveal that this drug, existing in multiple conformations in
solution, may not necessarily adopt the same 3D conformation (i.e., the
low energy conformation A, Fig. 6) when interacting with its various
biological targets. Supporting this observation, molecular docking
studies previously performed on human SIRT1 and SIRT2 confirmed that
the R-enantiomer of BPDZ 711 (4), identified as the preferred enan-
tiomer interacting with SIRT1 and SIRT2, adopts conformation C (Fig. 6)
during interaction with the binding sites on the two enzymes [7].

2.2. Biological assays

2.2.1. Inhibition of insulin release from rat pancreatic islets

In previous studies, the racemic compound BPDZ 711 (4) induced a
concentration-dependent inhibition of glucose-induced insulin release
from isolated and incubated rat pancreatic islets (Table 1) [5]. The
present data further revealed that, under identical experimental condi-
tions, BPDZ 811 (5), the R-enantiomer of BPDZ 711, also caused a
marked dose-dependent inhibition of the glucose-stimulated insulin
secretory process. The ICsq value for the inhibitory effect of BPDZ 811
(5) on insulin release was 270 nM, close to that of BPDZ 711 (4)
(Table 1). In contrast, BPDZ 812 (6), the S-enantiomer of BPDZ 711 (4),
failed to affect insulin secretion in the nanomolar range of concentra-
tions and exhibited an ICsq value above 10 pM (Table 1).

2.2.2. Oxygraphy measurements on K-562 cells

The effects of the two enantiomers of BPDZ 711 (4) on the O, con-
sumption rate (OCR) were measured by oxygraphy in K-562 cells.
Fig. 9A-B report representative slope curves obtained from K-562 cells
treated with compounds 4 (BPDZ 711), 5 (BPDZ 811), and 6 (BPDZ 812)
at a final concentration of 10 pM. Compared to controls (experiments
carried out without the drug or with DMSO, which is the solvent used to
prepare stock solutions of the studied compounds) (Fig. 9A, upper slope
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Fig. 3. Preparative chromatographic purification was performed on the Chiralcel OD-H column with the 4-amino-substituted racemate 7, providing the separation of
the two enantiomers 8 (retention time (rt): 16.81 min) and 9 (rt: 24.56 min). Compound 10 is the S-naproxen salt of 8.

Fig. 4. Crystal structure of 10 identified as the S-naproxen salt of the R-iso-
mer 8.

curve), compound 4 (BPDZ 711) strongly decreased the routine respi-
ratory rate (Fig. 9A, lower slope curve). The two enantiomers of BPDZ
711 (4) exhibited distinct profiles (Fig. 9B). The R-enantiomer BPDZ 811
(5) exhibited a similar impact on the OCR as the racemate BPDZ 711 (4)

(Fig. 9B, upper slope curve), while the S-enantiomer BPDZ 812 (6)
showed no significant effect (Fig. 9B, lower slope curve).

Fig. 10 summarizes the comparative effects of the three compounds
(10 pM) on the cellular respiratory parameters: basal respiration
[Routine (control without product) + Product)], leak respiration (Leak:
residual respiration after inhibition of ATP synthase by oligomycin) and
maximal respiratory capacity (ETSmax: electron transfer system per-
centage) in the presence of carbonyl cyanide 4-(trifluoromethoxy)phe-
nylhydrazone (FCCP). To understand the intrinsic effect of the
compounds on the cellular respiration rate of K-562 cells, a set of ex-
periments was performed by first monitoring the slope of the curve (cells
without adding a compound) and comparing it to the effect observed in
the presence of the different compounds. Mitochondrial parameters,
such as proton and electron leaks, were analyzed using specific in-
hibitors, such as oligomycin, to monitor whether or not oxidative
phosphorylation was coupled with respiration at the level of complex V
(ATP synthase). This step was followed by increasing amounts of FCCP
to evaluate the maximal respiratory capacity, as previously reported
[17].

Fig. 10 shows that, when the compounds were added at 10 pM after
the onset of cellular respiration, the basal respiration (routine: before
the addition of compound) was significantly altered by BPDZ 711 (4)
and BPDZ 811 (5) (OCR decreased: see “product” in Fig. 10). In contrast,
BPDZ 812 (6) had little effect. After the oligomycin-induced leak, BPDZ
711 (4) and BPDZ 811 (5), in similar conditions, continued to reduce
mitochondrial enzyme complex activity, while BPDZ 812 (6) was inef-
fective. Both compounds affected the maximal respiratory capacity of K-
562 cells, whereas BPDZ 812 (6) exhibited minimal activity.

2.2.3. Inhibition of histone deacetylase class III enzymes

The inhibitory potential of the racemate 4 (BPDZ 711), its R-enan-
tiomer 5 (BPDZ 811), and its S-enantiomer 6 (BPDZ 812) was tested
against selected HDAC class III activities including SIRT1, SIRT2 and
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Fig. 5. Preparative chromatographic purification of the racemate BPDZ 711 (4) on the Chiralcel OD-H column leading to the separation of the two isomers R-BPDZ

711 (5) and S-BPDZ 711 (6).
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Fig. 6. The ureas (X = O) and the thioureas (X = S) bearing alkyl/aryl sub-
stituents on the nitrogen atoms are expected to adopt four preferential low
energy conformations (A, B, C, and D), as well as multiple tautomeric forms (for
conformation A; tautomeric forms A" and A”).

