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Abstract 

Triple-negative breast cancer is one of the most aggressive breast cancer. The first therapeutic option is 

chemotherapy, often based on anthracycline as doxorubicin. However, chemotherapy efficacy is limited in 

by the presence of P-glycoprotein (Pgp), a membrane transporter protein that effluxes doxorubicin, 

reducing its cellular accumulation and toxicity. Inhibiting Pgp activity with effective and non-toxic products 

is still an open challenge. In this work, we demonstrated that the natural product Glabratephrin (Glab), a 

prenylated flavonoid from Tephrosia purpurea with a unique chemical structure, increased doxorubicin 

accumulation and cytotoxicity in triple negative breast cancer cells with high levels of Pgp, characterized by 

both acquired or intrinsic resistance to doxorubicin. Glab also reduced the growth of Pgp-expressing 

tumors, without adding significant extra-toxicities to doxorubicin treatment. Interestingly, Glab did not 

change the expression of Pgp, but it reduced the affinity for Pgp and the efflux of doxorubicin, as suggested 

by the increased Km and the reduced Vmax. In silico molecular docking predicted that Glab binds two 

residues (phenylalanine 322, glutamine 721) localized in the transmembrane domains of Pgp, facing the 

extracellular environment. Moreover, site-directed mutagenesis identified glycine 185 as a critical residue 

mediating the reduced catalytic efficacy of Pgp elicited by Glab. We propose Glab as an effective and safe 

compound able to reverse doxorubicin resistance mediated by Pgp in triple negative breast cancers, 

opening the way to a new combinatorial approach that may improve chemotherapy efficacy in the most 

refractory and aggressive breast cancer. 

 

 

 

 

  



Abbreviations 

MDR  multidrug resistance 

ABCB1/Pgp ATP binding cassette sub-family B1/P-glycoprotein 

Dox  doxorubicin 

ABCC1/MRP1 ATP binding cassette sub-family C1/multidrug resistance-associated protein 1 (MRP1) 

ABCG2/BCRP ATP binding cassette sub-family G2/breast cancer resistance protein 

QSAR  quantitative structure-activity relationships 

Glab  Glabratephrin 

FBS  fetal bovine serum 

HIF-1α  Hypoxia-inducible factor-1α 

CI  Combination Index 

LDH  lactate dehydrogenase 

AST  aspartate aminotransferase 

ALT  alanine aminotransferase 

AP  alkaline phosphatase 

CPK  creatine phosphokinasec 

TnI/T  cardiac troponin I/T 

Pi  phosphate 

MOE  Molecular Operating Environment 

RMSD  root mean square deviation 

ANOVA  analysis of variance 

Gln  glutamine 

Phe  phenylalanine 

Gly  glycine 

Val  valine 

Ser  serine 

Asn  asparagine 

Ala  alanine 

Thr  threonine 

CS  collateral sensitivity 

NBD  nucleotide binding domain 

TMD  transmembrane domain 

DSPE-PEG distearoyl-phosphatidylethanolamine-polyethylene glycol 

Chemical compounds studied in this article 

doxorubicin (PubChem CID: 31703)Glabratephrin (PubChem CID: 12893624) 



1. Introduction 

Multi-drug resistance (MDR) is a major cause of chemotherapy failure. One of the main mechanisms of 

chemoresistance is the high expression of adenosine triphosphate-binding cassette sub-family B1 

(ABCB1)/P-glycoprotein (Pgp) that determines resistance to a broad spectrum of drugs used against breast 

cancer [1]. Doxorubicin (Dox), a typical substrate of Pgp [2], is an anthracycline extensively used to treat 

hematological and solid tumors, including triple negative breast cancer [3], [4]. Some of the last generation 

of Pgp inhibitors, such as Tariquidar and Elacridar, have enhanced the efficacy of anticancer drugs in 

preclinical studies, opening the perspective to their possible clinical use in patients with refractory breast 

cancers. While no Phase I/II trials based on Elacridar were registered, two trials using Tariquidar started 

(https://clinicaltrials.gov/) [5]. The phase-II NCT00048633 trial tested the efficacy of Tariquidar in 

combination with anthracyclines or taxanes in patients with advanced breast cancers, but it did not provide 

any conclusion about the clinical benefits derived from this combination therapy. Similarly, no information 

about an increased efficacy of the combination of Tariquidar and vinorelbine were reported in the 

NCT00001944 trial. These data dampened the enthusiasm for setting larger phase III clinical trial with these 

two Pgp inhibitors. In addition, many Pgp inhibitors showed high toxicity [6]: the first-generation inhibitors 

of Pgp, such as verapamil, suffered of low therapeutic window and cardiotoxicity; the second-generation 

inhibitors displayed lower cardiotoxicity but often produced unwanted drug-drug interactions when 

administered with chemotherapeutic agents, limiting the efficacy of the latter [7]. Among the third-

generation inhibitor, Elacridar induced modest neutropenia, Tariquidar was not associated with grade III/IV 

toxicities [7], but in both cases the lack of efficacy in terms of overall response rate limited the further 

clinical development. Finding effective and safe Pgp inhibitors remains still an open challenge. 

In this scenario, natural products have been considered more extensively as potential alternatives to 

synthetic molecules, although also natural compounds may suffer of the same drawbacks of synthetic 

compounds, as non-specific binding with the targets and/or unfavorable pharmacokinetic profiles [8]. The 

mechanisms at the basis of the reversion of chemoresistance by natural products are pleiotropic and 

sometimes not univocal, also in consideration of the wide range of natural compounds tested. Lipophilic 

terpenoids (e.g. monoterpenes, diterpenes, triterpenes, tetraterpenes), flavonoids, steroids such as cardiac 

glycosides, prenyl and steroid derivatives of quinolone and indole have been shown to inhibit Pgp, 

multidrug resistance-associated protein 1 (MRP1) and breast cancer resistance protein (BCRP) in a 

competitive manner [9], suggesting that these structures may fit the drug-binding pockets present on the 

different ABC transporters and displace the substrates. For more hydrophilic compounds with phenolic 

structure, it has been proposed that multiple H-bonds are formed with the protein, leading to the 

transporter’s destabilization [9] and to non-competitive inhibition. Quercetin, catechins, morin and 

capsaicin, have been reported to inhibit Pgp more than other ABC transporters [10], [11], [12]. Quantitative 



structure-activity relationships (QSAR) studies highlighted those specific moieties, such as a double bond 

between positions 2 and 3, a methoxyl group in position 3 and a hydroxyl group in position 5, that may 

confer this selectivity toward Pgp [12], leading to hypothesize that these moieties bind specific sites on Pgp, 

altering the substrates affinity or the tridimensional structure of the transporter, leading to a reduced 

catalytic efficacy. However, the effects of flavonoids are often tumor type- and model-dependent. For 

instance, in Pgp-expressing colon cancer the activity of quercetin, galangin and kaempferol on the efflux of 

adriamycin was unrelated to their structure, and all the compounds are very weak competitors [13]. 

