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A B S T R A C T   

Multi-drug resistance (MDR) is a serious challenge in contemporary clinical practice and is mostly responsible for 
the failure of cancer medication therapies. Several experimental evidence links MDR to the overexpression of the 
drug efflux transporter P-gp, therefore, the discovery of novel P-glycoprotein inhibitors is required to treat or 
prevent MDR and to improve the absorption of chemotherapy drugs via the gastrointestinal system. In this work, 
we explored a series of novel pyridoquinoxaline-based derivatives designed from parental compounds, previ
ously proved active in enhancing anticancer drugs in MDR nasopharyngeal carcinoma (KB). Among them, de
rivative 10d showed the most potent and selective inhibition of fluorescent dye efflux, if compared to reference 
compounds (MK-571, Novobiocin, Verapamil), and the highest MDR reversal activity when co-administered with 
the chemotherapeutic agents Vincristine and Etoposide, at non-cytotoxic concentrations. Molecular modelling 
predicted the two compound 10d binding mode in a ratio of 2:1 with the target protein. No cytotoxicity was 
observed in healthy microglia cells and off-target investigations showed the absence of CaV1.2 channel blockade. 
In summary, our findings indicated that 10d could potentially be a novel therapeutic coadjutant by inhibiting P- 
gp transport function in vitro, thereby reversing cancer multidrug resistance.   

1. Introduction 

Multi-drug resistance (MDR) is one of the leading causes of cancer 
treatment failure and a major challenge in modern clinical practice. 
Either intrinsic at the stage of diagnosis or acquired throughout treat
ment, MDR results in the concomitant resistance of the cancer patient to 
multiple chemotherapeutic agents. MDR occurs in cancer through 
various mechanisms, such as downregulation of cell death signals, drug 
sequestration in intracellular compartments, microenvironmental 
adaptation, and increased expression of drug efflux transporters, 

limiting or abrogating the effectiveness of a single or combined anti
cancer treatment [1]. 

ATP-binding cassette (ABC) is one of the widest families of trans
membrane transporters, found in human, animal and plant cells [2]. 
Human cells express forty-eight members from seven different families 
(ABCA-ABCG). Nearly twenty of them act as drug efflux pumps, 
including ABCB1, widely known as MDR1 multidrug resistance protein 1 
or Permeability glycoprotein (P-gp), ABCC1/MRP1 - MDR-associated pro
tein 1, and ABCG2 or BCRP - breast cancer resistance protein. These iso
forms are universally expressed across MDR cancer cells and share a 
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common ability to extrude substrates, including chemotherapy agents, 
from the cytoplasm to the extracellular environment, thus reducing their 
intracellular accumulation [3–5]. 

P-gp is a 170 kD transmembrane glycoprotein consisting of two 
transmembrane domains (TMD) and two nucleotide-binding domains 
(NBD). Looking at its native activity, P-gp recognizes a wide range of 
xenobiotics/chemotherapeutics with no prerequisite for structure simi
larity and actively transports them outside the plasma membrane 
consuming two ATP molecules. Being widely expressed in different tis
sues and blood–organ barriers, in physiological conditions P-gp plays a 
protecting role, preserving cells and tissues from toxic substances. P-gp 
represents a major factor for pleiotropic MDR in clinical contexts, as 
reported in several studies that observed P-gp was highly expressed or 
overactivated in many patients resistant to chemotherapy [6]. More
over, intestinal P-gp extrudes chemotherapeutics in the intestinal lumen, 
limiting oral absorption and bioavailability [7]. 

Lately, P-gp has regained its importance for being reported as a main 
cause for intrinsic and acquired resistance to new therapeutic ap
proaches, such as targeted agents. Up-regulation of P-gp related to 
treatment resistance has been reported for kinase inhibitors [8] and, 
more recently, PROTACs’ activity was proved affected by P-gp over
expression [9]. Intriguingly, Kurimchak and colleagues ascertained that 
early co-administration of P-gp inhibitors and PROTACs inhibits the 
efflux pump overexpression, preventing the development of drug resis
tance [9]. Therefore, an effective P-gp inhibitor could not only reverse 
MDR, or avoid it by early co-administration, but also potentiate the 
absorption and the efficacy of standard chemotherapeutics, allowing the 
reduction of the administered dose and the related side effects [7]. 

Inspired by the potential of this multifaceted pharmacological tool, 
medicinal chemists developed different generations of P-gp inhibitors 
over the last decades. First-generation include quinidine, cyclosporine 
A, and verapamil, which were rapidly set aside due to low therapeutic 
efficacy, limited selectivity, and drug toxicity [10–14]. Some improve
ments in activity and selectivity were achieved with the second gener
ation (Valspodar, Dexverapamil, S9788 and Biricodar), but the clinical 
application was limited by high toxicity and the concerted inhibition of 
CYP3A4, responsible for the consequent undesirable drug-drug in
teractions [15–17]. Third-generation inhibitors, such as Elacridar, Tar
iquidar, Zosuquidar and Laniquidar possessed higher affinities and 
selectivity to P-gp and lower CYP3A4 inhibition compared with the 
previous generation of P-gp inhibitors, but they failed clinical phase due 
to interference with MRP1/ABCC1 and adverse toxicity in combination 
with chemotherapeutic agents [18,19]. Although challenging, the 
development of new P-gp inhibitors has never stopped, and many in
hibitors have also been identified by repurposing FDA-approved drugs 
[20]. 

Like other ABC transporter family members, P-gp contains two 
binding areas, the ATP-binding site, and the drug binding site, both 
investigated for drug development. Most of the currently developed P-gp 
inhibitors behave as competitive inhibitors of the drug-binding site, 
located in TMD, or as non-competitive inhibitors targeting the ATP 
binding site in NBD [21,22]. Despite ABC proteins being able to trans
port a wide range of substrates with a high structural allowance and 
functionally unrelated, many novel candidates share common features 
such as several favorable physio-chemical properties (i.e., the presence 
of aromatic portion, certain lipophilicity, and a positive charge at 
neutral pH) and some preferential scaffolds. For instance, most of the 
third-generation inhibitors bear a tetrahydroisoquinoline moiety, while 
recent candidates present different bicyclic N-heterocycles cores such as 
quinoline [23], triazole-pyrimidine [24], and quinoxaline [25,26], 
among others. 

In this context, we previously synthetized a series of 6-trifluoro
methyl-quinoxalines which were capable of restoring or potentiating 
the antiproliferative activity of Doxorubicin, Vincristine and Etoposide 
in MDR nasopharyngeal carcinoma KB cell lines [27,28]. The obtained 
results have driven us to design a new series of P-gp inhibitors by 

expanding the quinoxaline core with a pyridine cycle (blue in Fig. 1) in 
place of trifluoromethyl moiety and studying the impact of different side 
chains (orange in Fig. 1) on the P-gp inhibition activity. The heterocyclic 
core-expansion approach was selected to improve lipophilicity and 
steric hindrance and to gain an increased occupancy of the binding site. 
The pyridoquinoxaline compounds synthetized bear a couple of equal 
side chains in positions 2 and 3 of the pyridoquinoxaline ring [29]. Then, 
we explored more in depth the influence of different side chains in the 
occupancy of the P-gp channel. Therefore, in this work, we described the 
development of a new series of 2,3- variably substituted 
pyridoquinoxaline-based derivatives as potential P-gp inhibitors and we 
explored their ability to reverse MDR in cancer cell lines, combining 
them with standard anticancer drugs in different cancer subtypes. 