SIRT3 (Table 2). The corresponding ICso values revealed that the R-
enantiomer 5 was the active eutomer exhibiting lower ICsy values
against SIRT1 and SIRT2 compared to the racemate BPDZ 711 (4), while
the S-enantiomer 6 showed no activity. All compounds were inactive
against SIRT3.

To extend our in vitro results on SIRT1/2 enzyme inhibition, the two

separated enantiomers of BPDZ 711 (4) were then tested in cellulo. Their
potential to modulate the acetylation levels of histone and non-histone
proteins was assessed in the human CML cell line K-562. Cells were
treated for 24 h with BPDZ 811 (5) and BPDZ 812 (6) at concentrations
of 0.1-25 pM (Fig. 11). The pan-HDAC inhibitor suberoylanilide
hydroxamic acid (SAHA) served as a positive control to induce protein
acetylation. We observed a concentration-dependent increase in
a-tubulin and histone H4 acetylation levels after treatment with BPDZ
811 (5), consistent with previously reported results for BPDZ 711 (4)
[9], but not with BPDZ 812 (6). The R-enantiomer 5 initiated protein
acetylation at low concentrations (0.5 pM). These findings confirmed
that the R-enantiomer 5 is the eutomer inhibiting the sirtuin-mediated
deacetylation of histone and non-histone proteins in K-562 leukemia
cells.

The R-enantiomer of BPDZ 711 (5) functions as the eutomer by
directly inhibiting the deacetylase activity of sirtuin enzymes SIRT1 and
SIRT2 in K-562 leukemia cells. This inhibition likely occurs through the
binding of compound 5 to the catalytic domain of these enzymes, where
its specific three-dimensional configuration allows for optimal in-
teractions such as hydrogen bonds or hydrophobic contacts within the
active site, thus interfering with the ability of SIRTs to deacetylate
substrate proteins. Additionally, compound 5 may compete with the
binding of NAD™, the essential cofactor of sirtuin-catalyzed deacetyla-
tion reactions, disrupting sirtuin activity. As a result, there is an increase
in the acetylation levels of SIRT1 and SIRT2 substrates, including his-
tone H4 and non-histone proteins like a-tubulin, respectively. Elevated
histone acetylation leads to a more relaxed chromatin structure, pro-
moting transcriptional activation of genes involved in cell cycle arrest or
apoptosis. Increased acetylation of a-tubulin affects microtubule sta-
bility and dynamics, potentially disrupting mitotic spindle formation
and inhibiting cell division. Altogether. these findings confirm that
BPDZ 811 (5) is a potent and specific inhibitor of sirtuin-mediated
deacetylation, underscoring the importance of molecular configuration
in drug design and efficacy.

2.2.4. Effect on extracellular pH of K-562 treated cells
After treating K-562 cells with increasing concentrations of the two
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enantiomers (0.1-50 pM), the extracellular pH significantly decreased
after 24, 48, and 72h of treatment with the R-enantiomer BPDZ 811 (5),
similar to previously reported results for BPDZ 711 [9], but not with the
S-enantiomer BPDZ 812 (6) (Fig. 12). The acidification of the extracel-
lular medium increased with treatment duration, reaching its peak at
concentrations of BPDZ 811 between 1 and 5 pM. This acidification by
BPDZ 811 (5) could be attributed to an enhanced lactic acid release due
to an increased glycolytic rate, as previously shown with the racemate 4
(BPDZ 711) [9].

2.2.5. Effect of BPDZ 711 enantiomers on the proliferation and viability of
cancer and healthy cells

The effect of the two enantiomers BPDZ 811 (5) and BPDZ 812 (6)
was tested after 24, 48, and 72 h of treatment on K-562 cell proliferation
and viability (Fig. 13A and Table 3). The R-enantiomer BPDZ 811 (5)
was found to be more potent than the S-enantiomer BPDZ 812 (6) in
inhibiting CML cell growth. The growth inhibition GIs values after 72 h
of treatment were found to be 0.9 uM for BPDZ 811 (5) and 14.7 uM for
BPDZ 812 (6) to be compared to the 1.3 uM reported for the racemate
BPDZ 711 (4) [9]. Furthermore, compound 5 did not exhibit significant
acute toxicity [lethal dose LDsg value > 50 pM] on K-562 cells, sug-
gesting that this enantiomer primarily acts as a cytostatic compound
against cancer cells similar to the racemate BPDZ 711 (4) [9] (Fig. 13A).