Moreover, within the same tumor the efflux of adriamycin in crude membrane extracts of Pgp-expressing 

cells was significantly higher than the efflux measured in cell cultures [13], leading to hypothesize that 

other factors – as flavonoids uptake, change of Pgp structure in isolated membranes compared to living 

cells – impact on the final effect of flavonoids on chemoresistance. Flavonoids and terpenoids have broader 

effects than simply interacting with Pgp: for instance, they reduce the transcription of Pgp, inhibit the 

activity of cytochrome p450 isoforms catabolizing chemotherapeutic drugs, improve the pharmacokinetic 

profile of anti-cancer agents [12]. Overall, despite some contradictory findings, natural compounds with a 

flavonoid structure may be noteworthy of further investigation about their efficacy and safety as 

chemosensitizing agents, given their broad-spectrum effects on Pgp-expressing cells. 

Tephrosia purpurea, a pantropical flowering plant of Fabaceae family widely used in traditional medicine, 

was reported to contain rotenoids, isoflavones, flavanones, flavones, flavanols and chalcones [14]. 

Prenylated flavonoids are the major isolated compounds from this plant. Among them Glabratephrin (Glab) 

was repeatedly isolated as the major constituent of T. purpurea [15], [16], [17], [18]. Glab, and recently 

isoglabratephrin [15], are the only examples in nature of prenylated flavonoids with a 4-hydroxy-2,7-

dioxaspiro[4.4]nonan-1-one-3,3-dimethyl ring moiety. Glab has shown multiple biological activities, ranging 

from anti-helmintic to anti-microbial, anti-fungal, anti-inflammatory, anti-pyretic effects [15], [16], [17], 

[18]. The ethanolic extract of T. purpurea has shown cytotoxic activity against the nasopharyngeal KB cell 

line, where it inhibits cell proliferation and migration [18]. Also Glabridin, a prenylated isoflavan with cyclic 

prenylation of ring A, is an anticancer agent [19] and a potent inhibitor of Pgp expression and activity [20], 

but no studies about the chemosensitizing properties of the rare spiro-prenylated compounds such as Glab 

and isoglabratephrin exist, despite QSAR studies predict that the prenylated flavonoid structure as that 

present in Glab may interact with Pgp [21]. Additionally, Glab was selected after a small-scale screening of 

60 medicinal plant extracts and compounds from the library of the Pharmacognosy Department in National 

Research Center, Giza, Egypt, because it is extracted with a cost-effective isolation scheme that can fit 

industrial scale up. This is of paramount importance for eventual medicinal and clinical applications. 

The aim of this work was to set up a combinatorial treatment based on Glab and Dox, able to reverse the 

resistance to this chemotherapeutic drug without unwanted systemic toxicity. We addressed this issue by 

testing the efficacy of Glab in triple negative breast cancer cells expressing different amount of Pgp, with an 



acquired or a constitutive resistance to Dox. In particular, we investigated the safety and ability of Glab in 

restoring the efficacy of Dox, the first-line treatment for triple negative breast cancer [22], in vitro and in 

vivo. 

2. Materials and methods 

2.1. Chemicals and materials 

The lab supplies for cell cultures were obtained from Falcon (Becton Dickinson, Franklin Lakes, NJ). The 

electrophoresis reagents were from Bio-Rad Laboratories (Hercules, CA). The protein content of cell lysates 

was assessed with the BCA kit from Sigma Chemicals Co. (St. Louis, MO). Unless specified otherwise, all 

reagents were purchased from Sigma Chemicals Co. 

2.2. Plant material 

The aerial parts of T. purpurea were collected in February 2010, Marfai Valley, Gabal Elba, Egypt (22.2145N, 

36.3899 E, 450 m altitude). A voucher specimen has been deposited in the herbarium of National Research 

Centre, Cairo, Egypt. The plant was identified by one of the authors (A. H. H. E). The plant was air-dried in 

the dark, reduced to a 36 mesh-powder using a cutter mill and kept in tightly sealed containers until the 

extraction. 

2.3. Extraction and isolation of glabratephrin 

Air-dried aerial plant powder (1200 g) was extracted with methylene dichloride (CH2Cl2)-methanol (MeOH) 

(1:1, 3 L) by maceration at room temperature and repeated 20 min cycles of sonication (50% amplitude; 

Hielscher UP200S, Ultrasound Sonicator, GmbH, Teltow, Germany). The solvent was evaporated under 

vacuum at 40 °C. The residue (70 g) was subjected to silica gel open column chromatography (Silica gel 60–

0.063–0.200 mm, 70–230 mesh, Merck, Darmstadt, Germany) and eluted with n-hexane, ethyl acetate 

(EtOAc), with increasing polarity gradient from 10% to 100% EtOAc, then washed with MeOH. Similar 

fractions were pooled based on their separation by thin layer chromatography (TLC), carried out on TLC 

Silica gel 60GF₂₅₄ 25 Glass plates (Merck), to yield 9 main fractions (FrA1-FrA9). FrA7 contained a major spot 

at Rf 0.5, emitting a blue fluorescence at 254 nm, and was subjected to silica gel column chromatography, 

eluted with n-hexane-EtOAc (2:1) to yield 12 fractions (FrB1-FrB12). The 11th fraction, containing the major 

spot, was further purified by Sephadex LH-20 column chromatography (GE Healthcare Bio-Sciences AB, 

Uppsala, Sweden), eluted with CH2Cl2–methanol (MeOH) (1:1) to yield 94 mg of colorless crystals that were 

identified as Glab (Fig. 1), by ESIMS and 1H NMR analyses, whose spectrum (Supplementary Fig. S1) 

matched with the already published spectra of Glab [18]. The purity of the compound was 99%. 

  



2.4. Cell lines 

Human triple negative breast cancer MDA-MB-231 cells and murine mammary JC cells were purchased 

from ATCC (Manassas, VA), and were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin (PS). MDA-MB-231/DX were generated by culturing parental MDA-MB-231 

cells in complete medium, adding Dox at increasing concentrations every 5 passages (p0: 10 nM Dox; p5: 

25 nM; p10: 50 nM; p15: 100 nM; p20: 250 nM; p25: 500 nM; p30: 1000 nM). Human peripheral blood 

mononuclear cells (PBMC) from 3 different healthy donors were obtained by the Blood Bank of AOU Città 

della Salute e della Scienza, Torino, Italy (#DG-767/2015) and cultured in RPMI-1640 medium with 10% FBS, 

1% PS. Human fibroblasts were a kind gift of Prof. Francesco Novelli, Department of Molecular 

Biotechnology and Health Sciences, University of Torino, Italy, and were maintained in DMEM medium with 

10% FBS, 1% PS. 