2. Results 

2.1. Chemistry 

The final synthetic route (Scheme 1) was designed through a retro
synthetic approach, then it was set and optimized to gain the desired 
pyridoquinoxaline final compounds. The synthesis of the key inter
mediated 7 was previously described [30] and here improved. The 
building of the main pyridoquinoxaline scaffold 8, properly haloge
nated, allowed the last alkylation step carried out by adding two 
equivalents of chains 9a-i (Fig. S1) to get the desired final compounds 
10a-i. Compound 13d is the sole benzoquinoxaline derivative of the 
series, designed and synthetized to evaluate the role of the pyrido ni
trogen in the target binding. 

To investigate the different occupancy levels of the wide channel 
within the target, differently functionalized chains 9a-i (Fig. S1) were 
designed and synthetized to increase the number of heteroatoms and the 
steric hindrance. The smaller chains 4-cyanophenol 9a, methyl vanillate 
9b and methyl thiosalicylate 9c were commercially purchased. Whereas 
2-phenol-carboxamide compounds 9d-i were properly synthetized as 
shown in Scheme 2 by activation of salicylic acid (14) or 5-chloro sali
cylic acid (15), followed by amide formation with the appropriate ani
lines 16d-i. 

2.2. Biological evaluation 

2.2.1. Cell line selection 
As a first step of the study, we needed to identify suitable models to 

evaluate the potential activity of our pyridoquinoxaline compounds. 
Aiming to explore the eventual interaction with the whole ABC family, 
we assessed gene expression of the specific isoform ABCB1, -C1, -G1 and 
-G2 in various cancer cell lines in the publicly available dataset (Fig. 2A) 
[31]. Among them, we selected four human cancer cell lines: A498 
(renal carcinoma), CAKI2 (renal carcinoma), HCT15 (colorectal carci
noma) and HT1197 (bladder carcinoma) for their different ABC isoform 
expression (Fig. 2B). While A498 presents a wide spectrum of trans
porters at different levels of expression, the other cell lines show higher 
expression of one of the four ABC members and were therefore chosen as 
representative models: CAKI2, HCT15, and HT1197 for -C2, -B1 and -G2, 
respectively. 

2.2.2. Drug efflux inhibition 
Effects on MDR efflux pumps were assessed in cultured cells using 

EFLUXX-ID Green multidrug resistance assay kit (ENZO Life Sciences, 
Cat. No. ENZ-51029-K100) in the presence or absence of potential ABC 
inhibitors. The reagent provided within the kit is a hydrophobic non- 
fluorescent compound that penetrates the cell membrane and is subse
quently hydrolysed inside the cells by intracellular esterases, gaining the 
chemical probe, a hydrophilic green-fluorescent dye that is trapped 
within the cell unless actively pumped out by an active ABC transporter. 
The fluorescence signal of the dye generated within the cells thus de
pends upon the activity of the ABC transporters. Being a substrate for 
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ABCB1, ABCC1/2 and ABCG2, the reagent is an indicator of these pro
teins’ activity in the cell. The cells with highly active transporters 
demonstrate lower fluorescence because of the active efflux of the dye 
from the cell. Therefore, we examined the effect on green-fluorescence 
induced by compounds 10a-i and 13 at three different concentrations 
(0.1, 1 and 10 μM) in the selected cell lines. Three well-known ABC 
transporter inhibitors were used as positive control at their active con
centration, as single agents or in combination: Verapamil (20 μM), MK- 
571 (50 μM), and Novobiocin (200 μM), inhibitors for ABC-B1, ABC-C1/ 
2 and ABC-G2, respectively. Panels in Fig. 3 showed that all the tested 
compounds led to a certain dye accumulation in all the cell lines except 
for A498, which turned out to be the most resistant one. Conversely, 
HCT-15 cells were the most susceptible to the administration of our 
compounds and allowed the outline of structure-activity relationships 
(SARs). We found that increasing the number of phenyl rings (from 10a- 
c to 10d-h) did not deeply impact the activity; analogously, inserting a 
methoxyl-substitution on the additional phenyl ring (10d vs 10e) the 
efficacy was not improved, while the dose-response profile was incon
sistent, favoring the parental 10d. The addition of a chlorine atom to the 
phenolic moiety, on the contrary, significantly decreased the retention 
of the green fluorescent probe. Also, the inhibition activity was greatly 
reduced when the steric hindrance of chlorine derivatives was increased 
by raising the number of methoxy groups from one (10f) to two and 
three (10g and 10h). We also observed a significant reduction in the 
transporter’s inhibition when comparing compound 13d, designed to 
assess the relevance of the nitrogen atom on the pyridine ring, to com
pound 10d which gains the mentioned nitrogen atom. Among all the 
tested derivatives, compound 10d was selected for further investigation 
for its activity and selectivity. We sporadically detected a decreased 
activity at the highest concentration (10 μM) most certainly due to 
insolubility of compounds in assay conditions. Derivative 10d exerted a 
significant activity in HCT-15 cells, higher-expressing ABCB1, and 
poorly inhibited efflux in CAKI2 cells, while turned out completely 
inactive in HT1197 and A498 cell lines. Data analysis in HCT-15 sug
gests a dose-dependent activity with a remarkable increase in fluores
cence at 0.1 and 1 μM, while a less significant activity was identified 
growing 10d concentration from 1 to 10 μM. Notably, 10d resulted in 
comparably active and more selective than the reference drug Verap
amil, which exerted moderate activity in all the tested cellular models. A 
direct comparison of the two ABC inhibitors is not definable as they have 
been tested at different concentrations. However, it can be observed that 
compound 10d at 10 μM doubled the green fluorescence intensity while 
Verapamil at 20 μM concentration turned out slightly more efficacious. 

Due to its selectivity and potency, 10d was selected to deeply 
investigate its pharmacological profile. 

2.2.3. Concentration selection and association with standard chemotherapy 
To evaluate the potential MDR reversal activity, cell proliferation 

assays were performed by treating selected cell lines with hit compound 
10d in combination with Vincristine or Etoposide. The co-administered 
drugs were selected among the anticancer agents most used in thera
peutic protocols, but they also represent widely recognized ABC-B1 
clients [32–35]. 

Compound 10d was initially tested at variable concentrations (0.25, 
0.5, 1, and 4 μM) together with a fixed dose of vincristine (0.2 μM), in 
several cancer cell lines such as A498, A704 (renal adenocarcinoma) and 

U87-MG (glioma). We observed an evident upsurge in vincristine po
tency when co-administered with compound 10d at all the tested con
centrations (Fig. 4A). Subsequently, to deepen co-administration 
investigation, we treated a larger panel of cell lines with a fixed con
centration of 10d (4 μM) and a scaling dosage of Vincristine ranging 
from 0.02 up to 20 μM. Representative eight cell lines of human cancer 
types characterized by different Vincristine responsiveness were 
selected. The first four cell lines shown in Fig. 4B, SK-HEP-1 (hepatic 
adenocarcinoma), HGC-27 (human gastric carcinoma), HupT3 (human 
pancreatic adenocarcinoma), Mewo (human melanoma) turned out 
sensitive to the drug treatment and less responsive to the co- 
administration with the MDR-reversal compound 10d (Fig. 4B). In the 
same experiment, HT-29 (colorectal adenocarcinoma), U-87-MG, A498 
and A704 cell lines showed drug resistance to Vincristine in mono
therapy, and the co-administration with our P-gp inhibitor restored drug 
efficacy. As depicted in Fig. 4B, compound 10d triggered the cytotoxic 
activity of Vincristine both in sensitive cell lines (HGC-27 and HupT3) 
and resistant cancer cells, cutting the percentage of cell growth by half, 
as found in treated A498 and A-704 cancer cell lines. 

The same cell lines were also treated with the sole 10d at 4 μM 
concentration to assess if the increased cytotoxic effect obtained by the 
co-administration of 10d and vincristine was ascribable to the inhibition 
of the drug efflux and not caused by a potential additive activity. As 
shown in Fig. 5, 10d has a very low/low potential for toxicity at 4 μM 
except for HGC27 and A498, were 10d triggered a reduction in per
centage of growth ranging from around 40 and 20 %, respectively. 