After 3 days of treatment, compounds BPDZ 811 (5) and BPDZ 812
(6) did not exhibit significant acute toxicity on the viability of non-
proliferating peripheral blood mononuclear cells (PBMCs) from
healthy adult donors (Fig. 13B). Phytohemagglutinin (PHA) was used to
stimulate PBMCs into the cell cycle and cause their immune activation, a
common immune proliferation model [18]. The effect of the two en-
antiomers BPDZ 811 (5) and BPDZ 812 (6) was assessed on the prolif-
eration and viability of proliferating PBMCs (P_PBMCs) (Fig. 13C). The
results showed that none of the compounds exhibited significant acute
toxicity on PHA-stimulated PBMCs, with LDsq values > 50 pM (Table 4).
However, the R-enantiomer 5 was found to be a more potent inhibitor of
P_PBMC proliferation (GIso = 7.2 pM) than the S-enantiomer 6 (Gl5y >
50 pM) or the racemate 4 (GIsg = 16.6 pM as previously reported in
Ref. [9]) (Table 4). The R-enantiomer 5 displayed a favorable differen-
tial toxicity for cancer cells with a selectivity factor of 8, comparable to
that reported for the racemate 4 [9] (Table 4).

2.2.6. Effect of BPDZ 711 enantiomers on cell death
We recently reported that compound BPDZ 711 (4) induced non-

canonical cell death in K-562 cells in a time- and concentration-
dependent manner. After 5 days of treatment, a necrotic cell death
was observed at 5-10 pM, while an apoptotic cell death occurred at
higher concentrations (25-50 pM) [9]. In the case of the separated en-
antiomers of BPDZ 711 (4), only the R-enantiomer 5 reproduced the
effects of 4 (Fig. 14A). After 5 days of treatment, a majority of propidium
iodide-positive (i.e., necrotic) cells were observed with 5 at 2.5-10 pM,
whereas the S-enantiomer 6 triggered primarily apoptotic cell death but
only at high concentrations (25-50 pM).

When comparing the effect of the enantiomers of BPDZ 711 (4) on
cell death in P_PBMCs, we showed that the treatments mainly triggered
apoptosis but only at the highest tested concentrations (Fig. 14B).
Additionally, LDsq values (Table 5) revealed that 5 days of incubation
with the R-enantiomer 5 selectively killed CML cells compared to
healthy proliferating cells with a selectivity factor of 20, consistent with
the published results for the racemate 4 [9]. In contrast, the S-enan-
tiomer 6 showed no selectivity.

The release of high mobility group box (HMGB1) in the extracellular
medium may reflect cellular stress associated with histone acetylation
[19]. Necrotic and damaged cells, but not apoptotic cells, passively
release HMGB1 [19]. As shown in Fig. 14C, only the R-enantiomer of
BPDZ 711 (4) induced HMGB1 release from K-562 cells, even at low
concentrations (0.25 pM). At higher concentrations (10 and 25 pM), a
progressive decrease in HMGB1 release was observed, as expected from
apoptotic cells.

Elevated concentrations of BPDZ 711 (4) or 811 (5) treatment lead to
more rapid canonical cell death induction (i.e. apoptotic) compared to
non-toxic but epigenetically-active concentrations associated with non-
canonical cell death (i.e. controlled necrosis) (Fig. 14) [9]. This rapid
induction of apoptosis is associated with RNA damage and ER stress
(data not shown). Accordingly, other studies have reported that higher
concentrations of HDAC inhibitors induce DNA damage [20] and/or ER
stress [21] that are not observed at lower concentrations. These obser-
vations are likely due to potential off-target effects achieved at higher
concentrations by any chemotherapeutic drug generating oxidative
stress and/or genotoxicity. Moreover, decreased expression or activity of
histone acetyltransferases (HATs) by (post)transcriptional or (post)
translational mechanisms was described [22]. Similarly, increased
expression/activity of SIRTs or other HDACS by (post)transcriptional or
(post) translational mechanisms were previously hypothesized [23].
Such regulatory mechanisms could also explain the differential effect
observed at the highest concentrations. Finally, modulation of the
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availability of metabolic cofactors of HDACs/HATS could impact the
activity of these enzymes [24].

3. Conclusion

The synthesis of the two enantiomers of BPDZ 711 (4) was achieved
through the reaction of 3-cyanophenyl isocyanate with the R- and S-
amine precursors, which were obtained by chiral column chromatog-
raphy. Moreover, the two enantiomers were separated from the race-
mate by preparative chiral column chromatography, yielding the R- and
the S-isomers with high enantiomeric purity [enantiomeric excess: 99.0
% for R-BPDZ 711 (5) and 98.7 % for S-BPDZ 711 6)].

A conformational study revealed that BPDZ 711 (4) and its separated
enantiomers may exist in multiple conformations in solution and may
not necessarily adopt the same conformation when interacting with
their diverse biological targets.

