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The synthesis of 17 hybrid molecules, consisting of artesunate, a derivative of naturally occurring
artemisinin, and synthetic 4-aryl-2-aminopyrimidines, is described. New compounds were designed to
improve the parent compounds’ cytotoxic properties, activity, and selectivity. The synthesized hybrid
molecules (15a—f with ethylenediamine linker and 16a—k with piperazine linker), as well as their precur-
sors — pyrimidine derivatives (13a—f and 14a-k), artemisinin, and artesunate, were tested on sensitive
and multidrug-resistant (MDR) human non-small cell lung carcinoma (NSCLC) cells. All hybrid
compounds with piperazine linker 16a—k were selective toward NSCLC cells and displayed ICsq values
below 5 puM. Although they showed similar anticancer potency as artesunate, their selectivity against
cancer cells was considerably improved. Importantly, 16h—k hybrid compounds were able to evade
MDR phenotype, inhibit P-glycoprotein (P-gp) activity, and increase the sensitivity of MDR NSCLC cells
to doxorubicin (DOX). The inhibition of P-gp activity induced by 16h—j was stronger than the one
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obtained with artesunate. Among these four hybrid compounds, 16k was the most potent anticancer
agent with similar ICsq values of around 1.5 uM (for comparison — over 3.1 uM for artesunate) in sensitive
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Introduction

Natural products possess complex molecular architecture and
high functional density, which are necessary for their strong
and selective interactions with biomolecular targets. Since at
least the late 1990s, it was clear that compounds resembling
natural products or those exploiting natural product motifs or
topologies were invaluable in medicinal chemistry." Due to
increasing resistance to currently available drugs, developing
new effective medications with improved pharmacological
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properties is crucial.> Almost 50% of anticancer drugs launched
between the 1940s and 2014 were inspired by, or based on,
natural products.® Even though natural products are good lead-
compounds, additional chemical synthetic transformations are
needed to obtain “tailor-made” final structures.” To this end, it
has often been proven useful to fuse two different pharmaco-
phores, where one or both may be inspired by naturally
occurring molecules. The concept of hybrid molecules has
moved on from its initial concept (one component targets a
specific location within the patient, while the other exercises
biological activity), and now enables significant improvements
in the physicochemical and pharmacokinetic properties of the
compound, such as ADMET, solubility, acidity, or biding con-
stants to the target.” In 1972, artemisinin 1, a natural sesqui-
terpene lactone, was isolated for the first time from Artemisia
annua (sweet wormwood), a plant used in traditional Chinese
medical practice to treat fever (Fig. 1).° Artemisinin was dis-
covered by Prof. Youyou Tu in a project focused on developing
antimalarial medications. For her work, Prof. Tu received the
Nobel Prize in Physiology or Medicine in 2015.” Derivatization
of artemisinin at the C-10 position has led to the synthesis of
several new compounds including dihydroartemisinin 2, arte-
mether 3, arteether 4, and artesunic acid (artesunate) 5 (Fig. 1).%
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Fig. 1 Structures of artemisinin 1 and its derivatives.

The synthesis of new artemisinin derivatives is of significant
interest in medicinal chemistry due to the low bioavailability
and unfavorable pharmacokinetic profile of artemisinin.” Arte-
sunate 5, a semisynthetic compound is obtainable from artemi-
sinin 1 via the reduction of artemisinin into dihydroartemisinin
2 followed by esterification using succinic anhydride."® Com-
pared to artemisinin, artesunate displayed improved absorp-
tion, solubility, and pharmacokinetics.'" Investigations of the
biological activity of artemisinin and artesunate derivatives have
shown that, in addition to being used for the effective treatment
of malaria, these derivatives exhibited also anticancer activity
against a wide variety of cancer cell lines, such as leukemia,
melanoma, lung, colon, renal, ovarian, prostate, and breast, as
well as the potential for the treatment of lupus and activity
against several viruses.'” The endoperoxide bridge is the key
structural moiety of artemisinin derivatives responsible for their
antimalarial and anticancer activity."> The mechanisms via
which artesunate induces anticancer activity and its impact on
cell death include: autophagy and apoptosis induction, anti-
angiogenesis, ferroptosis, and proliferation inhibition.""*?

The pyrimidine scaffold is an important building block in
medicinal chemistry, being present in numerous biologically
active compounds with anticancer, antiviral, antibacterial, anti-
inflammatory, and antimalarial activity. The importance of
substituted pyrimidines is evidenced by the presence of the
pyrimidine moiety in many natural products and approved
drugs."*" Additionally, pyrimidine derivatives show promising
anticancer activity as reflected in the number of pyrimidine-
containing FDA-approved drugs (Fig. 2) such as Imatinib (Gli-
vec®™) 6, Pazopanib (Votrient™) 7, Encorafenib (Braftovi®) 8, as
well as many drug candidates undergoing clinical phase trials."®

Globally, lung cancer is the deadliest cancer with 18.4% of
all cancer-related deaths according to World Health Organiza-
tion 2020."7 The diagnosis is usually made in the advanced
stage of the disease and therefore the 5 year survival rate is low
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Fig. 2 Pyrimidine-containing drugs in cancer therapy.