Analogously, 10d 4 μM was tested in selected cell lines (A498, A704, 
U87-MG, and SK-N-SH) in association with Etoposide at 40, 4, 0.4 and 
0.04 μM concentrations. Results depicted in Fig. 6 show that cell growth 
is consistently decreased when etoposide is co-administered with 10d 
inhibitor compared to single etoposide treatment, resulting in improved 
drug efficacy. The sole exception concerns SK-N-SH where the co- 
administration with our MDR reversing agent is slightly relevant in 
the cytotoxic effect observed in this cell line, being already highly sen
sitive to the treatment with Etoposide. 

2.2.4. Association with cisplatin 
To further confirm 10d MDR reversal activity, an analogue assay was 

performed as negative control by using a non-transported anticancer 
drug, such as cisplatin [36]. The drug was administered alone or in 
combination with compound 10d in HT-29, HupT3, SK-HEP1 and 
HCT116 as representative of cisplatin-sensible cancer types. The 
co-treatments were performed in different combinations, firstly by 
administering a fixed dose of compound 10d (1 μM) and variable doses 
of cisplatin, from 0.1 up to 100 μM (Fig. 7A); results showed a detectable 
resistance of cells to treatment. Then cisplatin was administered at the 
fixed concentration of 0.25 μM (not saturating and poorly active dose) 
and a scaling dose of P-gp inhibitor, from 0.25 up to 4 μM, (Fig. 7B). As 
expected, the combination of cisplatin with our P-gp inhibitor did not 
produce a significant increase in cisplatin cytotoxic effect. 

2.2.5. Cytotoxicity 
In order to complete the cellular studies, we would assess if 10d may 

exert cytotoxicity in healthy cells. Thus, we treated the human micro
glial clone 3 cell line (HMC3), used as sensitive non-cancerous cells, with 
increasing doses (0.1–100 μM) of 10d and cytotoxicity was measured at 

Fig. 1. Rational design of new pyridoquinoxaline-based derivatives as potential P-gp inhibitors.  

R. Ibba et al.                                                                                                                                                                                                                                     



European Journal of Medicinal Chemistry 276 (2024) 116647

4

Scheme 1. Synthetic route to obtain tricyclic derivatives 10a-i and 13d. Key intermediates are highlighted in grey, general structure of final compounds are 
highlighted in pale blue. i. acetic anhydride, r.t., 2h; ii. KNO3/H2SO4conc, 0 ◦C to r.t., 24h; iii. H2SO4conc, 100 ◦C, 2h; iv. Skraup synthesis with glycerol, As2O5 ⋅ H2O, 
H2SO4conc, 150 ◦C, 2h; v. NH3/EtOHss, 100 ◦C, autoclave, 24h; vi. NH2NH2⋅ H2O, Pd/C, EtOH, 80 ◦C, 2h. vii. 1,4-dibromobutane-2,3-dione, EtOH, 80 ◦C, 15 min; viii. 
NaOH, BTAC, CHCl3/H2O, 60 ◦C; ix. 1,4-dibromobutane-2,3-dione, EtOH, 80 ◦C, 15 min; x. NaOH, BTAC, CHCl3/H2O, 60 ◦C. 
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different time points (24, 48, and 72 h). Results graphed in Fig. 8 
revealed that 10d does not elicit any significant toxicity in this non- 
cancer cell line at all concentrations tested per each time point 
analyzed. Vehicle-treated cells have been used as control. 

2.3. Molecular modeling studies 

Considering the ability of the known P-gp inhibitor Encequidar to 
occupy both the drug-binding site and the access tunnel of the target 
protein [37], the aim of our modeling analysis was the investigation of 

compound 10d capability to bind the same sites. 
Notable, molecular recognition results revealed that 10d is able to 

recognize both the P-gp active site and the access tunnel (Fig. 9A) with a 
good theoretical binding affinity (Table 2). 

The ligand is well accommodated in the investigated P-gp sites, 
establishing different kinds of interactions with the key residues of both 
the binding pocket and the access tunnel (Fig. 9B). 

In detail, compound 10d is engaged in two π-stacking interactions 
with Tyr950 and Phe983 (bond lengths 4.64 Å and 4.19 Å), in a 
hydrogen bond with the Glu875 (bond length 2.12 Å), and three 

Scheme 2. Synthetic route carried out to gain intermediate chains 9d-i, . Synthetic route carried out to gain intermediate chains 9d-i, general structure highlighted 
in light purple, single intermediate structures are reported in the box. i. Chlorobenzene, reflux; ii. chlorobenzene, reflux. 

Fig. 2. Gene expression for ABC members ABC-B1, -C1, -C2 and -G2 in publicly available dataset (cancer cell line encyclopedia). The graph reports the cell lines on 
the x-axis, the 4 genes are reported on the y-axes; the histotypes are identified by colors and the legend is on the right of the figure. Gene expression is described as 
fold change reported as Log2 expression; values from 3 as physiological expression to 13 as maximum rate of over-expression, are used. 
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aromatic H-bond interactions, respectively, with Glu875, Ser979 and 
Gln990 (bond lengths 3.26 Å, 3.49 Å and 3.47 Å). In addition, the ligand 
is stabilized by several hydrophobic contacts with Leu65, Met68, Met69, 
Gln195, Thr199, Phe336, Ser344, Phe732, Ala871, Gly872, Glu 875, 
Gln946, Met 949, Tyr950, Tyr953, Ser979, Phe983, Met986, and 
Gln990. 

Considering the access tunnel, we found that compound 10d 

establishes two π-stacking interactions with Tyr307 and Phe728 (bond 
lengths 4.03 Å and 4.42 Å), respectively. Moreover, the ligand is 
engaged in a hydrogen bond with the Trp232 (bond length 2.01 Å) and 
two aromatic H-bond with Asn721 (bond lengths 3.02 Å and 3.27 Å). In 
addition, several hydrophobic contacts with Trp232, Ile299, Phe303, 
Tyr307, Tyr310, Ile340, Phe343, Ser344, Asn721, Leu724, Phe728, 
Gln938, Ala987, Gln990, Val991, and Phe994 are established. 

Fig. 3. A) Graphical representation of the drug efflux inhibition assay. B) ABC transporter’s green-fluorescent substrate accumulation in A498, CAKI-2, HCT-15, and 
HT1197 cell lines treated with potential ABC inhibitors and positive control, relative to untreated cells. Values are shown as mean ± SD. *p < 0.05, **p < 0.01, or 
***p < 0.001. 
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Noteworthy, the two 10d molecules interact with each other estab
lishing a π-stacking interaction and different hydrophobic contacts be
tween their terminal phenyl moieties (Fig. 9C). 

2.4. Off-target evaluation: Cav1.2 channel blockade 

Off-targets represent a major issue in drug development and early 
toxicity evaluation could prevent clinical trial attrition. The Cav1.2 
channel blocker Verapamil belongs to the first generation of P-gp in
hibitor; despite the efforts to reduce cardiovascular effects by enhancing 

the P-gp activity, the second generation dexverapamil still presents a 
residual cardiac side effect, and, generally, interference with Cav1.2 
channels may lead to cardiotoxicity and limited clinical success. 
Therefore, we investigated the potential interaction of 10d with the 
Ba2+ current through CaV1.2 channels (IBa1.2). As reported in Fig. 10, the 
addition of cumulative concentrations (0.3–10 μM) of 10d did not affect 
peak IBa1.2 elicited with a clamp pulse to 10 mV from a Vh of − 50 mV 
(0.067 Hz), implying a potential non-cardiotoxic effect for this 
compound. 