The R- and S-enantiomers of BPDZ 711 (4) were evaluated in
different biological assays (inhibition of insulin release from pancreatic
p-cells, oxygraphic measurements in K-562 cells, inhibitory activity on
SIRT1/2, increased protein acetylation in K-562 cells, acidification of
the extracellular pH from K-562 treated cells, inhibition of K-562 cell
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proliferation and viability, differential effect on viability and prolifera-
tion of healthy PBMCs, alteration of the nuclear morphology of K-562
cells and HMGBI release). In all assays, the R-enantiomer of BPDZ 711
(BPDZ 811, 5) was consistently more active than the S-enantiomer
(BPDZ 812, 6), supporting the conclusion that the R-enantiomer 5 is the
reference compound for future anticancer drug discovery development.

4. Experimental section
4.1. Chemistry
4.1.1. Synthesis and enantiomeric separation

4.1.1.1. General procedures. Melting points were determined on a Biichi
Tottoli capillary device and were uncorrected. The 'H and '3C NMR
spectra were recorded on a Bruker Advance (500 MHz) instrument using
deuterated dimethyl sulfoxide (dg-DMSO) as the solvent with tetrame-
thylsilane (TMS) as an internal standard; chemical shifts are reported in
§ values (ppm) relative to that of internal TMS. The abbreviations s =
singlet, d = doublet, ¢ = quadruplet, m = multiplet, dd = doublet of
doublet, and bs = broad singlet are used throughout. Elemental analyses

NOESY

N
H

. H.
N H g N S

>'/O\IgN \©\)j< %/o\gN
(0] 0 (o]

12 (conf. A)

w
8
f1 (ppm)

@-
s
8

110

120

130

T R e e i B e e S e s s r T T
96 95 94 93 92 91 9.0 89 88 87 86 85 84 83 82 81 80 7.9 7.8 77 7.6 7.5 74 7.3 7.2 7.1 7.0 69 68 6.7 6.6 65 64 63 6.2 6.1
f2 (ppm)

Fig. 8. A: Structure of compound 4 (showing a possible equilibrium between conformation A and conformation C) and its thiourea analog compound 12. B-C: '°N-'H
HSQC spectrum of compound 4 (B) and compound 12 (C) confirming that the hydrogen atoms are linked to the nitrogen atoms of the urea [NH(2) and NH(3)] and
the thiourea [NH(1) and NH(3)] functions. D-E: 'H two-dimensional NOE spectroscopy (NOESY) experiment performed on 4 (D) and 12 (E) by saturation of the

signal of the N-H proton directly linked to the phenyl ring.
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Table 1
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Effect of BPDZ 711 (4) and its enantiomers BPDZ 811 (5, R-BPDZ 711) and BPDZ 812 (6, S-BPDZ 711) on the glucose-induced insulin release from rat pancreatic islets.
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BPDZ 711 (4) BPDZ 811 (5) BPDZ 812 (6)
Compound Residual insulin secretion” ICs0 (UM)
% at 10 pM % at 1 pM % at 0.5 pM % at 0.1 pM
BPDZ 711 (4) 7.4 £1.0 (25)" 15.6 + 1.2 (20)" 28.6 + 1.8 (21)° 82.0 + 4.6 (30)" 0.24"
BPDZ 811 (5) 9.3+ 0.9 (21) 22.8 + 3.3 (15) 31.0 + 3.1 (15) 89.7 + 4.5 (16) 0.27
BPDZ 812 (6) 58.6 + 2.6 (23) 103.1 + 7.0 (15) 107.9 + 5.7 (15) 109.5 + 9.5 (15) >10

# Percentage of residual insulin release from rat pancreatic islets incubated in the presence of 16.7 mM glucose [mean + SEM (n)].

b published compound and results (ref. [5]).



M. Schnekenburger et al.

European Journal of Medicinal Chemistry Reports 13 (2025) 100244

A
DMSO
w > -
= 3 g
% 0 13 LGS
2 3
z 2 \/\f '§ w0 5
S 8 .
£ = w 2
¢ e - 8
x / T e " 1
) ole= F ——_or——a——__|0 g
0:00 0:38 0:46
R.‘ﬂ"‘ "Vl'\l Q48 s hee o
BPDZ 711 (4)
= ~ "w é
£ 3 £
£ 5
T w0 g 2 =
13 ©
£ é £
5 0 3
° E
€ »0 0 5
8w » =
S =
oLl ey VAL e 1y °
0:00 o007 0:15 0:.46
Rmmth"w\l 946 s e o Ar
B
BPDZ 811 (5)
an I o0
£ 1o g 120 3
2 3 3
£ 120 = % £
§ ) 2
f ow ™ 2
i S 5
Y f \ -
© 0 r‘———-\fﬁnnr\/—”\nr-~ 0 9

0:00 0:08 0:16

0:40 0:48

Rq\go |h mln): 0:48

BPDZ 812 (6)

0, concentration (nmol/ml)

o " —

3 5

H w £

3 3

N

- o0 2

S g

o J H _‘\M‘/ -

=

0 Lo —— o o
0:00 0:08 0:16 0:24 0:32 0:40 0:48

Rapge h:mink,0:48 ., /.. ves et YA

Fig. 9. Representative slope curves obtained from K-562 cells using oxygraphy in the presence of 4 (BPDZ 711), 5 (BPDZ 811), and 6 (BPDZ 812) at a final con-
centration of 10 pM: (A) control experiment (upper panel: DMSO) compared to the experiment conducted with 4 (lower panel: BPDZ 711); (B) experiments con-

ducted with 5 (upper panel: BPDZ 811) and 6 (lower panel: BPDZ 812).