(10-20% for the majority of countries in the world)."® Addition-
ally, lung cancer is hard to treat due to the development of
multidrug resistance (MDR)."® The most relevant mechanism
of MDR is the overexpression and increased activity of
P-glycoprotein (P-gp) which acts as a membrane transporter
capable to extrude various xenobiotics as well as anticancer
agents.>® P-gp contributes to the acquired MDR developed after
chemotherapy and targeted therapy in many different cancer
types including non-small cell lung carcinoma (NSCLC).”!
Although advances in sequencing technology and target
identification enabled the implementation of personalized
therapy approaches, only 3-9% of NSCLC patients respond to
recommended targeted therapy.” Therefore, other approaches
for the achievement of optimal therapy should be considered.
Artesunate and some of its newly reported derivatives showed
considerable activity against P-gp in cancer cells.>*** Therefore,
our aim was to elucidate whether hybrid compounds formed of
two well-known anticancer pharmacophores (artesunate and
pyrimidine) interact with the MDR phenotype in NSCLC cells
and modulate the P-gp activity. Preferable anticancer features
of novel compounds should include low or no resistance in
MDR cancer cells, inhibitory or evading activity against P-gp,
and high selectivity toward cancer cells. To that end, a pair of
sensitive (NCI-H460 without P-gp expression) and MDR (NCI-
H460/R with P-gp expression) NSCLC cell lines, and lung
fibroblast cells (MRC-5), as control normal cells, comprised a
model system for our investigations.

Results and discussion
Chemistry

Our study aimed to develop an efficient method for synthesiz-
ing new artesunate derivatives with improved pharmacological
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Scheme 1 Suzuki—Miyaura cross-coupling reaction of 2,4-
dichloropyrimidines 9a—c with arylboronic acids 10a—e.

properties by connecting two pharmacophores (artesunic acid
and pyrimidine derivatives).

In order to obtain pyrimidine derivatives, which would later
be connected with artesunic acid, commercially available 2,4-
dichloropyrimidines 9a—c were coupled with different arylboro-
nic acids 10a-e in the presence of the palladium catalyst.
Products of the Suzuki-Miyaura reaction 11a-i were obtained
in good yields (Scheme 1).>® With the aim to further derivatize
the pyrimidine core and create a linkage point for the artesunic
acid, diamino moiety was introduced in the C-2 position.
Compounds 11a-i were subjected to nucleophilic aromatic sub-
stitution with different mono Boc-protected amines 12a and 12b*®
in the presence of K,COj; and 1,4-dioxane (Scheme 2). The desired
pyrimidine derivatives 13a—f and 14a-k were obtained in good to
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excellent yields upon N-deprotection of an amino group using TFA
(Scheme 2). We envisioned that the connection between artesunic
acid and pyrimidine derivatives would be accomplished via amide
bond formation, which will result in the synthesis of hybrid
molecules that contain two pharmacophores (artesunic acid and
pyrimidine scaffold, Scheme 3). The amide bond formation is
commonly applied in the synthesis of hybrids owing to its
simplicity, stability, high product yield and selectivity. Using this
methodological approach, artesunic acid 5 was reacted with
different pyrimidine derivatives, 13a-f with ethylenediamine lin-
ker, as well as 14a-k with piperazine linker, in the presence of
HOBt and EDCI at room temperature and the target compounds
15a-f and 16a-k were synthesized in moderate to good yields.>’

Biological evaluation

Preliminary screening of artemisinin, artesunate, pyrimi-
dine derivatives and corresponding hybrid compounds. Preli-
minary screening of 13a-f, 14a-k, 15a-f, and 16a-k was
performed on sensitive NCI-H460 and resistant NCI-H460/R
cells using two concentrations of 5 uM and 30 uM (Fig. 3 and
Fig. S1 ESLt respectively). The cell growth inhibition levels
achieved by novel compounds were compared with levels
obtained by artemisinin and artesunate (Fig. 3 and Fig. S1,
ESIt).

Preliminary screening showed that hybrid compounds
(15a-f and 16a-k) were more potent anticancer agents than
pyrimidine derivatives (13a-f and 14a-k) (Fig. 3 and Fig. S1,
ESIT). Upon 5 pM treatment, almost all hybrid compounds
(with an exception of 15a) reached 50% of cell growth inhibi-
tion in NCI-H460. Among pyrimidine derivatives, only 14k
inhibited the growth of NCI-H460 cells by more than 50%.
Worth noting, 14k was the most potent anticancer agent (it
reached around 90% of cell growth inhibition) showing no
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Scheme 2 Synthesis of 4-aryl-2-aminopyrimidines 13a—f and 14a—k.
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Fig. 3 Preliminary screening of novel pyrimidine derivatives and hybrid
compounds. Artemisinin (white bar), artesunate (red bar), 13a—f and 14a—k
(grey bars), and 15a—f and 16a—k (black bars) were applied to NCI-H460
and NCI-H460/R cells at a concentration of 5 uM. The average percentage
of cell growth inhibition and standard deviation were calculated according
to MTT results assayed after 72 h treatment (n > 3). The blue dashed line
indicates 50% of cell growth inhibition.

difference in the sensitivity of NCI-H460 and NCI-H460/R cells.
Since 14k was the only 6-phenyl pyrimidine derivative among
11 derivatives of this type, the possible activity could be
ascribed to this phenyl substituent. Artemisinin had a poor
effect on both cell lines, while artesunate achieved a consider-
able level of the cell growth inhibition (above 50% in NCI-H460

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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cells). The sensitivity of NCI-H460 and NCI-H460/R cells to
novel compounds differed. The majority of compounds showed
decreased efficacy in resistant NCI-H460/R cells (Fig. 3).