2.5. Immunoblotting 

Cells were rinsed with ice-cold lysis buffer (50 mM Tris, 10 mM EDTA, 1% v/v Triton-X100), supplemented 

with the protease inhibitor cocktail set III (80 μM aprotinin, 5 mM bestatin, 1.5 mM leupeptin, 1 mM 

pepstatin; Calbiochem, San Diego, CA), 2 mM phenylmethylsulfonyl fluoride and 1 mM Na3VO4. Samples 

were sonicated (with 10 bursts of 1 s, amplitude 40%; Hielscher UP200S, Ultrasound Sonicator) and 

centrifuged at 13,000g for 10 min at 4 °C. 20 μg protein extracts were subjected to SDS-PAGE and probed 

with the following antibodies: anti-Pgp (1:250, rabbit polyclonal #sc-8313, Santa Cruz Biotechnology Inc., 

Santa Cruz, CA), anti-MRP1 (1:500, mouse clone MRPm5, Abcam, Cambridge, UK), anti-BCRP (1:500, mouse 

clone BXP-21, Santa Cruz Biotechnology Inc.), anti-β-tubulin (1:1000, mouse clone D10, Santa Cruz 

Biotechnology Inc.), followed by a peroxidase-conjugated secondary antibody (Bio-Rad Laboratories). The 

membranes were washed with Tris-buffered saline-Tween 0.1% v/v solution, the proteins were detected by 

enhanced chemiluminescence (Bio-Rad Laboratories). The relative quantitation of immunoblot was 

performed with the ImageJ software (https://imagej-nih-gov.bibliopass.unito.it/ij/). The band density of 

untreated MDA-MB-231 cells was considered as 1 arbitrary unit. 

2.6. RT-PCR 

Total RNA was extracted and reverse-transcribed using the iScript™ cDNA Synthesis Kit (Bio-Rad 

Laboratories). qRT-PCR was performed using the IQ™ SYBR Green Supermix (Bio-Rad Laboratories). The PCR 

primer sequences, designed using the qPrimerDepot software 

(http://primerdepot.nci.nih.gov.bibliopass.unito.it/), were: Pgp (human): 5′-TGCTGGAGCGGTTCTACG-3′, 5′-

ATAGGCAATGTTCTCAGCAATG-3′; S14 (human): 5′-CGAGGCTGATGACCTGTTCT-3′, 5′-

GCCCTCTCCCACTCTCTCTT-3′. The relative gene expression levels were calculated using the Gene Expression 

Quantitation software (Bio-Rad Laboratories). 



2.7. Hypoxia Inducible Factor-1α (HIF-1α) activity 

Nuclear proteins were extracted using the Nuclear Extract Kit (Active Motif, Rixensart, Belgium), and 

quantified. The activity of HIF-1α was assessed on 10 μg of nuclear proteins by the TransAM™ HIF Activity 

kit (Active Motif). The absorbance at 450 nm was measured with a Packard EL340 microplate reader (Bio-

Tek Instruments, Winooski, VT). For each set of experiments, a blank was prepared with bis-distilled water, 

and its absorbance was subtracted from that obtained in the presence of nuclear extracts. Data were 

expressed as absorbance units/mg nuclear proteins. 

2.8. Intracellular doxorubicin accumulation 

Cells were washed twice with PBS 1X, detached by gentle scraping and centrifuged at 13,000g for 5 min at 

4 °C. Cell pellets were re-suspended in 400 µl of a 1:1 mixture of ethanol/0.3 N HCl and sonicated (10-sec 

bursts). The protein content was assessed with the BCA kit. The amount of intracellular doxorubicin was 

detected using a Synergy HT 96-well microplate reader (Bio-Tek Instruments). Excitation and emission 

wavelengths were 475 and 553 nm, respectively. A blank was prepared in the absence of cells in each set of 

experiments; its fluorescence was subtracted from that measured in each sample. Fluorescence was 

converted in nmoles doxorubicin/mg cell proteins using a calibration curve. 

2.9. Cell viability 

Cell viability was evaluated by crystal violet staining, as reported previously [23]. To calculate the IC50, 

1 × 104 cells were seeded in 96-well plates, treated with scalar concentrations (from 10−9 M to 10−2 M) of 

Glab for 72 h, and then stained with crystal violet solution. The quantitation of crystal violet staining was 

performed by reading the absorbance at 540 nm with a Synergy HT 96-well microplate reader (Bio-Tek 

Instruments). The mean absorbance of untreated cells was considered 100%; the absorbance units of the 

other experimental conditions were expressed as percentage of viable cells vs. untreated cells. IC50, i.e. the 

concentration of the compound that decreases cell viability by 50%, was calculated with the GraphPad 

Prism (v 6.01) software. The Combination Index (CI) was calculated by measuring the viability in cells 

incubated with scalar concentrations (from 10−10 M to 10−5 M) of Dox and Glab, using the CalcuSyn software 

(www.biosoft.com/w/calcusyn.html). 

2.10. In vivo tumor growth 

1 × 107 JC cells were mixed with 100 µl Matrigel and orthotopically implanted in 6-week-old female 

immunocompetent balb/C mice (Charles River Laboratories Italia, Calco), housed (5 per cage) under 12 h 

light/dark cycle, with food and drinking provided ad libitum. Tumor growth was measured daily by caliper, 

according to the equation (LxW2)/2, where L=tumor length and W=tumor width. When tumors reached the 

volume of 50 mm3, mice (n = 8/group) were randomized in the following groups and treated on day 1, 7, 14 

after randomization as reported: 1) vehicle group, treated with 200 µl saline solution intravenously (i.v.); 2) 



Glabratephrin group, treated with a 200 µl water/10% DMSO solution i.v., containing 5 µM Glab; 3) 

doxorubicin group, treated with 5 mg/kg Dox, dissolved in 200 µl water i.v.; 4) Glabratephrin + doxorubicin 

group, treated with 100 µl of saline solution i.v. containing 5 µM Glab + 100 µl water solution containing 

5 mg/kg Dox. Tumor volumes were monitored daily. Animals were euthanized at day 21 after 

randomization with zolazepam (0.2 ml/kg) and xylazine (16 mg/kg). Tumors were excised, photographed, 

fixed in 4% v/v paraformaldehyde overnight, and paraffin embedded. The paraffin sections were stained 

with haematoxylin-eosin or immune-stained for Ki67 (1:100; rabbit #AB9260, Sigma-Aldrich, St. Louis, MO), 

as index of cell proliferation, followed by a peroxidase-conjugated secondary antibody (1:100, Dako, 

Glostrup, Denmark). Liver, kidneys and spleen were excised, fixed, and paraffin sections were examined 

after haematoxylin-eosin staining. The sections were examined with a Leica DC100 microscope (Leica, 

Weitzlar, Germany). Lactate dehydrogenase (LDH), aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), alkaline phosphatase (AP), creatinine, creatine phosphokinase (CPK) and CPK-MB, 

cardiac troponin I (cTnI) and T (cTnT) were measured on blood samples collected immediately after 

euthanasia, using commercially available kits from Beckman Coulter Inc. (Beckman Coulter, Miami, FL). To 

test the acute toxicity, 6-week-old female balb/C mice (n = 5/group) were treated with vehicle (200 µl saline 

solution i.v.) or with a 200 µl water/10% DMSO solution containing 0.5, 1, 5, 10 µM Glab (i.v.) After 24 h the 

animals were sacrificed, the blood was collected and the hematochemical parameters indicated above 

were assessed. In all studies, researchers analyzing the results were unaware of the treatments received by 

animals. The Animal care and experimental procedures were approved by the Bio-Ethical Committee of the 

Italian Ministry of Health (#122/2015-PR). 