(C, H, N, S) were realized on a Thermo Scientific Flash EA 1112
elemental analyzer and were within +0.4 % of the theoretical values for
carbon, hydrogen, and nitrogen. This analytical method certified a pu-
rity of >95 % for each tested compound. All reactions were routinely
checked by TLC on silica gel Merck 60 F254. Compounds BPDZ 711 (4),
11, and 12 were obtained as previously described [4,5].

4.1.1.2. Enantiomeric separation of the amines 8 and 9. The following
chromatographic conditions were used for the separation of the two
enantiomers of compound 7 (Scheme 1). Precolumn: Chiralcel OD-H 10
x 20 mm, 5 pm; column: Chiralcel OD-H 2 x 25 cm, 5 pm; mobile phase:
hexane/isopropanol (60:40); sample of compound injected: 25 mg/mL;
injection volume: 1 mL; flow rate: 10 mL/min.

A sample of compound 8 was converted into the S-naproxenate salt
after a reaction of the amine with an equimolar amount of S-naproxen in

methanol (compound 10: 50 mg; 0.17 mmol + S-naproxen: 39.4 mg;
0.15 mmol). The solution was subjected to a slow evaporation until salt
crystals appeared. The crystals were carefully collected and dried.
(R)-6- [(tert-butoxycarbonyl)amino] -2,2-dimethylchroman-4-

aminium (S)-2-(6-methoxynaphthalen-2-yl)propanoate (10). White
crystals; 'H NMR (DMSO-dg) 6 1.17 (s, 3H, CHs), 1.32 (s, 3H, CHs), 1.43
(d, J = 7.1 Hz, 3H, CH3 pap), 1.45 (s, 9H, NHCOOC(CH3)3), 1.52 (m, 1H,
3-Ha), 2.00 (dd, J = 13.1 Hz/6.0 Hz, 3-Hb), 3.39 (bs, 3H, NH3), 3.77 (q,
J =7.1Hz, 1H, CHy,p), 3.82 (dd, J = 11.0 Hz/6.0 Hz, 1H, 4-H), 3.86 (s,
3H, OCH3 pnap), 6.55 (d, J = 8.7 Hz, 1H, 8-H), 7.05 (d, J = 7.6 Hz, 1H, 7-
H),7.14(dd, J = 8.9 Hz/2.1 Hz, 1H, 7-Hp,p), 7.28 (d, J = 1.4 Hz, 1H, 5-
Huap), 7.40 (d, J = 8.3 Hz, 1H, 2-Hyap), 7.64 (s, 1H, 5-H), 7.70 (s, 1H, 10-
Hyap), 7.75 (d, J = 8.6 Hz, 1H, 3-Hyap), 7.78 (d, J = 9.0 Hz, 1H, 8-Hp,p),
8.97 (s, 1H, NHCOOC(CH3)3). Anal. (C3pH3gN2Og) theoretical: C, 68.94;
H, 7.33; N, 5.36. Found: C, 68.89; H, 7.25; N, 5.73.
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Table 2
Inhibitory activity of BPDZ 711 (4) and its enantiomers BPDZ 811 (5, R-BPDZ
711) and BPDZ 812 (6, S-BPDZ 711) on SIRT1, -2, and -3 activities.

Compound ICs0 (uM)”

SiRT1 SiRT2 SiRT3
BPDZ 711 (4) 6.6 + 1.0 44+ 1.5 >100
BPDZ 811 (5) 3.8+13 3.2+0.6 >100
BPDZ 812 (6) >100 >100 >100

@ 1Csp values: the concentration of drug required to inhibit 50 % of the spec-
ified sirtuin (SIRT) activity (mean + SD of 3 independent experiments). ICsq
values were calculated from the inhibitory dose—response curves using the
negative solvent control DMSO set to 100 % activity.

4.1.2. Synthesis of compounds 5 and 6

Compounds BPDZ 811 (5) and BPDZ 812 (6) were obtained ac-
cording to the synthetic process previously described for the racemic
compound BPDZ 711 (4) [5], starting from compounds 8 and 9,
respectively.

BPDZ 711 enantiomer (uM)

D 01 025 05 1 2.5 5 10

25
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4.1.3. Enantiomeric separation of the enantiomers of BPDZ 711 (4)

The following chromatographic conditions were used for the sepa-
ration of the two enantiomers of BPDZ 711 (4). Precolumn: Chiralcel
OD-H 10 x 20 mm, 5 pm; column: Chiralcel OD-H 2 x 25 cm, 5 pm;
mobile phase: hexane/isopropanol (50:50); sample of compound injec-
ted: 25 mg/mL; injection volume: 1 mL; flow rate: 10 mL/min. The
elution order is R-BPDZ 711 (5) and S-BPDZ 711 (6) [enantiomeric
excess: 99.0 % for R-BPDZ 711 (5) and 98.7 % for S-BPDZ 711 (6)]. After
6 runs of 25 mg/mL of the racemate (150 mg BPDZ 711), the following
amount of each enantiomer was obtained; R-enantiomer: 63 mg (42 %);
S-enantiomer: 70 mg (47 %).