Assessment of resistance profile and selectivity toward can-
cer cells. Pyrimidine derivative 14k and all hybrid compounds
(15a-f and 16a-k) were selected for the examination of resistance
and selectivity profiles according to “Relative Resistance” and
“Selectivity Index”, respectively (Table 1). Cell growth inhibition of
sensitive NCI-H460, resistant NCI-H460/R, and normal MRC-5 cells
induced by the concentration range of artemisinin, artesunate, and
selected compounds was assessed by MTT and evaluated by ICs,
values (Table 1 and Fig. S2, S3, ESIY).

Artesunate showed a significant anticancer potential with
IC5, values lower than 5 pM in both cancer cell lines. The effect
of artemisinin was poor with ICs, values over 100 uM. Both
artesunate and artemisinin effects were not compromised in
NCI-H460/R cells whose resistance was induced by doxorubicin
(DOX) application.”® However, other authors showed a signifi-
cant resistance to artesunate in doxorubicin-resistant leukemia
cells (K562/ADR).>® Additionally, artemisinin and artesunate
were not selective against NSCLC cells. A recent publication
reported similar results with artesunate showing no selectivity
against breast cancer cells (MCF-7) in comparison with MRC-5
cells.?® Pyrimidine derivative 14k and hybrid compounds 16a-k
exhibited IC5, < 5 puM in sensitive NCI-H460 cells, while for
hybrid compounds 15a-f ICs, values ranged 5-10 pM. The
presence of the MDR phenotype significantly affected the
efficacy of eight hybrid compounds (15a and 16a-g) with
“Relative Resistance” higher than 2. Importantly, all hybrid
compounds with piperazine linker (16a-k) showed good selec-
tivity profiles, suggesting piperazine substructure as an impor-
tant part of pharmacophore. Although the selectivity of 16a-k
was less than that obtained by DOX, NCI-H460/R cells were less
resistant to hybrid compounds in comparison with DOX
(Table 1).

Interaction with P-glycoprotein activity. The interaction of
artemisinin, artesunate, 14k, 15a—f, and 16a-k with P-gp activity
was studied in resistant NCI-H460/R cells by rhodamine 123

New J. Chem., 2023, 47, 6844-6855 | 6847
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Table 1 Resistant and selectivity profiles of artemisinin, artesunate, 14k, 15a—15f, and 16a—16k according to ICsg values obtained in

H460/R, and MRC-5 cells
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NCI-H460, NCI-

NCI-H460 NCI-460/R* Relative resistance MRC-5” Selectivity index
Artemisinin® 202.0 £+ 4.710 215.7 £ 2.605 1.07 322.1 £+ 5.934 1.59
Artesunate? 3.134 £ 0.034 4.131 + 0.049 1.32 5.757 = 0.088 1.84
14k 2.019 £ 0.050 3.811 4+ 0.077 1.90 3.471 £ 0.086 1.72
15a 5.571 £ 0.069 16.423 + 0.229 2.95 10.295 + 0.138 1.85
15b 5.467 £+ 0.074 6.063 = 0.075 1.09 8.426 £ 0.154 1.54
15¢ 7.120 £ 0.086 13.337 +£ 0.130 1.87 10.360 £ 0.159 1.45
15d 7.002 £ 0.109 7.745 £ 0.942 1.11 11.182 £ 0.110 1.60
15e 5.853 + 0.073 10.030 & 0.102 1.71 7.701 & 0.133 1.32
15f 6.319 £ 0.109 8.477 £ 0.124 1.34 9.743 £+ 0.086 1.54
16a 3.059 £ 0.045 13.936 £ 0.193 455 11.256 £ 0.117 3.68°
16b 2.476 + 0.045 11.768 4 0.153 4.75" 12.248 £ 0.220 4.95¢%
16¢ 1.234 £ 0.019 2.892 £ 0.042 2.34 9.160 £ 0.157 7.428
16d 2.040 £ 0.048 12.501 + 0.206 6.13 12.582 £ 0.336 6.17%
16e 3.071 £ 0.43 8.185 £ 0.087 2.66" 13.130 & 0.137 4.27%
16f 1.759 £ 0.042 5.422 + 0.076 3.09” 8.993 + 0.156 5.11%
16g 1.870 £ 0.035 8.361 £ 0.197 a.47 8.392 £ 0.178 4.48%
16h 2.321 £ 0.046 4.312 4+ 0.081 1.85 6.859 & 0.159 2.95¢
16i 2.219 £ 0.053 4.323 £+ 0.101 1.95 7.299 £ 0.195 3.29%
16j 3.582 £ 0.057 6.084 1 0.108 1.70 9.212 4 0.118 2.57%
16k 1.507 £ 0.058 1.661 £ 0.061 1.10 5.517 £+ 0.209 3.66°
DOX® 61.13 £+ 0.52 524.54 £ 8.91 8.58 588.00 + 15.85 9.62¢