2.11. Rhodamine 123 efflux 

Cells were washed with PBS, detached and re-suspended in 1 ml of fresh medium containing 5% FBS. The 

samples were maintained at 37 °C for 20 min in the presence of 1 μg/ml Rhodamine 123. After this 

incubation time, cells were washed and re-suspended in 0.5 ml of PBS. The intracellular Rhodamine 123 

content, which is inversely related to its efflux, was detected fluorimetrically using a a Synergy HT 96-well 

microplate reader (Bio-Tek Instruments). Excitation and emission wavelengths were 475 and 553 nm, 

respectively [24]. A blank was prepared in the absence of cells in each set of experiments; its fluorescence 

was subtracted from that measured in each sample. The results were expressed as nmoles/mg cell 

proteins. 

2.12. Doxorubicin efflux 

Cells were incubated for 10 min with increasing concentrations (0–50 μM) of Dox, with or without Glab, 

then washed and analyzed for the intracellular concentration of Dox. A second series of dishes, after the 

incubation under the same experimental conditions, were left for further 10 min at 37 °C, then washed and 

tested for the intracellular drug content. The difference of Dox concentration between the two series 



during this time (dc/dt) was plotted versus the initial drugs concentration [24]. Values were fitted to 

Michaelis-Menten equation to calculate Vmax and Km, using the Enzfitter software (Biosoft Corporation, 

Cambridge, United Kingdom). 

2.13. Pgp ATPase activity 

The Pgp ATPase activity was measured in membrane vesicles as described previously [24]. Cells were 

washed with Ringer’s solution (148.7 mM NaCl, 2.55 mM K2HPO4, 0.45 mM KH2PO4, 1.2 mM MgSO4; pH 

7.4), lysed on ice with lysis buffer (10 mM Hepes/Tris, 5 mM EDTA, 5 mM EGTA, 2 mM dithiothreitol; pH 

7.4) supplemented with 2 mM phenylmethylsulfonyl fluoride, 1 mM aprotinin, 10 μg/ml pepstatin, 

10 μg/ml leupeptin, and subjected to nitrogen cavitation at 1200 psi for 20 min. Samples were centrifuged 

at 300g for 10 min in the pre-centrifugation buffer (10 mM Tris/HCl, 25 mM sucrose; pH 7.5), overlaid on a 

sucrose cushion (10 mM Tris/HCl, 35% w/v sucrose, 1 mM EDTA; pH 7.5) and centrifuged at 14,000g for 

10 min. The interface was collected, diluted in the centrifugation buffer (10 mM Tris/HCl, 250 mM sucrose; 

pH 7.5), centrifuged at 100,000g for 45 min. The vesicle pellet was re-suspended in 0.5 ml centrifugation 

buffer and stored at − 80 °C until the use, after the quantification of the protein content. 20 μg of total 

protein were incubated for 30 min at 37 °C with 50 µl of the reaction mix (25 mM Tris/HCl, 3 mM ATP, 

50 mM KCl, 2.5 mM MgSO4, 3 mM dithiothreitol, 0.5 mM EGTA, 2 mM ouabain, 3 mM NaN3; pH 7.0). In 

each set of experiments, a blank containing 0.5 mM Na3VO4 was included. The reaction was stopped by 

adding 0.2 ml ice-cold stopping buffer (0.2% w/v ammonium molybdate, 1.3% v/v H2SO4, 0.9% w/v SDS, 

2.3% w/v trichloroacetic acid, 1% w/v ascorbic acid). After 30 min incubation at room temperature, the 

absorbance of the phosphate hydrolyzed from ATP was measured at 620 nm, using a Packard EL340 

microplate reader (Bio-Tek Instruments). The absorbance was converted into nmoles hydrolyzed phosphate 

(Pi)/min/mg proteins, according to the titration curve previously prepared. 

2.14. Docking studies 

The Molecular Operating Environment (MOE) software (Chemical Computing Group; 

https://www.chemcomp.com/Products.htm) was used to model the binding of Glab with Pgp (Protein Data 

Bank, PDB: 4M2S and 5KPI, as second crystal structure of mouse native Pgp showing 99% homology with 

4M2S, according to Clustalw-multiple sequence alignment) [25]. The binding sites for QZ59-RRR, a cyclic-

tris-(R)-valineselenazole, QZ59-SSS and verapamil, as well as the amino acid residues involved in binding, 

identified by Aller et al. [26], were used for docking these compounds and Glab. Since 4M2S was co-

crystalized with QZ59-RRR as a binding ligand, providing a necessary tool for comparing the binding affinity 

of unknown compounds as Glab with the reference compound, 4M2S was chosen for molecular docking 

study.  



London ΔG scoring function was used for scoring. It was enhanced by using two different refinement 

methods - the force-field and Grid-Min poses - to ensure that refined poses satisfy the specified 

conformations. Rotatable bonds were allowed. The best 10 poses were retained and analyzed for the 

binding poses best score. The database browser was used in MOE to compare the docking poses to the 

ligand in the co-crystallized structure and to get the root mean square deviation (RMSD) of the docking 

pose compared to the co-crystallized ligand position. 

The molecule builder tool of MOE software was used to construct a tridimensional model of the structures. 

Energy minimization was done through force-field MMFF94x optimization using a gradient of 0.0001 for 

determining low-energy conformations with the most favorable (lowest energy) geometry. The crystal 

structures of 4M2S receptor protein in complex with QZ59-RRR were obtained from the PDB. 

Hydrogen atoms and partial charges were added to the protein to assign ionization states and position 

hydrogen atoms in the macromolecular structure. The binding free energy as well as hydrogen bonding 

were used to rank the binding affinity of QZ59-RRR and Glab to Pgp. The evaluation of the hydrogen bonds 

was done by measuring the hydrogen bond length, which did not exceed 3.5 Å. The RMSD of the docking 

pose compared to the co-crystal ligand position was used in the ranking. The mode of interaction of the 

native ligand within the crystal structure was used as a standard docked model as well as for RMSD 

calculation. 

2.15. Overexpression of wild-type and mutated Pgp 

The pHa vector containing the full-length mdr1 cDNA, encoding for Pgp, was purchased from Addgene 

(Cambridge, MA) and subcloned into pCDNA3 vector. By sequencing the mdr1 gene present in the pCDNA3 

vector, we verified that it contained the wild-type sequence of Pgp (data not shown). pCDNA3 vector 

containing the wild-type mdr1 cDNA, was subjected to PCR-based mutagenesis using the QuikChange kit 

(Stratagene, La Jolla, CA), following the manufacturer’s instructions to generate the mutated constructs 

Gly185Val, Ser400Asn, Gly412Ala, Ser893Ala, Ser893Thr. The mutations were confirmed by DNA 

sequencing [27]. In transfection experiments, 5 × 104 cells were seeded in FBS-free medium and treated 

with 6 µl of jetPEI transfection reagent (Polyplus-transfection SA BIOPARC, Illkirch, France) and 3 µg DNA 

empty-pCDNA3 (mock cells), wild-type mdr1-pCDNA3 (wild-type Pgp) or mutated mdr1-pCDNA3 (mutated 

Pgp). After 6 h, cells were washed and grown in complete medium for 48 h before the experiments 

indicated in the Results Section. 

2.16. Statistical analysis 

Results were analyzed by a one-way analysis of variance (ANOVA) and Tukey’s test, using GraphPad Prism 

software (v 6.01). p < 0.05 was considered significant. All data were expressed as means ±SD. 