(R)-N-3-cyanophenyl-N’-(6-tert-butoxycarbonylamino-3,4-
dihydro-2,2-dimethyl-2H-1-benzopyran-4-yl)urea (5). White solid;
melting point: 188.5-191 °C. H NMR (DMSO-dg) 6 1.25 (s, 3H, CHs),
1.36 (s, 3H, CHj3), 1.42 (s, 9H, NHCOOC(CH3)3), 1.73 (m, 1H, 3-Ha),
2.08 (dd, J = 13.2 Hz/6.3 Hz, 3-Hb), 4.93 (dd, J = 9.0 Hz/8.1 Hz, 1H, 4-
H), 6.63 (d, J = 8.8 Hz, 1H, 8-H), 6,73 (d, J = 8.6 Hz, 1H, CHNHCON-
HAr), 7.17 (d, J = 6.7 Hz, 1H, 7-H), 7.37 (d, J = 7.6 Hz, 1H, 4-H), 7.41
(bs, 1H, 5-H), 7.46 (t, J = 8.0 Hz, 1H, 5-H), 7.64 (d, J = 9.4 Hz, 1H, 6-
H), 8.01 (d, J = 1.6 Hz, 1H, 2"-H), 8.92 (s, 1H, CHNHCONHAr), 9.07 (bs,
1H, NHCOOC(CH3)3). Anal. (Co4HogN40O4) theoretical: C, 66.04; H, 6.47;
N, 12.84. Found: C, 65.92; H, 6.72; N, 13.03.

(S)-N-3-cyanophenyl-N’-(6-tert-butoxycarbonylamino-3,4-dihy-
dro-2,2-dimethyl-2H-1-benzopyran-4-yl)urea (6). White solid;
melting point: 178-182 °C. 'H NMR (DMSO-dg) 6 1.25 (s, 3H, CHs), 1.36
(s, 3H, CH3), 1.42 (s, 9H, NHCOOC(CH3)3), 1.73 (m, 1H, 3-Ha), 2.08 (dd,
J =13.2 Hz/6.2 Hz, 3-Hb), 4.93 (dd, J = 9.0 Hz/8.1 Hz, 1H, 4-H), 6.63
(d, J = 8.8 Hz, 1H, 8-H), 6,73 (d, J = 8.5 Hz, 1H, CHNHCONHAr), 7.17
(d, J =7.1Hz, 1H, 7-H), 7.37 (d, J = 7.6 Hz, 1H, 4-H), 7.41 (bs, 1H, 5-
H),7.46 (t,J = 8.0 Hz, 1H, 5"-H), 7.64 (d, J = 8.4 Hz, 1H, 6-H), 8.01 (t, J
= 1.5 Hz, 1H, 2-H), 8.92 (s, 1H, CHNHCONHATr), 9.07 (s, 1H, NHCOOC
(CH3)3). Anal. (Co4HogN4O4) theoretical: C, 66.04; H, 6.47; N, 12.84.
Found: C, 65.85; H, 6.51; N, 12.56.

4.1.4. Crystallographic measurements on compound 10 and compound 11

Single-crystal X-ray diffraction data were collected using the Oxford
Diffraction Gemini R Ultra diffractometer (Cu Ka, multilayer mirror,
Ruby CCD area detector). Data collection, unit cell determination, and
data reduction were carried out using the CrysAlisPRO software package
[25]. Using Olex2 [26] and ShelXle [27], the structure was solved with
the SHELXT 2015 [28] structure solution program by Intrinsic Phasing
methods and refined by full-matrix least-squares on |F|? using
SHELXL-2018/3 [26-29,29-31]. Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed on calculated positions in
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riding mode with temperature factors fixed at 1.2 times Ueq of the parent
carbon atoms (1.5 times for methyl groups).

Crystal Data for 10: C3oH3gN20g (M = 522.62 g/mol): monoclinic,
space group P2; (no. 4), a=13.1090(8) A, b =5.9511(4) A, ¢ = 18.0407
(10) A, p = 93.239(6)°, V = 1405.16(15) A%, Z = 2, T = 295(2) K, p(Mo
Ka) = 0.086 mm ™Y, Dge = 1.235 g/cm3, 20845 reflections measured
(6.226° < 20 < 52.842°), 5744 unique (Rjy; = 0.0315, Rsigma = 0.0290)
which were used in all calculations. The final Ry was 0.0359 (I > 2c6(1)),
and wR, was 0.0863 (all data).