“ NCI-H460/R cells with high P-gp expression were selected from NCI-H460 cells with null P-gp expression by their continuous culturing in a
medium containing stepwise increasing concentrations of DOX for three months. ” Normal cells: human lung fibroblasts (MRC-5). ¢ Concen-
tration range for artemisinin: 5, 10, 25, 50, and 100 pM. 4 Concentration range for artesunate and all artesunate derivatives: 1, 2.5, 5, 10, and
25 pM. ¢ Concentration range for DOX: 100, 250, 500, 1000, and 2000 nM. f Resistance: the ICs, value for the indicated compound is at least two-
fold higher in the resistant cells compared to the ICs, value obtained in corresponding sensitive cells. ¢ Selectivity toward cancer cells: the ICso
value for the indicated compound is at least two-fold higher in normal (non-cancer) MRC-5 cells than the IC5, value obtained in sensitive NCI-H460

cancer cells.

accumulation assay (Table 2, Fig. 4, and Table S1, Fig. S4, ESIT).
High P-gp expression and activity are main characteristics of
the NCI-H460/R cells’ MDR phenotype.*3°

Artesunate applied at 5 pM increased rhodamine 123 accu-
mulation 2-folds in NCI-H460/R cells. A comparable result with
10 pM artesunate was achieved in K562/ADR cells.>® Beside
artesunate, among pyrimidine derivatives, only 14b, 14f, and
14k significantly increased rhodamine 123 accumulation. In
contrast, the majority of hybrid compounds were able to
increase rhodamine 123 accumulation (15¢, 15d, 16a-d, and
16f-k). Importantly, 14k, 15d, 16b-d, and 16f-j were more
potent in inhibiting P-gp function than artesunate. Results
obtained by MTT assay (ICs, values) and rhodamine 123
accumulation (interaction with P-gp activity) revealed four types
of compounds: (i) capable to evade MDR and inhibit the P-gp
activity (artesunate, 14k, 15¢, 15d, and 16h-k); (ii) capable to
evade MDR but without effect on P-gp activity (15b, 15e, and
15f); (iii) affected by MDR as P-gp substrates that can act as P-gp
competitive inhibitors (16a-d, 16f, and 16g); (iv) affected by
MDR as P-gp substrates showing no interaction with P-gp
activity (15a and 16e) (Table 2, Fig. 4 and Table S1, ESI+t).

Other artesunate hybrid compounds were also shown either
not to interact with MDR phenotype or to inhibit P-gp activity.**

According to MTT and rhodamine 123 accumulation results,
we chose two representative compounds 16d (a possible P-gp
substrate) and 16k (a possible P-gp inhibitor) to compare their
concentration-dependent effects on P-gp activity with artesunate
(as a parental compound) and TQ (as a well-known P-gp
inhibitor) (Fig. 5). The artesunate effect was weak in comparison

6848 | New J Chem., 2023, 47, 6844-6855

to 16d, 16k, and TQ (Fig. 5A and B). It did not show a
concentration-dependent effect. On contrary, the effects of
16d, 16k, and TQ were concentration-dependent. Worth noting,
16d was more efficient in increasing rhodamine 123 than TQ
(Fig. 5A and B). Hybrid compound 16k identified as a possible
P-gp inhibitor capable to evade MDR showed a similar profile of
rhodamine 123 accumulation as TQ (Fig. 5B).

To confirm that the effect of hybrid compounds 16a-g is
affected by P-gp activity, a possible reversal of resistance by
50 nM of tariquidar (TQ) was studied in NCI-H460/R cells
(Fig. S5, ESIt). The reversal of resistance was observed for all
tested hybrids except 16e, the only compound with no effect on
the P-gp function (Table 2 and Table S1, ESIt). The sensitivity of
other compounds 16a-d, 16f, and 16g, which we assumed to be
P-gp substrates, increased in concurrent treatment with TQ in
NCI-H460/R cells. The best resistance reversal by TQ was
obtained for 16a (Fig. 6A), while 16¢ and 16f were the least
prone to increase the sensitivity. Importantly, the “Relative
Resistance” factors of 16¢, 16e, and 16f were lesser than that
obtained for 16a, 16b, 16d, and 16g (Table 1), and this can
explain the differences in TQ-mediated restoration of sensitiv-
ity. However, 50 nM of TQ did not achieve the maximal effect
and did not completely restore the sensitivity of hybrid com-
pounds to the level obtained in sensitive NCI-H460 cells
(Fig. S5, ESIT) implying that other mechanisms besides P-gp
activity are involved in the resistance of NCI-H460/R cells to
16a-g.

To confirm that 16h-k can influence (decrease) the P-gp
activity, these hybrid compounds were combined with DOX, a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 2 Interaction with P-gp activity assessed by rhodamine 123 accu-
mulation assay (30 min simultaneous treatment with tested compounds)
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FAR = MFI of MDR treated/MFI of MDR control. “ Sensitive cancer cell
line and its MDR counterpart used in the study: non-small cell lung
carcinoma-NSCLC (NCI-H460 and NCI-H460/R). ¢ TQ (tariquidar) as a
third generation P-gp inhibitor was applied as a positive control for
P-gp inhibition. ™YCompounds that evade the MDR phenotype and
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inhibit P-gp activity (according to MTT assay and rhodamine 123 assay

results). S“*Compounds whose ICs,, value is significantly higher in MDR

than in sensitive cells (showing resistant profile according to MTT
assay) but at the same time capable to increase rhodamine 123
accumulation.

P-gp substrate. All compounds showed a significant potential to
reverse DOX resistance in NCI-H460/R cells (Fig. 6B) when
applied in a concentration of 500 nM, a concentration signifi-
cantly below their ICs, values (Table 1). The best effect was
achieved with 16i and 16j with the highest FAR values (Table 2
and Table S1). Actually, the efficacy of 16h-k to reverse DOX
resistance (Fig. 6B) was proportional to their FAR values
(Table 2 and Table S1, ESIT).