3. Results 

3.1. Doxorubicin accumulation in sensitive and resistant breast cancer cells 

From triple negative breast cancer MDA-MB-231 cells, we generated the MDA-MB-231/DX variant by 

culturing parental cells in medium with increasing concentrations of doxorubicin, as detailed in the 

Materials and methods section, to obtain a cellular model of acquired resistance to Dox. Murine mammary 

JC cells were used as a model of cells constitutively expressing Pgp and constitutively resistant to Dox [28]. 

Starting from passage number 10, MDA-MB-231/DX subline increased Pgp mRNA (Fig. 2A) and protein (Fig. 

2B-C), reaching a plateau level at passage 20, corresponding to culture conditions in a medium containing 

250 nM Dox. Pgp increase was not accompanied by any increase in MRP1 or BCRP (Fig. 2B-C), two other 

transporters involved in Dox efflux [29]. The increase in Pgp expression was accompanied by a progressive 

increase in the activity of HIF-1α (Fig. 2D), a transcription factor activated by Dox [30] and an inducer of Pgp 

gene transcription [31]. The same event was previously reported in the colon cancer HT29/DX subline, 

generated by culturing parental cell in medium with increasing concentration of Dox [32], suggesting that it 

is a process common to different cancer cell types during the acquisition of resistance. 

For all the subsequent experiments, we used cells at passage 25, i.e. stably growing in medium containing 

500 nM Dox. As shown in Fig. 3A-B, MDA-MB-231/DX cells had an intermediate level of Pgp between 

parental MDA-MB-231 and JC cells. Consistently, MDA-MB-231/DX cells retained significantly less Dox than 

parental MDA-MB-231 cells, and JC cells had the lowest accumulation of the drug (Fig. 3 C). In the drug 

accumulation assay, we tested the concentration of 5 μM Dox, i.e. the minimum concentration that 

discriminates sensitive from resistant cells in terms of intracellular drug retention and cytotoxicity [32], and 

25 μM Dox, i.e. a concentration that is cytotoxic for most cell lines, except for strongly Pgp-expressing cells 

as JC [33], and corresponds to the highest concentration displaying good solubility in cell culture medium. 

Consistently with the intracellular retention data, in viability assays, 5 µM Dox induced a significant 

reduction of MDA-MB-231 cells, that was less pronounced in MDA-MB-231/DX subline and absent in JC 

cells (Fig. 3D). Similarly, 25 µM Dox, that was more accumulated within all cell lines except JC cells (Fig. 3 C), 

produced a moderate decrease of cell viability in MDA-MB-231/DX cells but it had no effects in JC cells (Fig. 

3D). This different behavior can be explained by the different expression levels of Pgp between MDA-MB-

231, MDA-MB-231/DX and JC cells. Based on these results, we considered MDA-MB-231, MDA-MB-231/DX 

and JC cells as Dox-sensitive, moderately Dox-resistant and strongly Dox-resistant cells, respectively. 

  



3.2. Glabratephrin increases doxorubicin-induced cytotoxicity in resistant cells at non-cytotoxic 

concentrations 

To investigate the effect of Glab, we first calculated its IC50 in our models. While in Dox-sensitive cells, the 

IC50 value was higher than 1 mM, in Dox-resistant cells it was reduced below 250 µM (Table 1). 

The preferential sensitivity of Pgp-expressing cells prompted us to investigate if Glab may act as an 

adjuvant of chemotherapeutic drugs substrates of Pgp, as Dox. In a preliminary screening, we incubated the 

three cell lines with different concentrations of Glab (1 nM, 10 nM, 100 nM, 1 µM, 10 µM), with and 

without sub-toxic Dox concentrations (0.05, 0.5 and 5 µM). Cell viability was measured after 72 h. At all 

concentrations Glab alone reduced cell viability less than 20% (Fig. 4A-C). In Dox-sensitive MDA-MB-231 

cells, Glab did not increase the cytotoxic effects of Dox (Fig. 4 A). In moderately Dox-resistant MDA-MB-

231/DX cells, at all concentrations Dox reduced cell viability no more than 20%, but Glab - associated with 

Dox - increased cell death starting from 10 nM concentration (Fig. 4B). The cytotoxic effect was 

progressively stronger at increasing concentrations of Glab and Dox. In highly Dox-resistant JC cells, Dox did 

not significantly reduce cells viability, as expected. Interestingly, Glab rescued the cytotoxicity of Dox, 

starting from the concentration of 100 nM; the number of viable cells was progressively reduced at the 

increasing of Glab and Dox concentrations (Fig. 4 C). The effect of Glab and Dox was synergistic, as 

indicated by the CI of 0.29721 in MDA-MB-231/DX cells (Fig. 4D) and 0.10922 in JC cells (Fig. 4E). To 

evaluate the toxicity of the different combinations of Glab and Dox on non-transformed cells, we measured 

the cell viability in human PBMC and fibroblasts. As reported in the Supplementary Fig. S2A-B, the 

reduction in the viability of normal cells was comparable or lower than in breast cancer cell lines. 

3.3. Glabratephrin reverses doxorubicin resistance in vivo without inducing systemic toxicities 

Prompted by the good anti-proliferative efficacy achieved against breast cancer cell lines and the 

acceptable toxicity profile observed in non-transformed cells in vitro, we next evaluated the efficacy of Glab 

in mice bearing JC tumors that were completely refractory to Dox (Fig. 5A-B). In a preliminary set of 

experiments to evaluate the acute toxicity, we determined that 5 µM Glab was the maximal dose of the 

compound that did not cause liver, kidney or heart toxicities, based on the hematochemical parameters 

(Supplementary Table S1). This concentration was chosen for the subsequent experiments of anti-tumor 

efficacy. While Glab alone did not have any effects, the combination of Glab + Dox lowered the rate of 

tumor growth (Fig. 5 A), resulting in smaller tumor masses (Fig. 5B). The growth profile was characterized 

by an initial delay in the growth of tumor, followed by a steady-state in the tumor volumes. This trend 

suggests that the effect of Glab + Dox combination is cytostatic. In keeping with these results, the positivity 

for Ki67, an index of tumor proliferation, was similar in animals treated with vehicle, Glab or Dox alone, but 

it was reduced in the tumors from Glab + Dox group (Fig. 5 C), indicating a good antitumor efficacy of the 

combination. 



We are aware that many Pgp inhibitors, particularly of first and second generation, were effective in vitro 

but they failed in preclinical models for the high systemic toxicity [34]. Post-mortem examination of liver, 

kidney and spleen did not show histological abnormalities in these organs for all the treatment groups, 

including the animals treated with Glab and Dox combination (Fig. 5D). At the time of sacrifice, we also 

measured specific hematochemical parameters as indexes of possible systemic toxicities in the treated 

animals (Table 2). According to these parameters, no signs of liver toxicities - indicated by LDH, AST, ALT, AP 

- and kidney toxicities - indicated by creatinine - were detected in Glab-treated animals, alone or in 

combination with Dox, in agreement with the lack of histological abnormalities. In our experimental 

protocol, Dox was used at a the maximum tolerated dose [35]. This regimen did not induce fatal events in 

the treated animals, but it elicited an appreciable cardiac damage indicated by the increase of CPK and its 

cardiac specific isoform CPK-MB, as well as cTnT. Glab did not affect cardiac parameters when used alone 

nor worsened the damaged elicited by Dox when used in combination (Table 2), indicating that it did not 

exacerbate Dox cardiotoxicity. 