Fig. 4. A) Growth inhibition activity of vincristine (0.2 μM) alone or co-administered with different doses of 10d (0.25, 0.5, 1 and 4 μM) in A498, A704 and U87-MG 
cell lines. B) Growth inhibition activity of vincristine at four different concentrations (20, 2, 0.2 and 0.02 μM) in mono treatment or associated to 10d (4 μM) in SK- 
HEP-1, HGC-27, HupT3, Mewo, HT29, U87-MG, A498 and A-704 cell lines. Values are shown as mean ± SD. *p < 0.05, **p < 0.01, or ***p < 0.001 and are 
normalized to DMSO treatment. A percentage of growth between 0 and 100 indicates reduced cell growth, while a value between 0 and -100 indicates cell death. 

Fig. 5. Growth inhibition effect of 10d (4 μM) in different cancer cell lines (SK-HEP-1, HGC-27, HupT3, Mewo, HT29, U87-MG and A498). Values are shown as mean 
± SD. *p < 0.05, **p < 0.01, or ***p < 0.001. 
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Fig. 6. Growth inhibition activity of etoposide at indicated alone and co-administered with 10d (4 μM) in A498, A704, U87-MG, and SK-N-SH cell lines. Values are 
shown as mean ± SD. *p < 0.05, **p < 0.01, or ***p < 0.001. 

Fig. 7. A) Growth inhibition effect of 10d (4 μM) and different combinations of cisplatin (100, 10, 1 and 0.1 μM) in HT-29, HupT3, SK-HEP1 and HCT116 cell lines; 
B) Growth inhibition effect of different combinations of 10d (0.25, 0.5, 1 and 4 μM) and cisplatin (0.25 μM) Values are shown as mean ± SD. *p < 0.05, **p < 0.01, 
or ***p < 0.001. 
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3. Discussion 

Cancer drug treatment failures are mainly caused by multi-drug 
resistance (MDR), which is considered a major challenge in modern 
clinical practice. The upregulated expression of drug efflux transporter 
P-gp is recognized to be strongly related to MDR. Most P-gp inhibitors 

failed the clinical trials for adverse secondary effects. There is therefore 
an urgent need of new P-glycoprotein inhibitors to avoid or reduce MDR 
and to increase the gastrointestinal absorption of anticancer drugs. In 
this study, we designed and synthetized a series of nine 
pyridoquinoxaline-based compounds and one benzoquinoxaline deriv
ative which were proven to interact with P-gp, restoring sensitivity to 
drug-resistant cancer cell lines. New P-gp inhibitors here reported were 
designed with small (a-c) or bulky (d-i) side chains to investigate the 
interactions that they could engage with one or the two binding sites in 
the channel of targeted efflux transporter. Compounds were predicted to 
be drug-like showing a good predicted ADMET profile, except for poor 
water solubility. Compounds were all tested at three different concen
trations for the efflux pump inhibition measuring the variation in fluo
rescence emitted by a hydrophilic green-fluorescent dye that is trapped 

Fig. 8. MTT assay performed with increasing concentrations of 10d at different times. Data represent means ± S.E.M. from three independent experiments, per
formed in triplicate (n = 3). Statistical analysis was performed by ordinary one-way ANOVA followed by Tukey’s multiple comparison test. 

Fig. 9. 3D representation of A) P-gp glycoprotein binding pocket (salmon surface) and access tunnel (sand surface); B–C) best pose of 10d docked into the P-gp 
binding pocket and into the access tunnel. The P-gp glycoprotein is represented as green cartoon, 10d is shown as orange and yellow carbon sticks, respectively, in 
the binding pocket and in the access tunnel. The residues involved in crucial contacts with the compounds are reported as green carbon sticks. Hydrogen bonds, 
π-stacking, aromatic H-bond, and hydrophobic interactions are reported as yellow, azure, cyan and green dashed lines, respectively. 

Table 2 
Docking score values of compound 10d in the investigated sites.  

Compound Docking score (kcal/mol) 

Binding pocket Access tunnel 

10d − 13.39 − 11.93  
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within the cell unless actively pumped out by an active ABC transporter. 
We observed that all the synthetized compounds actively inhibit dye 
efflux in most of the treated cells. Derivative 10d was proved to be the 
most potent derivative by showing a significant dose-dependency in 
HCT-15, a cell line with a prominent P-gp/ABCB1 expression, and a 
superior efflux inhibition activity compared to the positive control 
Verapamil. Our MDR-inhibitor 10d was also proved as the most selec
tive derivative, being either poorly or not active in the remaining tested 
cell lines (overexpressing else ABC efflux pump). Derivative 10d also 
revealed the best MDR reversal effect in vitro at poorly or non-toxic 
concentrations, showing increased cytotoxic activity of Vincristine 
both in sensitive and resistant cancer cell lines. Also, Etoposide resis
tance was reverted when administered together with 10d, while 
cisplatin (not effluxed by P-gp) cytotoxicity was not significantly 
affected by the co-administration. As demonstrated for other P-gp in
hibitors, the molecular modelling prediction showed that compound 
10d can recognize both the P-gp active site and the access tunnel, ac
commodating in a ratio of 2:1 with the target protein. In particular, 10d 
was predicted to establish different kinds of interactions with the key 
residues of both pockets and the binding was stabilized by intermolec
ular interactions of the two copies of 10d, too. Most P-gp inhibitors are 
endowed with off-target activities that hijack their clinical application, 
such as cardiotoxicity, interfering with Cav1.2 channels. Derivative 10d 
was proven not to affect Cav1.2 channel function. Overall, these results 
suggest the use of 10d as a novel potent MDR reversal agent for its drug 
efflux inhibition without undesirable toxicity in in vivo models. 

4. Conclusions 

We described a novel potent pyridoquinoxaline-based P-gp inhibitor 
10d, which showed a cancer MDR reversion effect in vitro assays. 
Starting from parental efflux inhibitors [27,28], ten quinoxaline 
(Qx)-based compounds were designed and synthesized and then 
screened for efflux inhibition of a fluorescent dye on several cancer cell 
lines. The most potent and selective 10d was then assessed for MDR 
reversal activity when co-administered with different anticancer treat
ments. Vincristine and Etoposide cytotoxicity were enhanced when cells 
were also treated with compound 10d. Potential binding mode, with a 
2:1 ratio with P-gp, was predicted and a lack of undesired cardiotoxicity 
was described. 

5. Material and methods 

5.1. Chemistry 

Nuclear magnetic resonance (1H NMR and 13C NMR-APT) spectra 
were determined in DMSO‑d6 and were recorded with a Bruker Avance 
III 400 NanoBay. Chemical shifts are reported in parts per million (ppm) 
downfield from tetramethylsilane (TMS) used as the internal standard. 
Splitting patterns are designated as follows: s, singlet; d, doublet; t, 
triplet; m, multiplet; dd, doublet of doublets. Mass spectra (MS) were 
performed on combined Liquid Chromatograph-Agilent 1100 series 
Mass Selective Detector (MSD). Melting points were carried out with a 
Köfler hot stage or Digital Electrothermal melting point apparatus. 
Analytical thin-layer chromatography (TLC) was performed on Merck 
silica gel F-254 plates. Pure compounds showed a single spot in TLC. For 
flash chromatography, Merck silica gel 60 was used with particle sizes 
0.040 and 0.063 mm (230 and 400 mesh ASTM). 