Structure-activity relationship (SAR) of synthesized
compounds. Based on the results presented in Tables 1, 2
and Table S1 (ESIf) some general structure-activity
relationship (SAR) patterns were found: (i) by comparing
hybrid molecules 16a-k with artesunate, it could be concluded
that the introduction of the pyrimidine core with piperazine
linker led to a substantial improvement in activity toward the
NCI-H460 cell line in almost all hybrid compounds. On the
other hand, only two hybrid molecules 16¢c and 16k were more
potent than artesunate toward the NCI-H460/R cell line.
Artesunate has a more favorable resistance profile in comparison
to hybrids 16a-j, with exception of 16k. Notably, all hybrid
molecules with piperazine linker (16a-k) have a better selectivity
index than artesunate; (ii) all hybrid molecules 15a-f and 16a-k
showed improved activity in comparison to their corresponding
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Fig. 4 Interaction with P-gp activity compared between pyrimidine deri-
vatives and corresponding hybrid compounds. The mean fluorescence
intensity (MFI) of rhodamine 123 was assessed 30 min after incubation of
rhodamine 123 (2 uM) with tested compounds (5 uM). Sensitive NCI-H460
cells and resistant NCI-H460/R cells treated with 50 nM TQ served as a
positive control for rhodamine 123 accumulation. Dashed lines indicate
the levels of rhodamine 123 accumulation in untreated resistant NCI-
H460/R cells, NCI-H460/R cells treated with artesunate, and in untreated
NCI-H460 cells. Corresponding artesunate derivatives and hybrid com-
pounds are presented with the same color. Rhodamine 123 accumulation
was assessed by flow cytometry on the green channel (emission at
525 nm) and at least 10 000 events (cells) were assayed per sample.

pyrimidine parent derivatives 13a—f and 14a-k; (iii) by comparing
hybrids with the same substituent on the pyrimidine core (15a—f
vs. 16a-f), it could be concluded that the hybrid molecules with the
piperazine linker were more potent than hybrid molecules with the
ethylenediamine linker toward the NCI-H460 cell line. These
results emphasize the importance of linker in hybrid molecules
for biological activity; (iv) the electronic effects of the substituents
(-OMe, -Me, -F, -CN) on the phenyl group attached to the
pyrimidine core do not appear to significantly affect the activity;
(v) the most active hybrid compound 16k and most active pyrimi-
dine parent compound 14k possess phenyl group at the Cé6
position of pyrimidine scaffold; (vi) all hybrid molecules with the
piperazine linker 16a-k were significantly more selective toward
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Fig. 5 Concentration-dependent effect on P-gp activity compared among tariquidar, artesunate, and two selected hybrid compounds. (A) The mean
fluorescence intensity (MFI) of rhodamine 123 was assessed 30 min after incubation of rhodamine 123 (2 uM) with four increasing concentrations of
tested compounds (2, 5, 10, and 20 uM for artesunate, 16d, and 16k; 2, 5, 10, and 20 nM for TQ). Sensitive NCI-H460 cells served as a positive control for
rhodamine 123 accumulation. The red line indicates the level of rhodamine 123 accumulation in untreated resistant NCI-H460/R cells, while the blue line
indicates the level of rhodamine 123 accumulation in untreated NCI-H460 cells. (B) Corresponding flow cytometry profiles illustrate the concentration-
dependent effects of tested compounds. Rhodamine 123 accumulation was assessed by flow cytometry on the green channel (emission at 525 nm) and
at least 20 000 events (cells) were assayed per sample. A statistically significant difference between treatments and untreated control (NCI-H460/R) was
assessed by two-Way ANOVA Bonferroni multiple comparison test: p < 0.01 **, p < 0.001 ***,

NSCLC cells than the hybrids with the ethylenediamine linker 15a—
f and parent compound artesunate; (vii) hybrids 16c and 16k are
the most active compounds. Hybrid 16k has a favorable resistance
profile, while hybrid 16c is the most selective among hybrid
molecule; (viii) according to FAR values (Table 2 and Table S1,
ESIT), almost all hybrid molecules with the piperazine linker
16a-f modulated P-gp activity more prominently than their
corresponding hybrids with the ethylenediamine linker 15a-f;
(ix) presence of methyl group at the C6 position of pyrimidine
scaffold contributed to increased activity of 16f-j against P-gp in
comparison with the corresponding hybrids not substituted at the
C6 position 16a-e as well as 16k with phenyl group at the C6
position.