3.4. Glabratephrin increases intracellular doxorubicin accumulation and cytotoxicity in resistant breast 

cancer cells by decreasing Pgp activity 

We next investigated whether Glab enhanced Dox cytotoxicity by increasing its intracellular retention 

and/or reducing Dox efflux via Pgp. After 24 h incubation with 5 µM Dox and 100 nM Glab, corresponding 

to the lowest concentration of Glab increasing the drug’s cytotoxicity in both the resistant cell lines 

analyzed, Dox was significantly more accumulated in the Pgp-expressing MDA-MB-231/DX and JC cells, not 

in the Pgp-negative MDA-MB-231 cells (Fig. 6 A). Similarly, Glab increased the retention of Rhodamine 123, 

another substrate of Pgp, in resistant cells, when co-incubated with the dye (Fig. 6B). These data suggest 

that Glab may compete with Dox or Rhodamine 123 for their binding and efflux through Pgp. 

To further explore this issue, we measured the kinetic parameters of Dox efflux from MDA-MB-231/DX and 

JC cells. As shown in Fig. 6 C and Table 3, MDA-MB-231/DX had a lower Vmax than JC cells, consistently 

with their lower expression of Pgp. In both cell lines, Glab reduced the Vmax of Dox efflux, suggesting that 

it decreased the maximal catalytic efficiency of Pgp. Our hypothesis was proved by the significant decrease 

of Pgp ATPase activity induced by Glab (Fig. 6D). By contrast, Glab did not change the amount of Pgp 

protein (Supplementary Fig. S3), suggesting that the reduction of Vmax was caused by a decreased activity 

of the transporter, not by a different expression. In parallel, Glab increased the Km of Dox (Fig. 6 C; Table 

3), indicating a reduction in Dox affinity for Pgp. 

  



3.5. Molecular docking studies of Glabratephrin on Pgp 

Glab was docked at QZ59-RRR, QZ59-SSS and verapamil binding sites [26]. The docking scores - based on 

the binding affinity measured by RMSD values, on the predicted hydrogen bond and on the binding free 

energy (S-score) - were used to evaluate binding affinity. The docking scores in the binding site of QZ59-RRR 

were the only favorable for inhibitory activity of Glab. Applying the MOE software, Pgp (PDB: 4M2S) 

structure was separated from the structure of the putative ligand. The binding free energy as well as 

hydrogen bonding were used to rank the binding affinity of QZ59RRR and Glab to Pgp. Docking accuracy 

was validated by re-docking the co-crystallized ligand QZ59-RRR into the binding site of QZ59-RRR in Pgp 

(Fig. 7A), with a RMSD of 1.31 Å and a binding free energy of −10.07 kcal/mol (Table 4). 

Glab docking calculation was carried out using the standard default variable in the MOE software. Glab was 

docked into the same groove of the co-crystallized ligand QZ59-RRR (Fig. 7B) and had a comparable binding 

free energy (Table 4). The refined docking of Glab to Pgp is reported in Fig. 7C. 

The binding mode of QZ59-RRR with Pgp (Supplementary Fig. S4) was predicted to have one H-bond donor 

with Gln721 at 3.2 Ǻ distance and one arene interaction with Phe979 (Fig. 8A). The binding mode of Glab 

with Pgp was predicted to have one H-bond donor with Gln721 at 2.6 Ǻ distance and one arene interaction 

Phe332 (Fig. 8B). These results suggest that both the carbonyl group of the acetyl residue and the mono-

substituted phenyl moiety of Glab are necessary to interact with Pgp. 

3.6. The Pgp domain centered around glycine 185 is necessary to mediate Glabratephrin activity 

To identify a possible mechanism by which Glab, after binding Pgp, interferes with the catalytic activity of 

the transporter, we over-expressed wild-type Pgp and five different mutants containing the mutations 

mostly annotated in human tumors - Gly185Val, Ser400Asn, Gly412Ala, Ser893Ala, Ser893Thr 

(ABCMDb/Database for Mutations in ABC proteins; http://abcmutations.hegelab.org/) in MDA-MB-231 

cells. As shown in Fig. 9A, both wild-type and mutated Pgp were expressed at comparable levels, higher 

than the levels of endogenous Pgp. Interestingly, Glab increased Dox accumulation (Fig. 9B) and ATPase 

activity (Fig. 9C) in cells expressing wild-type Pgp and all Pgp mutants, except in cells expressing Gly185Val-

mutated protein (Fig. 9B-C). These results suggest that the domain containing Gly185 is important in 

determining the inhibitory effect of Glab on Pgp activity. 

 

  



4. Discussion 

In this work, we reported for the first time the potential of Glab, a prenylated flavonoid extracted from the 

medicinal plant T. purpurea, with a unique chemical structure, in reversing the resistance to Dox mediated 

by Pgp in triple negative breast cancer cells. 

A cytotoxic activity of Glab against oral cancer cells has been reported previously [14]. The IC50 values 

measured in triple negative breast cancer cells, however, indicated that the compound reduced cell viability 

only at high micromolar concentrations. Interestingly, IC50 values were lower when the levels of Pgp 

increased, either in cells with acquired or constitutive resistance to Dox. The peculiar cytotoxicity of a 

compound in cells highly expressing Pgp is known as “collateral sensitivity” (CS) [36] and is considered the 

most effective way to eradicate MDR. Thiosemicarbazones, 1,10-phenanthrolines, as well as natural-

products such as sesquiterpenic benzoquinones and flavonoids, have been recently identified as potent 

inducers of CS [37]. According to the profile of IC50, Glab is a potential CS-inducer since it is slightly more 

effective as cytotoxic agent in cells with high levels of Pgp. However, high micromolar concentrations, at 

which Glab resulted moderately cytotoxic, are difficult to be reached in vivo. Hence, we excluded that Glab 

is a potent anti-cancer agent when used alone. 

On the other hand, Glab, in combination with Dox, exerted a synergistic toxicity against cells expressing 

Pgp. Consistently, in xenografts of highly Pgp-expressing/Dox-resistant breast cancers Glab rescued the 

anti-tumor efficacy of Dox. Besides exerting a strong reduction of tumor growth, the combination of Glab 

and Dox did not show toxicity, as suggested by in vitro assays on non-transformed cells, and post-mortem 

histological and hematochemical parameters of the treated animals. Moreover, given the significant 

decrease of tumor volume elicited by this combination, we propose Glab as an option to reduce the doses 

of Dox, preserving good efficacy against Pgp-expressing tumors and reducing the dose-dependent 

cardiotoxicity that is the major side-effects of anthracyclines. 