5.1.1. Synthesis of key intermediates 2,3-bis(bromomethyl)pyrido[2,3-g] 
quinoxaline (8) and 2,3-bis(bromomethyl)benzo[g]quinoxaline (12) 

Quinoline-6,7-diamine (7), obtained as previously reported [30], or 
commercially available naphthalene-2,3-diamine (11) (1.8 mmol) was 
dissolved in 15 mL of hot ethanol. 1,4-dibromobutane-2,3-dione (1.2 eq) 
was added to the solution and the mixture was heated up to 60 ◦C until 
complete dissolution. The turning color of the solution from yellow to 
red, in about 15 min indicates the completing of reaction. By cooling 
down in ice bath the reaction mixture, the precipitation of a pure golden 
solid (8 or 12) or was achieved. Obtained yield for compound 8 of 80 %, 
m.p. 174–175 ◦C, LC/MS: m/z 368 (M + H+); obtained yield for com
pound 12 of 84 %, m.p. 171–172 ◦C, LC/MS: m/z 367 (M + H+). 

5.1.2. Synthesis of compounds 10a-i and 13d 
2,3-bis(bromomethyl)pyrido[2,3-g]quinoxaline (8) (0.95 mmol) and 

the appropriate substituted phenols (9a-i) (1.9 mmol) were dissolved in 
15 mL of chloroform. To this, an aqueous solution (15 mL) of sodium 
hydroxide (1.9 mmol) and benzyltriethylammonium chloride – BTAC 
(1.9 mmol) was added. The mixture was heated at 60 ◦C for 27h (10b, c), 
48h (10a, d, e), 72h (10f, h), 7 days (10g, i). At the end, the two phases 
were separated. The organic phase was washed with water, dried off and 
evaporated obtaining an oil that when grinded with diethyl ether gained 
a pink, beige or brown solid. Compound 13d was obtained through the 
same procedure but starting from previously synthetized compound 12, 
final derivative 13d was obtained after 12h, and after work up a yellow 
solid was gained. 

5.2. Experimental section - characterisation of final derivatives 10a-i and 
13d 

5.2.1. 4,4’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis(oxy) 
dibenzonitrile (10a) 

Compound 10a was obtain with 45 % yield; mp: 178–180 ◦C; TLC 
(diethyl ether/ethanol, 8/2) Rf: 0.79; IR (nujol): 1740, 1604 cm− 1. 1H 
NMR (400 MHz, DMSO‑d6) δ 9.13 (d, J = 3.4 Hz, 1H, H-7), 8.84 (s, 1H, 
H-5), 8.74 (s, 1H, H-10), 8.70 (d, J = 8.7 Hz, 1H, H-9), 7.79 (dd, J = 8.3, 
4.0 Hz, 4H, H-3′,5′,3″,5″), 7.72–7.64 (m, 1H, H-8), 7.27 (t, J = 8.4 Hz, 
4H, H-2′,6′,2″,6″), 5.76 (d, J = 5.1 Hz, 4H, 2xCH2). 13C NMR (101 MHz, 
DMSO‑d6) δ 161.98, 161.93, 154.02, 151.99, 151.85, 146.60, 139.28, 
137.32, 137.16, 134.68, 134.59, 129.44, 128.76, 128.08, 122.82, 
119.97, 119.46, 116.85, 116.44, 116.41, 103.93, 101.39, 69.50, 69.28. 
LC/MS for C27H17N5O2 (MW: 443.47) m/z: 444 [M+H]+. Elemental 
analysis: calculated for C27H17N5O2 C 73.13, H 3.86, N 15.79; measured 
C 73.24, H 3.88, N 15.69. 

5.2.2. Dimethyl-4,4’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis 
(oxy)bis(3-methoxybenzoate) (10b) 

Compound 10b was obtain with 45 % yield; mp: 180–182 ◦C; TLC 

Fig. 10. Effect of 10d on IBa1.2 in single rat tail artery myocytes. 10d 
concentration-response curve. On the ordinate scale, the current amplitude is 
reported as a percentage of the control value. Data points are the mean ± SEM 
(n = 5). Inset: traces of IBa1.2 evoked by 250-ms clamp pulses to 10 mV from a 
Vh of − 50 mV (0.067 Hz), recorded under control conditions (black) or in the 
presence of various concentrations of 10d (0.3 μM red, 1 μM green, 3 μM blue, 
10 μM pink, added cumulatively). 
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(diethyl ether/ethanol 8/2) Rf: 0.75; IR (nujol): 1712, 1599 cm− 1. 1H 
NMR (400 MHz, DMSO‑d6) δ 9.15 (d, J = 2.4 Hz, 1H, H-7), 8.88 (s, 1H, 
H-10), 8.78 (s, 1H, H-5), 8.72 (d, J = 8.5 Hz, 1H, H-9), 7.69 (dd, J = 8.6, 
3.9 Hz, 1H, H-8), 7.52 (dt, J = 18.8, 6.2 Hz, 2H, 2xH-5′), 7.34 (d, J = 1.7 
Hz, 2H, 2xH-3′), 7.22 (dd, J = 13.1, 8.5 Hz, 2H, 2xH-6′), 5.76 (d, J = 5.2 
Hz, 4H, 2xCH2), 3.81 (d, J = 5.3 Hz, 6H, 2xCOOCH3), 3.77 (d, J = 1.3 
Hz, 4H, 2x OCH3). 13C NMR (101 MHz, DMSO‑d6) δ 165.78, 153.57, 
151.91, 151.78, 148.47, 146.22, 138.81, 136.86, 136.70, 129.04, 
122.66, 122.61, 122.57, 122.37, 113.01, 112.92, 111.69, 70.40, 70.15, 
55.46, 51.89. LC/MS m/z 570 [M+H]+. Elemental analysis: calculated 
for C31H27N3O8 C 65.37, H 4.78, N 7.38; measured C 65.34, H 4.88, N 
7.27. 

5.2.3. Dimethyl-2,2’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis 
(oxy)dibenzoate (10c) 

Compound 10c was obtain with 50 % yield; mp: 142–144 ◦C; TLC 
(diethyl ether/acetone 9/1) Rf: 0.62; IR (nujol): 1705, 1584 cm− 1. 1H 
NMR (400 MHz, DMSO‑d6) δ 9.10 (d, J = 3.5 Hz, 1H, H-7), 8.76 (s, 1H, 
H-10), 8.67 (d, J = 8.5 Hz, 1H, H-9), 8.63 (s, 1H, H-5), 7.85 (t, J = 7.5 
Hz, 2H, 2xH-5′), 7.77 (dd, J = 25.8, 8.1 Hz, 2H, H-3′), 7.64 (m, 1H, H-8), 
7.56 (dd, J = 8.7, 8.1 Hz, 2H, 2xH-6′), 7.28 (t, J = 7.3 Hz, 2H, 2xH-4′), 
4.87 (s, 4H, 2xCH2), 3.81 (d, J = 5.4 Hz, 6H, 2xOCH3). 13C NMR (101 
MHz, DMSO‑d6) δ 166.21, 153.15, 152.97, 152.73, 145.95, 139.24, 
138.86, 138.73, 136.77, 136.58, 132.53, 132.51, 130.49, 130.44, 
128.58, 128.49, 128.21, 128.12, 127.80, 127.62, 126.98, 125.10, 
124.94, 122.05, 52.13, 36.62, 36.53. LC/MS m/z 542 [M+H]+. 
Elemental analysis: calculated for C29H23N3O4S2 C 64.31, H 4.28, N 
7.76, S 11.84; measured C 64.39, H 4.35, N 7.77, S 11.79. 