In silico studies. Physicochemical descriptors for synthe-
sized compounds, generated using the SwissADME website,
showed that none of the hybrids break more than one Lipins-
ki’'s RO5 (Table S2, ESIt). Furthermore, considering that the
calculated topological polar surface area (TPSA) and logP
values are in range of 112.55-121.78 A% and 3.56-4.43 for
compounds 16a-d and 16f-i, it can be concluded that these
hybrids have a high probability of being passively absorbed by

6850 | New J Chem., 2023, 47, 6844-6855

the gastrointestinal tract (Fig. S6, ESIt).>> The rest of the
compounds are predicted not to be absorbed by the gastro-
intestinal tract. None of the synthesized hybrids are predicted
to be blood-brain barrier penetrant or to evade P-gp activity,
while artemisinin and artesunate showed these preferable
characteristics. However, our study identified compounds cap-
able to evade MDR and inhibit the P-gp activity (artesunate,
14k, 15c¢, 15d, and 16h-k) implying that results obtained in
biological systems do not resemble results obtained by Swis-
SADME. Considering that our cancer model includes a pair of
NSCLC cell lines (sensitive and MDR) with differences in P-gp
expression and activity, our experimental results offer more
confident results than that obtained by SwissADME. Even
more, artesunate identified in our study as a possible P-gp
inhibitor did not show a concentration-dependent effect on
P-gp activity contrary to 16d, 16k, and TQ, while its effect was
significantly weaker than that obtained for 16d, 16k, and
TQ (Fig. 5). Without our experimental work, SwissADME would
lead to the wrong conclusion that artemisinin and artesunate
have better properties against P-gp than our compounds.
We performed docking simulations of representative hybrid

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 6 (A) Reversal of a hybrid compound 16a resistance by TQ. The effect of 16a in NCI-H460/R cells (red bar), in NCI-H460 cells (black bar), and in
concurrent treatment with 50 nM TQ in NCI-H460/R cells (light red bar). Hybrid compound 16a was tested in the concentration range 1-25 pM, assayed
by MTT after 72 h treatment (n > 3), and analyzed by non-linear regression in GraphPad Prism 8. Statistical significant difference compared to 16a
concentration-dependent effect in NCI-H460/R was calculated by Dunnett’'s multiple comparisons test: *** (p < 0.001). (B) Reversal of DOX resistance
by hybrid compounds 16h—k. DOX (100-2000 nM) in combination with 500 nM 16h—k was assayed by MTT after 72 h treatment (n > 3) and analyzed by
non-linear regression in GraphPad Prism 8. The blue bar represents the ICsq value for DOX obtained in sensitive NCI-H460 cells, the red bar in MDR NCI-
H460/R cells, and the black bars represent ICsq values for DOX obtained in combination with 16h—k in NCI-H460/R cells. Statistical significant difference

compared to DOX concentration-dependent effect in NCI-H460/R was calculated by Dunnett's multiple comparisons test: *** (o < 0.001).

compounds 16d (identified as a possible P-gp substrate) and
16k (identified as a possible P-gp inhibitor). Both 16d and 16k
bind in same space but, due to differences in size and func-
tionalities, they interact with different amino acid residues
(Fig. 7A and C). In both cases, most abundant interactions
are hydrophobic dispersive interactions. Dominant interaction
in best pose of molecule 16d is certainly hydrogen bonding with
GIn725 (Fig. 7B). This interaction is probably the reason why
the docking score of 16d is slightly better than that of 16k
(—8.676 vs. —7.848). Actually, better docking score of 16d is in
line with our findings that 16d more strongly interact with P-gp
than 16k (Fig. 5).

In addition, there are n—m stacking interactions with Trp232
and Phe343, as well as several m-alkyl hydrophobic interac-
tions, with Phe336, Phe728 and Phe983 (Fig. 7B). Best docking
pose for 16k shows us mainly hydrophobic interactions,
n-sigma with Phe343, n-sulphur with Met949, n-alkyl with
Phe336, Phe983, and Met986 (Fig. 7D). We can see also
n-anion interactions with Glu875 as well as hydrophobic inter-
actions with Met986, Leu339, and Ala871.

Conclusions

Anticancer effects of pyrimidine derivatives and corresponding
artesunate hybrid compounds studied in sensitive and MDR
NSCLC cells demonstrated that hybrid compounds were more
potent agents than the parent compounds artesunate and
pyrimidines. Hybrid compounds 16a-k were efficient in indu-
cing cell growth inhibition of NCI-H460 cells with concentra-
tions below 5 pM and they were all selective toward NCI-H460
cells. Especially, hybrids with piperazine linker 16h-k were
capable to evade MDR phenotype and inhibit P-gp activity.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Among these four hybrid compounds, 16k was the most potent
with an ICs, value of 1.5 pM in NCI-H460 cells and a neglectable
“Relative Resistance” factor of 1.1. Combined studies with
DOX, a P-gp substrate, confirmed the inhibition of P-gp func-
tion by 16h-k.

Experimental
General

Unless stated otherwise, all solvents and reagents were
obtained from commercial sources and used without further
purification. Dry-flash chromatography was performed on SiO,
(0.018-0.032 mm). Melting points were determined on a Boe-
tius PMHK apparatus and are not corrected. IR spectra were
recorded on a Thermo-Scientific Nicolet 6700 FT-IR Diamond
Crystal instrument. 'H and **C NMR spectra were recorded on a
Bruker Ultrashield Avance III spectrometer (at 500 and
125 MHz, respectively) and Varian 400/54 Premium Shielded
spectrometer (at 400 MHz and 100 MHz, respectively).
Chemical shifts were expressed in parts per million (ppm) on
the (0) scale. Chemical shifts were calibrated relative to those of
the solvent. Optical rotations were measured on a Rudolph
Research Analytical Autopol IV automatic polarimeter with
dichloromethane as solvent, and the compound concentration
used was 1.00 mg mL ™ '. HRESIMS and MS/MS spectra were
acquired in positive mode on Q Exactive Plus (ThermoFisher
Scientific, Inc., Bremen, Germany) mass spectrometer,
equipped with a heated HESI-II source. The synthesized com-
pounds were also analyzed by high resolution tandem mass
spectrometry using LTQ Orbitrap XL (Thermo Fisher Scientific
Inc., USA) mass spectrometer. Compounds were analyzed for
purity using Agilent 1200 HPLC system equipped with a Quat Pump
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Fig. 7 Binding site of P-glycoprotein showing amino acid interactions with 16d (A) and 16k (C), and 2D scheme of ligand interactions of 16d (B) and 16k

(D) with amino acids.