Crystal Data for 11: C31H22N404 (M = 394.42 g/mol): monoclinic,
space group I2/a (no. 15), a = 16.2893(5) A, b = 9.2649(3) A, ¢ =
25.9062(8) A, § = 97.897(3)°, V = 3872.7(2) A%, Z = 8, T = 295(2) K,
p(Mo Ka) = 0.096 mm ', D,y = 1.353 g/cm®, 19606 reflections
measured (4.674° < 20 < 65.564°), 6537 unique (Rint = 0.0224, Rsigma
= 0.0277) which were used in all calculations. The final R; was 0.0497
(I > 20(1)), and wR5 was 0.1399 (all data).

4.2. Biological assays

4.2.1. Insulin release from rat pancreatic islets
The method used to measure insulin release from incubated rat
pancreatic islets was previously described [7].

4.2.2. Cell culture

The human chronic myelogenous leukemia K-562 cell line (Cat#
ACC-10, Research Resource Identifier: CVCL_0004) was obtained from
the Deutsche Sammlung fiir Mikroorganismen und Zellkulturen
(Braunschweig, Germany). PBMCs from healthy adult human donors
were isolated, as previously reported [32]. P_PBMCs were obtained and
generated as previously described [32].

PBMCs and P_PBMCs were used with the approval of the National
Research Ethics Committee of Luxembourg. PBMCs were isolated from
blood obtained from the Red Cross (Luxembourg, Luxembourg) under
the authorization LBMCC-2019-0002: "Assessment of toxicity of new

11

drugs or drug combinations in preclinical development in non-
proliferating peripheral blood mononuclear cells (systemic acute
toxicity)". P_PBMCs were generated from blood obtained from the Red
Cross under the authorization LBMCC-2019-0001: "Assessment of dif-
ferential toxicity of new drugs or drug combinations in preclinical
development in ex-vivo proliferating peripheral blood mononuclear
cells vs. proliferating cancer cells."

All cell models were maintained at 37 °C in a humid atmosphere with
5 % CO, in Roswell Park Memorial Institute (RPMI)-1640 medium
containing 1 % antibiotics (streptomycin and penicillin) and anti-
mycotics (Lonza, Verviers, Belgium) and 10 % heat-inactivated fetal
bovine serum (Lonza).

4.2.3. Oxygraphy measurements on K-562 cells

The principle of respirometry in a closed chamber is based on
monitoring oxygen consumption concentration, which decreases as the
biological sample consumes oxygen [33]. The rate of Oy consumption by
10% K-562 cells was monitored in 2 mL of air-saturated DMEM with
polarographic oxygen microelectrodes (Oroboros Oxygraph, Paar, Graz,
Austria) at 37 °C. Each compound was added at the final concentration
of 10 pM from the stock solution (1 mM, 100x dilution) prepared in
DMSO. Twenty microliters of the 1 mM stock solution of cromakalim or
DMSO used as a vehicle or benzopyrans (BPDZ 711, BPDZ 811, and
BPDZ 812) were added to the cell (1x1 0°® cells) suspension about 10 min
after the start of the cellular respiration (closing the chamber, 2 mL of
total volume). Each experiment was performed independently in tripli-
cate, unless otherwise indicated.

To evaluate the compounds’ effects on mitochondrial parameters,
the experiment was conducted in the presence of substrates (1 pL of
oligomycin 2.5 pM, and successive additions of 2 pL of FCCP 1 pM until
reaching maximal respiration) and inhibitors (1 pL of rotenone 0.5 pM
and 1 pL of antimycin A 1 pM).
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Fig. 13. Effect of BPDZ 711 enantiomers on the proliferation and viability of chronic myeloid leukemia and healthy cells. K-562 chronic myeloid leukemia cells (A)
and non-proliferating (B) or proliferating (C) peripheral blood mononuclear cells from healthy donors were treated with increasing concentrations of the indicated
BPDZ 711 enantiomers. After 72h of incubation or the indicated time points, cell proliferation and viability were assessed using the Trypan blue exclusion test. Data
represent the mean =+ SD of three independent experiments. P values were calculated by one-way ANOVA with Dunnett’s multiple comparison test. * and ** indicate

P < 0.05 and P < 0.01, respectively, versus control cells.

Table 3

Effect of BPDZ 711 (4) and its enantiomers BPDZ 811 (5, R-BPDZ 711) and BPDZ
812 (6, S-BPDZ 711) on leukemia cells.

K-562 chronic myeloid leukemia cells were treated with a range of concentra-
tions of the indicated compound, and the proliferation was evaluated by Trypan
Blue exclusion assay after 72h of incubation (see Fig. 13A for details).

Time (h) Glso (UM)*

BPDZ 711 (4)° BPDZ 811 (5) BPDZ 812 (6)
24 5.0+ 0.7 43+0.9 233+ 1.8
48 2.5+ 0.4 1.4+ 0.3 15.7 + 2.3
72 1.34+0.1 0.9+0.1 14.7 £ 1.0

# Glso: drug concentration responsible for inhibiting 50 % of the cell growth
(mean + SD of 3 independent experiments). Glso values were calculated from
the inhibitory dose—response curves using the control set to 0 %.

b Data obtained in the same experimental conditions and published in Ref. [9].