Of note, the higher Pgp level was in triple negative breast cancer cells, the higher synergism between Glab 

and Dox was observed. To explain this synergistic effect in Pgp-expressing cells, we hypothesized that Glab 

may affect the expression or activity of Pgp, reducing the efflux of Dox. The kinetic parameters of Dox efflux 

revealed a higher Km and a lower Vmax, together with a decreased ATPase activity, in Pgp-expressing cells 

treated with Glab. By contrast, Glab did not change the expression of Pgp. Upon binding, several substrates 

including Dox trigger the ATP hydrolysis and the substrate transport [38]. Competitive Pgp inhibitors bind to 

the substrate binding sites and impair the substrate binding coupled with the ATP hydrolysis; non-

competitive inhibitors bind to the transmembrane domains (TMD) of Pgp, to the intracellular linking 

domains or to the nucleotide binding domains (NBD), impairing the catalytic cycle [38]. Our results pointed 

out that Glab competes with Dox for its efflux through Pgp. This may be due to the reduced binding and/or 



reduced release of Dox, indicated by the increased Km, and to the uncoupling of substrate binding, ATP 

hydrolysis and substrate efflux, indicated by the lower Vmax. 

To deepen our knowledge about the potential binding sites of Glab on Pgp, we performed molecular 

docking studies and site-directed mutagenesis assays. According to the docking simulation, Glab is 

predicted to bind Phe332 and Gln721, two residues mapping in the Pgp TMD 1 and 2, facing the outer 

membrane leaflet [39]. They are outside the so-called hydrophobic pocket, i.e. the binding pocket most 

likely involved in Dox transport [40], which is localized at the interface between Pgp and inner membrane 

leaflet [41]. Therefore, it is unlikely that the increase in Dox Km induced by Glab was due to a decrease in 

the drug binding. We hypothesize that Glab may instead interfere with the Dox release or with the 

substrate-triggered ATP hydrolysis [38]. The results of site-directed mutagenesis indicated that Glab 

interferes with the domain centered around Gly185. This result is of particular interest in a pharmacological 

perspective. Indeed, among the mutations analyzed, Ser400 and Gly412 mutations have no reported 

clinical significance; these amino acids are in exons 12 and 13 that are components of the NBD at the N-

terminal side of Pgp [42]. Ser893 is localized between the TMD 10 and 11 of Pgp; its mutation alters the 

efflux of lipophilic drugs, such as simvastatin [43], ondasetron [44] and paclitaxel [45] but not Dox. Gly185 is 

in a large hydrophobic domain of Pgp involved in drug release outside the cell [46]. Moreover, Gly185 

dictates the conformation changes induced by ATP hydrolysis and culminating in the extracellular release of 

the drugs: its mutation into Val determines a more efficient coupling between these two processes [47]. 

Gly185Val mutation has been involved in the resistance to lipophilic drugs such as colchicine, 

epipodophyllotoxins [48] and Dox [24]. Moreover, this mutation impairs the effects of Pgp allosteric 

inhibitors, such as distearoyl-phosphatidylethanolamine-polyethylene glycol (DSPE-PEG), which increases 

the Km of Dox and reduces the ATPase activity in wild-type Pgp, not in Gly185Val-mutated Pgp [24]. Of 

note, Glab shows the same properties of DSPE-PEG, since it increased Dox Km and decreased Pgp ATPase 

activity, but lose its efficacy in cells mutated at Gly185. We may hypothesize that the binding of Glab on 

TMD 1 and 2 alters the conformation of Gly185-centered domain and disrupts the efficient coupling 

between ATP hydrolysis and Dox efflux. In consequence of the decreased catalytic activity of Pgp, the 

release of Dox towards the external side is less efficient, as suggested by the increased Km of the drug and 

the reduced Vmax. 

Dox is one of the first therapeutic option in triple negative breast cancer [22], but this type of breast cancer 

is less responsive to Dox than other breast cancer types [49]. One of the main reasons for the low success 

of Dox is the abundant presence of Pgp in triple negative breast cancer cells [50]. Increasing Dox efficacy in 

this setting is still an unmet need. Unluckily, most of the small molecules designed as Pgp inhibitors [34] or 

selective killers of Pgp-expressing cells [36], [37] were effective in vitro but not in preclinical models, 

because of low efficacy and/or undesired toxicities. Natural products structurally analogue to Glab may 

offer a safe and effective alternative to inhibit Pgp. 



In this work, we identified Glab as a potent Dox-sensitizer in Pgp-expressing triple negative breast cancer 

cells, thanks to its inhibition of Pgp catalytic efficiency and Dox efflux. The increased intracellular retention 

of Dox determines an increased cytotoxicity in vitro and a significant reduction in tumor growth in vivo. 

Moreover, Glab did not display systemic toxicities according to the hematochemical and histological 

parameters measured. These results may open the way to further investigations of the efficacy of Glab in 

patient-derived triple negative breast cancer cells and xenografts, to identify subset of patients – 

unresponsive to Dox because of high levels of Pgp and characterized by poor prognosis – who may benefit 

from the use of Glab as a potentially adjuvant agent. 
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Fig.1 Extraction procedure and structure of Glabratephrin. 

 

 

 

 

 

 

  



Fig.2 MDA-MB-231/DX subline generation. MDA-MB-231 cells were cultured in medium with increasing 
concentration of Dox, as indicated in the Materials and methods section, generating the Dox-resistant subline 
(MDA/DX). A. At time 0 (p0) and every 5 passages (p), Pgp mRNA was measured by RT-PCR in triplicates. Parental 
MDA-MB-231 (MDA) cells were included as internal control. Data are presented as means ± SD (n = 3). MDA-MB-
231/DX cells vs. MDA-MB-231 cells: ** p < 0.01; *** p < 0.001. B. Cells were lysed and subjected 
to immunoblotting for the indicated proteins. Tubulin was used to check the equal protein loading. The figure is 
representative of 1 out of 3 experiments. C. Relative band density of Pgp, MRP1 and BCRP, performed with the ImageJ 
software. Data are presented as means ± SD (n = 3). MDA-MB-231/DX cells vs. MDA-MB-231 cells: ** p < 0.01; 
*** p < 0.001. D. HIF-1α activity was measured by ELISA in duplicates. Data are presented as means ± SD (n = 3). MDA-
MB-231/DX cells vs. MDA-MB-231 cells: * p < 0.05; *** p < 0.001. 
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Fig.3 Doxorubicin accumulation and cytotoxicity in breast cancer cells with different degree of resistance. A. MDA-
MB-231 cells (MDA), MDA-MB-231/DX cells (MDA/DX) and JC cells were lysed and subjected to immunoblotting for 
the indicated proteins. Tubulin was used to check the equal protein loading. The figure is representative of 1 out of 3 
experiments. B. Relative band density of Pgp, MRP1 and BCRP, performed with the ImageJ software. Data are 
presented as means ± SD (n = 3). MDA-MB-231/DX and JC cells vs. MDA-MB-231 cells: *** p < 0.001. C. Cells were 
incubated 24 h with 5 or 25 µM doxorubicin (Dox). The intracellular drug accumulation was measured fluorimetrically 
in duplicates. Data are presented as means ± SD (n = 3). MDA-MB-231/DX cells vs. MDA-MB-231 cells: * p < 0.05; ** 
p < 0.01. D. Cells were grown 72 h in fresh medium (Ctrl) or in medium with 5 or 25 µM Dox. Cell viability was 
measured by crystal violet staining, in quadruplicates. Data are presented as means ± SD (n = 3). MDA-MB-231/DX 
cells vs. MDA-MB-231 cells: * p < 0.05; Dox vs Ctrl cells: °° p < 0.01, °°° p < 0.001. 