5.2.4. 2,2’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis(oxy)bis 
(N-phenylbenzamide) (10d) 

Compound 10d was obtained with 93 % yield; mp: 213–215 ◦C; TLC 
(ether) Rf: 0.48; IR (nujol): 1648, 1597, 1539, cm− 1. 1H NMR (400 MHz, 
DMSO‑d6) δ 10.81 (s, 1H, NH), 10.76 (s, 1H, NH), 9.10 (d, J = 3.6 Hz, 
1H, H-7), 8.59 (s, 1H, H-10), 8.53 (s, 1H, H-5), 8.50 (d, J = 8.7 Hz, 1H, 
H-9), 7.86 (t, J = 6.8 Hz, 2H, 2xH-5′), 7.71 (dd, J = 14.5, 7.9 Hz, 4H, 
2xH-2″,6″), 7.64 (dd, J = 8.5, 3.9 Hz, 1H, H-8), 7.58–7.44 (m, 4H, 2xH- 
3″,5″), 7.29 (td, J = 7.7, 4.5 Hz, 4H, 2xH-4′,6′), 7.13 (dt, J = 21.6, 7.3 Hz, 
4H, 2xH-3′,4″), 5.96 (s, 4H, 2xCH2). 13C NMR (101 MHz, DMSO‑d6) δ 
163.92, 155.35, 155.30, 153.51, 152.15, 151.88, 146.06, 138.79, 
138.75, 138.67, 136.71, 136.41, 132.44, 132.37, 130.47, 130.39, 
128.69, 128.63, 127.91, 127.48, 124.39, 124.33, 123.93, 123.89, 
122.39, 121.52, 121.46, 120.65, 120.37, 113.62, 113.60, 68.63. LC/MS 
m/z 632 [M+H]+. Elemental analysis: calculated for C39H29N5O4 C 
74.15, H 4.63, N 11.09; measured C 74.29, H 4.45, N 11.12. 

5.2.5. 2,2’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis(oxy)bis 
(N-(4-methoxyphenyl)benzamide) (10e) 

Compound 10e was obtain with 25 % yield; mp: 127–130 ◦C; TLC 
(diethyl ether/acetone 9/1) Rf: 0.31; IR (nujol): 1646, 1599, 1537 cm− 1; 
1H NMR (400 MHz, DMSO‑d6) δ 10.74 (s, 1H, NH), 10.69 (s, 1H, NH), 
9.10 (d, J = 2.0 Hz, 1H, H-7), 8.53 (s, 1H, H-5), 8.46 (m, 2H, H-9,10), 
7.88 (t, J = 6.8 Hz, 2H, 2xH-5′), 7.80–7.35 (m, 9H, H-8, 2xH-3′,4′, 2xH- 
2″,6″), 7.16 (ws, 2H, 2xH-6′), 6.86 (dd, J = 7.0, 6.3 Hz, 4H, 2xH-3″,5″), 
5.94 (s, 4H, 2xCH2), 3.73 (s, 6H, 2xCH3). 13C NMR (101 MHz, DMSO‑d6) 
δ 164.04, 163.94, 156.33, 156.23, 155.84, 155.78, 153.94, 152.56, 
152.27, 146.49, 139.12, 137.16, 136.76, 134.12, 132.86, 132.80, 
132.28, 132.23, 130.98, 130.91, 129.04, 128.32, 127.99, 124.70, 
124.62, 123.31, 123.03, 122.69, 122.00, 119.38, 117.72, 114.32, 
114.28, 114.09, 69.05, 55.60. LC/MS m/z 692 [M+H]+. Elemental 
analysis: calculated for C41H33N5O6 C 71.19, H 4.81, N 10.12; measured 
C 71.27, H 4.75, N 10.09. 

5.2.6. 6,6’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis(oxy)bis 
(3-chloro-N-(4-methoxyphenyl) benzamide) (10f) 

Compound 10f was obtain with 25 % yield; mp: 230–231 ◦C; TLC 

(ether/ethanol 8/2) Rf: 0.23; IR (nujol): 1640, 1599 cm− 1. 1H NMR (400 
MHz, DMSO‑d6) δ: 10.69 (s, 1H, NH), 10.65 (s, 1H, NH), 9.10 (s, 1H, H- 
7), 8.50 (m, 3H), 7.89–7.36 (m, 10H), 6.92 (m, 5H), 5.92 (s, 4H, CH2), 
3.75 (d, 6H, 2xOCH3). 13C NMR (DMSO‑d6) δ: solubility is too low that 
was not possible to record any readable data. LC/MS m/z 761 [M+H]+. 
Elemental analysis: calculated for C41H31Cl2N5O6 C 64.74, H 4.11, Cl 
9.32, N 9.21; measured C 64.79, H 4.22, Cl 9.33, N 9.18. 

5.2.7. 6,6’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis(oxy)bis 
(3-chloro-N-(3,5-dimethoxyphenyl) benzamide) (10g) 

Compound 10g was obtain with 30 % yield; mp: >300 ◦C; TLC 
(ether/ethanol 8/2) Rf: 0.22; IR (nujol): 1640, 1600 cm− 1. 1H NMR (400 
MHz, DMSO‑d6) δ 10.65 (s, 1H, NH), 10.62 (s, 1H, NH), 9.11 (s, 1H, H- 
7), 8.61 (d, J = 8 Hz, 2H, H-5,10), 8.53 (d, J = 8 Hz, 1H, H-9), 7.77 (d, J 
= 8 Hz, 2H, 2xH-5′), 7.67 (m, 1H, H-8), 7.52 (s, 4H, 2xH-3′,6′), 6.88 (s, 
4H, 2xH-2″,6″), 6.26 (d, J = 8 Hz, 2H, 2xH-4″), 5.91 (s, 4H, 2xCH2), 3.57 
(s, 12H, 4xOCH3). 13C NMR (101 MHz, DMSO‑d6) δ 164.85, 160.44, 
156.53, 140.36, 140.21, 140.01, 139.67, 138.44, 132.96, 128.37, 
125.29, 122.75, 122.40, 122.36, 120.98, 119.86, 119.01, 108.74, 98.93, 
96.25, 69.30, 55.17. LC/MS m/z 821, 823 [M+H]+. Elemental analysis: 
calculated for C43H35Cl2N5O8 C 62.93, H 4.30, Cl 8.64, N 8.53; 
measured C 62.99, H 4.27, Cl 8.63, N 8.48. 

5.2.8. 6,6’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis(oxy)bis 
(3-chloro-N-(3,4,5-trimethoxyphenyl) benzamide) (10h) 

Compound 10h was obtain with 90 % yield; mp: 121–123 ◦C; TLC 
(ether/acetone 9/1) Rf: 0.17; IR (nujol): 1640, 1589 cm− 1. 1H NMR 
(400 MHz, DMSO‑d6) δ 10.68 (s, 1H, NH),10.64 (s, 1H, NH), 9.06 (d, J =
2.1 Hz, 1H, H-7), 8.53 (d, J = 6.9 Hz, 1H, H-10), 8.47 (d, J = 8.5 Hz, 1H, 
H-9), 8.31 (s, 1H, H-5), 7.79 (s, 2H, 2xH-3′), 7.63 (m, 1H, H-8), 7.52 (s, 
4H, H-5′,6′), 6.98 (s, 4H, 2xH-2″,6″), 5.92 (s, 4H, 2xCH2), 3.64 (s, 6H, 
2xp-OCH3), 3.50 (s, 12H, 4xm-OCH3). 13C NMR (101 MHz, DMSO‑d6) δ 
162.52, 154.09, 152.66, 151.78, 151.55, 146.00, 138.58, 136.64, 
136.21, 134.47, 131.64, 129.54, 128.63, 127.92, 127.68, 126.28, 
125.33, 122.40, 115.68, 98.67, 98.59, 69.26, 69.15, 60.07, 55.46. LC/ 
MS m/z 881, 883 [M+H]+. Elemental analysis: calculated for 
C45H39Cl2N5O10 C 61.37, H 4.46, Cl 8.05, N 7.95; measured C 61.47, H 
4.52, Cl 8.08, N 7.99. 