(G1311B), an injector (G1329B) 1260 ALS, TCC 1260 (G1316A) and a
detector 1260 DAD VL+ (G1315C). All tested compounds are fully
characterized and the purities were >95% as determined by HPLC
(ESIt). HPLC purity analyses were performed in two diverse systems
for each compound.

Chemistry

General procedure A for the Suzuki coupling reaction. The
desired compounds 11la-i were prepared according to the
literature procedure.>”

To a dry glass flask purged with argon Pd(OAc), (0.05 eq.),
PPh; (0.10 eq.) and appropriate solvent were added. The
solution was stirred at room temperature for 5 min and appro-
priate 2,4-dichloropyrimidine 9 (1 eq.) and Na,CO; (3.1 eq.) in
H,0 (1.5 mL per 1.01 mmol of 9) were added. After 5 min
arylboronic acid 10 (1 eq.) was added and the reaction mixture
was heated in an oil bath at 95 °C under inert atmosphere for
6 h. The solution was cooled to room temperature, washed with
CH,Cl, and dried over anhydrous Na,SO,. The organic solvent

6852 | New J Chem., 2023, 47, 6844-6855

was removed under reduced pressure and the remaining solid
was purified by dry-flash column chromatography.

General procedure B for nucleophilic aromatic substitution.
The mono Boc-protected amines 12a-b were synthesized
according to the previously reported procedures.*®

A mixture of 11 (1 eq.), appropriate monoprotected amine 12
(3 eq.) and K,CO; (1.2 eq.) in dry 1,4-dioxane (2.8 mL per
0.37 mmol of 11) was refluxed in an oil bath for 16 h under
argon. The solution was cooled to room temperature, the
residue was filtered and the solvent was removed under
reduced pressure. The crude product was purified by dry-flash
column chromatography and used in the next phase.

General procedure C for the deprotection of amino group.
The deprotection of Boc-protected amine derivatives (1 eq.) was
performed using trifluoroacetic acid (16 eq.) in CH,Cl, (6.2 mL
per 0.29 mmol of appropriate Boc-protected amine). The reac-
tion mixture was stirred at room temperature for 15 h. After
that, reaction mixture was neutralized with NaHCO; to pH 9
and extracted with CH,Cl, (3 x 20 mL). The combined organic
phases were washed with water and brine, dried over

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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anhydrous Na,SO,. The organic solvent was removed under
reduced pressure to give the desired product which was directly
used in the next step without further purification.

General procedure D for the synthesis of artesunate-
pyrimidine hybrids. The dihydroartemisinin and artesunate
were synthesized according to the reported procedures with
slight modifications."® Hybrids were prepared according to the
literature procedure.?’

Artemisinin 1 (50 mg, 0.18 mmol) was dissolved in methanol
(0.55 mL) and NaBH, (20 mg, 0.54 mmol) was added in portion
at 0-5 °C over a period of 10 min. After being stirred for 90 min
under the same reaction conditions, the mixture was neutra-
lized to pH 6-7 using acetic acid and extracted with CH,Cl,
(3 x 15 mL). The combined organic phases were washed with
water and brine, and dried over anhydrous Na,SO,. The organic
solvent was removed under reduced pressure to give the desired
product 2 (49 mg, 98%) as a colorless solid.

To a stirred solution of dihydroartemisinin 2 (1 eq.) in
CH,Cl, (3.7 mL) succinic anhydride (1.6 eq.) and imidazole
(1.2 eq.) were added. After being stirred for 3 h on room
temperature, 1 M HCI was added until pH 3 was reached. The
reaction mixture was diluted with H,O and extracted with
CH,Cl, (3 x 20 mL). The organic solution was washed with
brine and dried over anhydrous Na,SO,. The organic solvent
was removed under reduced pressure to give the desired
product 5 which was directly used in the next step without
further purification. Compound 5 was dissolved in CH,Cl,
(2.5 mL) and EDCI x HCI (1 eq.) and HOBt x H,O (1 eq.) were
added. The reaction mixture was stirred at room temperature
for 1 h, after which the appropriate pyrimidine based amine
13a-f or 14a-k (1 eq.) was added and the resulting mixture was
stirred at room temperature for 13 h. The solution was diluted
with H,O and the mixture was extracted with CH,CI,
(3 x 15 mL) and dried over anhydrous Na,SO,. The organic
solvent was removed under reduced pressure and the remain-
ing solid was purified by dry-flash column chromatography.

Biological evaluation

Chemicals. RPMI 1640 medium, Minimum Essential Med-
ium (MEM), and penicillin-streptomycin solution were pur-
chased from Capricorn Scientific GmbH (Ebsdorfergrund,
Germany), while the non-essential amino acids were purchased
from Biowest (Nuaillé, France). Rhodamine 123 (Rho123),
DMSO, thiazolyl blue tetrazolium bromide (MTT) and 1-
glutamine were obtained from Sigma-Aldrich Corporation (St.
Louis, MO, USA). Trypsin/EDTA was purchased from Thermo
Fisher Scientific (Grand Island, NY, United States).