4.2.4. In vitro HDAC activity assay
Sirtuin 1-3 activity assays were carried out as previously described
[34].

4.2.5. Protein extraction and western blotting
All the procedures were performed as described in Ref. [7].

4.2.6. Extracellular pH determination

The pH of the cell culture media was measured using a Cyberscan
500 pH meter (ThermoFisher Scientific, Erembodegem-Aalst, Belgium)
equipped with a pH electrode (ThermoFisher Scientific).

Table 4

Effect of BPDZ 711 (4) and its enantiomers BPDZ 811 (5, R-BPDZ 711) and BPDZ
711 (6, S-BPDZ 812) on healthy cells.

Proliferating peripheral blood mononuclear cells from healthy donors were
treated with a range of concentrations of the indicated compounds, and the
proliferation and viability were evaluated by Trypan Blue exclusion assay after
72h of incubation (see Fig. 13C for details).

Compound Glso (uM)? LDso (pM)h Selectivity factor for cancer cells®
BPDZ 711 (4)° 16.6 + 4.4 >50 12.8 +£ 0.3

BPDZ 811 (5) 7.2+1.0 >50 8.0+ 0.8

BPDZ 812 (6) >50 >50 N.A.

# Glsp: drug concentration responsible for inhibiting 50 % of the cell growth
(mean + SD of 3 independent experiments). GI50 values were calculated from
the inhibitory dose—response curves using the control set to 0 %.

b 1.D50: drug concentration responsible for the induction of 50 % of cell death
(mean =+ SD of 3 independent experiments).

¢ Selectivity factor as the ratio Glso(healhy)/GIso(CML).

d Data obtained in the same experimental conditions and published in Ref. [9].
N.A.: not applicable.

4.2.7. Cell viability and proliferation test

Cell concentration and viability were measured using an automated
image-based cell analyzer (LUNA-FX7TM; Logos Biosystems, Westburg
Life Sciences) based on Trypan blue exclusion staining (Roche). The
percentage of cell growth inhibition (GI) was determined using the
formula: [(Cy - Co) - (Ty, - To)1/(Cy - Co) x 100 where Cy, Cp, To, and Ty
represent the number of control (C) or treated (T) cells/mL at time 0 and
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Fig. 14. Effect of BPDZ 711 enantiomers on cell death. K-562 chronic myeloid leukemia cells (A, C) and proliferating peripheral blood mononuclear cells from
healthy donors (B) were treated with increasing concentrations of the indicated BPDZ 711 enantiomers. (A, B) Quantification of apoptotic, PI-positive and living cell
populations based on nuclear morphology analyses after the indicated time of treatment. (C) Quantification of HMGBI1 release in the cell culture supernatant after 4
days of incubation. Data represent the mean + SD of three independent experiments. P values were calculated by one-way ANOVA with Dunnett’s multiple com-
parison test. * and ** indicate P < 0.05 and P < 0.01, respectively, versus control cells.

time n, respectively.

4.2.8. Analysis of nuclear morphology by fluorescence microscopy
Nuclear morphology analyses were performed as previously
described [35].

4.2.9. Quantification of HMGBI in supernatants

The release of HMGBI in the cell culture supernatants was quantified
using an HMGB1 ELISA kit (TECAN, IBL, Gent, Belgium) following the
manufacturer’s instructions.

4.2.10. Statistical analysis and additional analyses

Statistical analyses were performed using Prism software (v10.2.3).
The significance threshold for P values was set below 0.05.

Reported viability and GI values were used to determine the con-
centration of the drug responsible for the inhibition of 50 % (ICsg) of the
viability and proliferation, namely lethal dose 50 (LDsp) and Glso,
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respectively, using a log(inhibitor) vs. normalized response nonlinear
regression performed with the Prism software.
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Table 5

Effect of BPDZ 711 (4) and its enantiomers BPDZ 811 (5, R-BPDZ 711) and BPDZ
812 (6, S-BPDZ 711) on cell death.

K-562 chronic myeloid leukemia cell line and proliferating peripheral blood
mononuclear cells (P_PBMCs) from healthy donors were treated with a range of
concentrations of the indicated compounds. After 5 days of incubation, the
proportion of cell death was determined by nuclear morphology analyses (see
Fig. 14A and B for details).

Compound K-562,LDs P_PBMC, LDsq Selectivity factor for
(uM)* (uv)? cancer cells”
BPDZ 711 2.7 £0.7 58.0 £ 3.9 21.2+ 0.2
[CON
BPDZ 811 (5) 1.4+0.2 27.6 £7.7 199+ 0.3
BPDZ 812 (6) 54.0 £ 9.5 422 +£11.1 0.8 +£0.3

# LDsy: drug concentration responsible for the induction of 50 % of cell death
(mean =+ SD of 3 independent experiments).

b Selectivity factor as the ratio Glsg(healthy)/GIso(CML).

¢ Data obtained in the same experimental conditions and published in Ref. [9].
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