5.2.9. 6,6’-(pyrido[2,3-g]quinoxaline-2,3-diylbis(methylene))bis(oxy)bis 
(3-chloro-N-(3,4-dichlorophenyl) benzamide) (10i) 

Compound 10i was obtain with 42 % yield; mp: 216–217 ◦C; TLC 
(ether/ethanol 8/2) Rf: 0.21; IR (nujol): 1638, 1590 cm− 1. 1H NMR (400 
MHz, DMSO‑d6) δ 10.90 (s, 1H, NH), 10.85 (s, 1H, NH), 9.10 (d, J = 3.8 
Hz, 1H, H-7), 8.58 (m, 3H, H-5,9,10), 7.96 (m, 1H, H-8), 7.80 (d, J = 7.4 
Hz, 2H, 2x-H3’), 7.71–7.56 (m, 4H, 2xH-5′,2″), 7.56–7.37 (m, 6H, 2xH- 
4′,5″,6″), 7.15 (m, 2H, 2xH-6′), 5.92 (s, 4H, 2xCH2). 13C NMR (101 MHz, 
DMSO‑d6) δ 166.57, 164.46, 161.04, 155.32, 153.61, 153.22, 152.03, 
151.84, 150.15, 146.10, 145.66, 138.86, 138.80, 137.33, 136.48, 
134.96, 133.52, 132.59, 130.90, 130.61, 129.28, 128.82, 128.58, 
127.53, 127.10, 125.23, 124.18, 123.18, 122.37, 121.63, 120.48, 
118.92, 117.98, 117.60, 117.54, 116.67, 113.68, 87.30, 68.82. LC/MS 
m/z 770, 772 [M+H]+. Elemental analysis: calculated for 
C39H25Cl4N5O4 C 60.88, H 3.27, Cl 18.43, N 9.10; measured C 60.95, H 
4.22, Cl 18.49, N 9.20. 

5.2.10. 2,2’-((benzo[g]quinoxaline-2,3-diylbis(methylene))bis(oxy))bis 
(N-phenylbenzamide) (13d) 

Compound 13d was obtained with 68 % yield; m.p. 224–225 ◦C; TLC 
(petroleum ether/ethyl acetate) Rf: 0.42. 1H NMR (400 MHz, DMSO‑d6) 
δ 10.81 (s, 2H, 2xNH), 8.45 (s, 2H, H-5,10), 8.05 (dd, J = 6.4, 3.2 Hz, 
2H, H-6,9), 7.87 (d, J = 7.4 Hz, 2H, 2xH-3′), 7.70 (d, J = 7.7 Hz, 4H, 
2xH-5″,6″), 7.65 (dd, J = 6.5, 3.1 Hz, 2H, H-7,8), 7.50 (d, J = 3.6 Hz, 4H, 
2xH-5′,6′), 7.31 (t, J = 7.8 Hz, 4H, 2xH-3″,5″), 7.22–7.06 (m, 4H, 2xH-4′, 
2xH-4″), 5.93 (s, 4H, 2xCH2). 13C NMR (101 MHz, DMSO‑d6) δ 163.94, 
155.39, 151.15, 138.79, 136.65, 133.24, 132.40, 130.43, 128.68, 
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128.15, 127.33, 126.91, 124.28, 123.97, 121.43, 120.81, 113.56, 68.60, 
40.13, 39.92, 39.71, 39.50, 39.29, 39.08, 38.87. LC/MS m/z 631 
[M+H]+. Elemental analysis: calculated for C40H30N4O4 C 76.17, H 
4.79, N 8.88; measured C 76.29, H 4.74, N 8.76. 

5.3. Computational studies 

5.3.1. Library preparation 
The compounds’ library was prepared by means of LigPrep tool 

(Schrödinger Release 2018-1: LigPrep, Schrödinger, LLC, New York, NY, 
2018), hydrogens were added, salts were removed, ionization states 
were calculated using Ionizer at pH 7.0 ± 2.0 and then each structure 
was submitted to MacroModel energy minimization using OPLS_2005 as 
force field (Schrödinger Release 2018-1: MacroModel, Schrödinger, LLC, 
New York, NY, 2018). 

5.3.2. ADME prediction 
The energy-minimized ligands’ structures were evaluated for their 

drug-like properties, by means of the Qikprop module v. 5.5 
(Schrödinger Release 2018-1: QikProp, Schrödinger, LLC, New York, 
NY, 2018). In detail, QikProp predicts physically significant descriptors 
of organic molecules and provides ranges for comparing a particular 
molecule’s properties with those of 95 % of known drugs. 

5.3.3. Docking studies 
Starting from the Encequidar-bound human P-glycoprotein in com

plex with UIC2-Fab, deposited in the Protein Data Bank (PDB) with the 
PDB code 7O9W [37], our molecular recognition studies were carried 
out. 

The receptor structure was prepared by means of the Protein Prep
aration Wizard tool implemented in Maestro, using OLPS_2005 as force 
field. Residual crystallographic buffer components and UIC2 fab- 
fragment chains were removed, missing side chains were built, 
hydrogen atoms were added, side chains protonation states at pH 7.0 ±
2.0 were assigned (Schrödinger Release 2018-1: Protein Preparation 
Wizard, Schrödinger, LLC, New York, NY, 2018). 

In order to evaluate the reliability of our molecular recognition 
approach, we performed redocking calculations by using Glide Extra 
Precision (XP) protocol, (Schrödinger Release 2018-1: Glide, 
Schrödinger, LLC, New York, NY, 2018) [38], that was able to reproduce 
the experimentally determined binding mode, in fact, we obtained a 
Root Mean Square Deviation (RMSD) value equal to 1.57 Å. 

The docking studies were performed by means of Glide v7.8 XP al
gorithm (Schrödinger Release 2018-1: Glide, Schrödinger, LLC, New 
York, NY, 2018, [38]), and 10 poses were generated. 

5.4. Biological evaluation 

5.4.1. Cell culture 
A498, A-704, U-87-MG, Mewo, HT-29, Hup-T3, HGC-27, SK-HEP-1, 

SK-N-SH were obtained from IRCCS University Hospital San Marti
no—IST National Institute for Cancer Research (Genova, Italy). HCT- 
116 were obtained from Dr. Jun Yokota, Cancer Genome Group, Insti
tute of Predictive and Personalized Medicine of Cancer (Barcelona, 
Spain). A498, A-704, HCT-116, HGC-27, HT-29, Hup-T3, Mewo, PC-3, 
SK-HEP-1, U-87-MG were cultured in DMEM high glucose (Euroclone 
ECM0101L) supplemented with 10 % FBS, 2 mM L-Glutamine (Sigma 
G7513), non-essential amino acids (Sigma M7145), Sodium Piruvate 1 
mM (Sigma S8636), and Antibiotic Antimycotic Solution (Sigma 
A5955). SK-N-SH were cultured in RPMI1640 (Euroclone ECB9006L) 
supplemented with 10 % FBS (Euroclone ECS0180L), 2 mM L-Glutamine 
(Sigma G7513) and Antibiotic Antimycotic Solution (Sigma A5955). 