Drugs. Tariquidar (TQ) was diluted in dimethyl sulfoxide
(DMSO) while doxorubicin (DOX) was diluted in deionized
water. Their 10 pM and 10 mM aliquots, respectively, were kept
at —20 °C. Artemisinin, artesunate, pyrimidine derivatives and
hybrid molecules were also diluted in DMSO and kept as
20 mM stocks at —20 °C. Working solutions for all compounds
were prepared in sterile deionized water before the treatment.

Cells and cell culture. NCI-H460 (human non-small cell lung
carcinoma) cell line was purchased from the American Type

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

View Article Online

NJC

Culture Collection (ATCC, Rockville, MD). NCI-H460/R cells
were selected from NCI-H460 cells by their continuous cultur-
ing in a medium with gradually increasing concentrations of
doxorubicin.?® Human lung fibroblasts (MRC-5) were pur-
chased from the European Collection of Authenticated Cell
Cultures (ECACC, Port Down, UK). NCI-H460 and NCI-H460/R
cell lines were cultivated in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 2 mM r-glutamine, and
10000 U mL ™" penicillin, 10 mg mL ™" streptomycin. MRC-5
cell line was cultivated in MEM supplemented with 10% fetal
bovine serum, 2 mM tr-glutamine, 2 mM non-essential amino
acids and 5000 U mL™" penicillin, 5 mg mL ™" streptomycin
solution. All cells have been grown at 37 °C in a humidified 5%
CO, atmosphere and sub-cultured after reaching the 80%
confluence using 0.25% trypsin/EDTA.

MTT assay. Cell viability was assessed by (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colori-
metric assay (MTT assay) based on the reduction of tetrazolium
dye into insoluble purple formazan in active mitochondria of
living cells. Cells were seeded in 96-well tissue culture plates
(2000 cells per well for NCI-H460, NCI-H460/R, and MRC-5) and
incubated overnight in 100 pL of the compatible medium.
Initially, cells were treated with 5 uM and 30 uM of artemisinin,
artesunate, pyrimidine derivatives and hybrid molecules incu-
bated for 72 h (37 °C, 5% CO,). In the following experiments, to
determine ICs, values, cells were treated with increasing con-
centrations of artemisinin, artesunate, pyrimidine derivatives
and hybrid molecules (1, 2.5, 5, 10, 25 uM), and incubated for
72 h. The cell growth inhibitory effect of DOX increasing
concentrations (100, 250, 500, 1000, and 2000) was also
assessed in all employed cell lines. In addition, a single
concentration of 50 nM TQ was simultaneously combined with
16a-g (1, 2.5, 5, 10, 25 uM) while a single concentration of
500 nM 16h-k was simultaneously combined with DOX (100,
250, 500, 1000, and 2000 nM) in NCI-H460/R cells, and also
incubated for 72 h. After the treatment period, MTT was added
in a final concentration of 0.2 mg mL ™" and incubated for 3 h at
37 °C, 5% CO,. The resulting formazan dye was dissolved in
(DMSO0), 100 pL for NCI-H460, NCI-H460/R, and 50 pL for MRC-
5. Using an automated microplate reader (Multiskan Sky,
Thermo Scientific, Waltham, MA, USA), the absorbance of
obtained dye was measured at 540 nm and 690 nm. The half-
maximal inhibitory concentration (ICs,) of each compound was
calculated using GraphPad Prism 8 (GraphPad Software. Inc.,
United States).

Rhodamine 123 accumulation assay. Accumulation of rho-
damine 123, a fluorescent P-gp substrate, was analyzed by flow
cytometry. Rhodamine 123 emits fluorescence whose intensity
is proportional to the accumulated rhodamine 123. The assay
was performed with artemisinin, artesunate, pyrimidine deri-
vatives, hybrid molecules, and a P-gp inhibitor TQ in NCI-H460/
R cells with high P-gp expression. NCI-H460 cells were used as a
positive control for rhodamine 123 accumulation. NCI-H460/R
cells were treated with tested compounds (5 uM), and TQ
(50 nM) and incubated with rhodamine 123 (2 uM) for
30 min at 37 °C, 5% CO,. For a concentration-dependent study,
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NCI-H460/R cells were treated with increasing concentrations
of artesunate, 16d, and 16k (2, 5, 10, and 20 pM) and tariquidar
(2, 5, 10, and 20 nM). After the incubation period, cells were
centrifuged and the remaining pellet was washed in PBS and
placed in cold PBS. Rhodamine 123 accumulation was analyzed
by CytoFLEX (Beckman Coulter, Inc., Brea, CA, USA). At least
10000 events were assayed per sample.

In silico studies. Wlog and TPSA values were generated using
SwissADME web site.****

Protein structure PDB ID 6QEX was downloaded from RSCB
database,*>*® and prepared for docking using Schrédinger
Suite 2021-1 Protein Preparation Wizard.>” Small molecules
were prepared using Maestro from Schrodinger Suite 2021-
1.%® Binding site was determined using previously published
results®® and docking simulations were performed using Glide
from Schrodinger Suite 2021-1 using extra precision mode
(XP).* Visualization and pictures were produced using Discov-
ery Studio 2021 Client.*
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