5.4.2. MDR assay 
EFLUXX-ID Green multidrug resistance assay kit was performed to 

assess relative activity of MDR efflux pumps in culture cells in presence 

or absence of ABC inhibitors. 24 h before compound addition, 5000 cells 
suspended in 20 μL phenol-red free complete medium were plated in 
each well of a 384 Well Flat Clear Bottom Black Polystyrene TC-Treated 
Microplate (Corning 3764). The day after, 5 μL of compounds were 
added to each sample to obtain indicated treatment concentrations. 
Plating of cells, preparation of serial dilutions and addition of com
pounds to cells were performed using an automated liquid handling 
platform (Gilson Pipetmax). After 15 min of treatment, EFLUXX-ID 
Green Detection Reagent at 1:200 concentration and 1 μg/mL 
Hoechst-33342 were added to each sample. Samples were incubated for 
additional 30 min at 37 ◦C, 5 % CO2 humidified air before analysis. 
Images for blue fluorescence and green fluorescence detection were 
taken with objective 4x using the automated digital widefield micro
scopy system BioTek Cytation 5. Cell’s area in each image were 
delimited as the area external to blue-fluorescent nucleus with a radius 
of 5 μM and green fluorescence signal intensity (GFI) in each area was 
quantified. 250 events were randomly selected from each image and 
median GFI was calculated. Then, median GFI of each sample was 
normalized to median GFI of untreated samples from 3 wells (median 
GFI from 250 events, divided by median GFI of untreated samples from 
750 events). Mean value and standard deviation of three normalized 
median values from three technical replicates (three images from three 
distinct wells) was calculated. One-tailed student’s t-test was performed 
to assess increased normalized median GFI in treated samples compared 
to normalized median GFI in untreated ones. 

5.4.3. Cell proliferation assays 
500 cells suspended in 20 μL containing SiR-DNA (Tebu-bio SC007) 

and CellTox Green Dye (Promega G8731) were plated in each well of a 
384 Well Flat Clear Bottom Black Polystyrene TC-Treated Microplates 
(Corning 3764). The day after, 10 μL of serial dilutions of compounds in 
complete medium without phenol red were added to each sample. 
Immediately after compound addition to cells and after 72 h from 
treatment, images for far-red fluorescence, green fluorescence and phase 
contrast were taken with objective 4x using automated digital widefield 
microscopy system BioTek Cytation 5. For each well, 4 images were 
taken and merged to cover the entire well. Number of nuclei, stained by 
SiR-DNA in far-red fluorescence, and number of dead cells, stained by 
CellTox Green Dye in green fluorescence, were automatically counted 
using BioTek Gen5 software. Live cells were calculated by subtracting 
number of dead cells from total count of nuclei and percentage of growth 
was calculated as previously reported [39,40]. Three technical repli
cates were performed. Two-tailed student’s t-tests were performed to 
assess differences between treatments as indicated in figures. 

5.5. Cytotoxicity 

5.5.1. Cell cultures 
Human microglial clone 3 cell line (HMC3) (ATCC® CRL-3304™) 

was cultured in in high glucose DMEM (Corning, Tewksbury, MA, USA) 
supplemented with 10 % FBS, streptomycin (100 g/mL) and penicillin 
(100 U/mL) (Sigma-Aldrich, Milan, Italy) at 37 ◦C, 5 % CO2 humidified 
air. 

5.5.2. MTT (cell viability assay) 
The 3-(4,5-dimethylthiazol-2- yl)-2,5-diphenyltetrazolium bromide 

(MTT) reagent was used to test the effects of 10d on cell viability. 
Briefly, after the pertinent treatment, cells were incubated with MTT 
(0.5 mg/mL) for 4 h at 37 ◦C. The formazan products were dissolved in 
DMSO and absorbance at OD540 nm was determined with an automated 
microplate reader (BIO-TEK, Winooski, VT, United States). The per
centage of cell viability was calculated as the percentage of control cells. 

5.5.3. Statistical analysis 
Obtained results are expressed as the mean ± standard error of the 

mean (S.E.M.). Statistical analyses were performed using commercial 
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software (GraphPad Prism, San Diego, CA, USA) using ordinary one-way 
ANOVA followed by Tukey’s post hoc test. Differences for which p <
0.05 were considered significant. 

5.6. Off target evaluation: Cav1.2 channel blockade 

5.6.1. Animal care statement 
The Animal Care and Ethics Committee of the University of Siena and 

the Italian Department of Health (7DF19.N.TBT) approved all the pro
cedures, in strict accordance with the European Union Guidelines for the 
Care and the Use of Laboratory Animals (European Union Directive 
2010/63/EU). An isoflurane (4 %) and O2 gas mixture was used to 
anaesthetize male Wistar rats (250–350 g; Charles River Italia, Calco, 
Italy) with Fluovac (Harvard Apparatus, Holliston, Massachusetts, USA), 
before decapitation and exsanguination. The tail main artery was 
immersed in external solution and processed as detailed below. 

5.6.2. Cell isolation method 
Smooth muscle cells were dissociated from an 8-mm long piece of the 

tail main artery incubated at 37 ◦C for 35–45 min in 2 mL of external 
solution (see below for composition) containing 0.1 mM Ca2+, 20 mM 
taurine (equally balanced with NaCl), 1.1 mg/mL collagenase (type XI), 
1 mg/mL soybean trypsin inhibitor, and 1 mg/mL BSA, bubbled with 
carboxygen (95 % O2–5% CO2) [41]. External solution (in mM): 130 
NaCl, 5.6 KCl, 10 HEPES, 20 glucose, 1.2 MgCl2, and 5 Na-pyruvate; pH 
7.4. The cell suspension, stored in 0.05 mM Ca2+, 20 mM taurine, and 
0.5 mg/mL BSA external solution at 4 ◦C, was used for a maximum of 
two days [42]. 

5.6.3. Whole-cell patch-clamp recordings 
The junction potential, whole-cell capacitance, and series resistance 

(between 70 % and 75 %) were compensated with an Axopatch 200B 
patch-clamp amplifier (Molecular Devices Corporation, Sunnyvale, CA, 
USA) in conjunction with an ADC/DAC interface (DigiData 1200 A/B 
series, Molecular Devices Corporation), which applied voltage pulses to, 
and recorded membrane currents from myocytes. Borosilicate glass 
recording electrodes (WPI, Berlin, Germany) had a pipette resistance of 
2–4 MΩ. Low-pass filtered (1 kHz) current signals, recorded under the 
conventional whole-cell configuration at 20–22 ◦C, were digitized at 3 
kHz [43]. 

5.6.4. Ba2+ currents through CaV1.2 channel (IBa1.2) recordings 
A peristaltic pump (LKB 2132, Bromma, Sweden) superfused (flow 

rate of 400 μl/min) cells with a 0.1 mM Ca2+ and 30 mM tetraethy
lammonium (TEA) external solution. The internal solution contained (in 
mM) 100 CsCl, 10 HEPES, 11 EGTA, 2 MgCl2, 1 CaCl2 (free Ca2+ con
centration pCa 8.4), 5 Na pyruvate, 5 succinic acid, 5 oxaloacetic acid, 3 
Na2ATP, and 5 phosphocreatine (pH 7.4 with CsOH). IBa1.2 [44] elicited 
with 250-ms clamp pulses (0.067 Hz) to 10 mV from a Vh of − 50 mV and 
recorded in 30 mM TEA and 5 mM Ba2+ external solution, stabilized in 
7–10 min after the whole-cell configuration had been obtained, and did 
not run down during the following 40 min [45]. TEA and Cs+, in the 
external and internal solution, respectively, blocked K+ currents, 
whereas 10 μM nifedipine, completely blocking IBa1.2, allowed leakage 
and residual outward currents measurement offline. The external solu
tion containing 30 mM TEA- and 5 mM Ba2+, and the internal solution 
had an osmolarity of 320 mosmol and 290 mosmol, respectively (as 
measured by an Osmostat OM 6020 osmometer, Menarini Diagnostics, 
Florence, Italy). 

5.6.5. Materials 
The chemicals used were: BSA, collagenase (type XI), nifedipine, 

taurine, TEA chloride, and soybean trypsin inhibitor (Sigma Chimica, 
Milan, Italy). Nifedipine was dissolved directly in ethanol, 10d in 
DMSO. Neither DMSO nor ethanol (maximal concentration of 0.1 %, v/ 
v) affected vascular responses (data not shown). 
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