 

 

 

 

 

 

  



Fig.4 Effects of Glabratephrin on doxorubicin cytotoxicity in breast cancer cells with different degree of resistance. 
A-B-C. MDA-MB-231 (MDA, panel A), MDA-MB-231/DX (MDA/DX, panel B) and JC (panel C) cells were grown for 72 h 
in fresh medium (0) or in medium containing Glabratephrin (Glab) at 1 nM, 10 nM, 100 nM, 1 µM and 10 µM, alone or 
in the presence of doxorubicin (Dox; 0.05 µM, 0.5 µM, 5 µM). Cell viability was measured by crystal violet staining in 
quadruplicates. The heatmaps represent the mean percentage of viable cells in each condition, in a colorimetric scale. 
The viability of untreated cells was considered 100% (n = 3 independent experiments). For MDA-MB-231 cells: Dox 
0.05 µM vs. untreated cells: p < 0.01, Dox 0.5 and 5 µM vs. untreated cells: p < 0.01. For MDA-MB-231/DX cells: Dox 
0.05, 0.5 and 5 µM vs. untreated cells: not significant; Dox + 10 nM Glab vs. Dox alone: p < 0.05; Dox 
+ 100 nM/1 µM/10 µM Glab vs. Dox alone: p < 0.001. For JC cells: Dox 0.05, 0.5 and 5 µM vs. untreated cells: not 
significant; Dox + 100 nM Glab vs. Dox alone: p < 0.05; Dox + 1 µM/10 µM Glab vs. Dox alone: p < 0.001. D-E. MDA-MB-
231/DX cells (MDA/DX, panel D) and JC cells (panel E) were grown for 72 h in fresh medium or in medium containing 
Dox and Glab, either alone or in combination, in the range of concentrations between 10−10 and10−5 M. Cell viability 
was measured by crystal violet staining in quadruplicates. The isobologram analyses were performed using the 
CalcuSyn software. 

 

 

 

 

 

  



Fig.5 Effects of the combination of Glabratephrin and doxorubicin in vivo. JC cells were orthotopically implanted 
into 6-week-old female balb/C mice. When tumor reached the volume of 50 mm3, mice (n = 8/group) were 
randomized and treated as reported in the following groups and treated on day 1, 7, 14 after randomization as 
reported: 1) vehicle group (Ctrl), treated with 200 µl saline solution intravenously (i.v.); 2) Glabratephrin group (Glab), 
treated with a 200 µl water/10% DMSO solution i.v., containing 5 µM Glab; 3) doxorubicin group (Dox), treated with 
5 mg/kg Dox, dissolved in 200 µl water i.v.; 4) Glabratephrin + doxorubicin group (Glab+Dox), treated with 100 µl of 
saline solution i.v. containing 5 µM Glab + 100 µl water solution containing 5 mg/kg Dox. A. Tumor growth was 
monitored daily by caliper measurement. Data are presented as means ± SD. ***p < 0.001: Glab+Dox treatment vs all 
the other treatments (days 9–18). B. Photographs of representative tumors of each group. C. Representative 
haematoxylin-eosin (HE) and Ki67 staining in each group of treatments. For each experimental condition a minimum 
of 5 fields were examined. Ocular: 10X; objective: 20X. D. Representative haematoxylin-eosin staining of liver, kidneys 
and spleen examined post-mortem in each group of treatments. For each experimental condition a minimum of 5 
fields were examined. Ocular: 10×; objective: 10× (spleen), 20× (liver, kidneys). 

 

  



Fig.6 Glabratephrin reduces Pgp activity. A. MDA-MB-231 cells (MDA), MDA-MB-231/DX cells (MDA/DX) and JC 
cells were incubated 24 h with 5 µM doxorubicin (Dox), in the absence (-) or presence (+) of 100 nM Glabratephrin 
(Glab). The intracellular drug accumulation was measured fluorimetrically in duplicates. Data are presented as means 
± SD (n = 3). Glab-treated vs. untreated cells: * p < 0.05; *** p < 0.001. B. Cells were incubated 20 min with 1 µg/ml 
Rhodamine 123, in the absence (-) or presence (+) of 100 nM Glab. The intracellular accumulation of Rhodamine 123 
was measured fluorimetrically in duplicates. Data are presented as means ± SD (n = 3). Glab-treated vs. untreated 
cells: *** p < 0.001. C. Cells were incubated 10 min with increasing concentrations of Dox (0.5–50 µM), in the absence 
(-) or presence (+) of 100 nM Glab. One series of dishes was analyzed for the intracellular Dox concentration (c1); a 
second series was washed and let in the incubator for additional 10 min, then analyzed for the intracellular Dox 
concentration (c2) as well. The dc/dt value was considered indicative of Dox velocity of efflux. Data are presented as 
means ± SD (n = 3). D. Cells were grown 24 h in the absence (-) or presence (+) of 100 nM Glab. The Pgp ATPase activity 
was measured specrophotometrically in duplicates. Data are presented as means ± SD (n = 3). Glab-treated vs. 
untreated cells: * p < 0.05; ** p < 0.01. 

 

 

 

 

 

  



Fig.7 Docking of QZ59-RRR or Glabratephrin on Pgp. A. Superposition of the co-crystallized ligand QZ59-RRR (blue) 
and re-docked ligand QZ59-RRR (green) on Pgp (4M2S). B. Superposition of the co-crystallized ligand QZ59-RRR (blue) 
and Glabratephrin (green) on Pgp (4M2S). C. Putative binding mode of Glab with on Pgp (4M2S). 

 

  



Fig.8 Modeling of the interactions between QZ59-RRR or Glabratephrin and Pgp. A-B. The functional groups 
involved in the interaction between QZ59-RRR (panel A) or Glabratephrin (panel B) and Pgp (4M2S) were displayed. 

 

  



Fig.9 Glabratephrin loses its efficacy in Gly185Val mutated Pgp. MDA-MB-231 cells were transfected with an empty 
vector (mock) or with expression vectors encoding for wild-type (wt) Pgp, or Gly185Val, Ser400Asn, Gly412Ala, 
Ser893Ala, Ser893Thr-mutated Pgp. A. Cells were lysed and subjected to immunoblotting for Pgp. Tubulin was used to 
check the equal protein loading. The figure is representative of 1 out of 3 experiments. Numbers represent the 
relative band density of Pgp, calculated with the ImageJ software. B. Cells were incubated 24 h in the absence (-) or 
presence (+) of 100 nM Glabratephrin (Glab), with 5 µM doxorubicin (Dox). The intracellular drug accumulation was 
measured fluorimetrically in duplicates. Data are presented as means ± SD (n = 3). MDA-MB-231 cells overexpressing 
Pgp vs. mock cells: *** p < 0.001; Glab-treated cells vs corresponding untreated cells: °°° p < 0.001. C. The Pgp ATPase 
activity was measured spectrophotometrically in duplicates. Data are presented as means ± SD (n = 3). MDA-MB-231 
cells overexpressing Pgp vs. mock cells: * ** p < 0.001; Glab-treated cells vs corresponding untreated cells: °°° 
p < 0.001. 
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Supplementary Table S1. Effects of different concentrations of Glabratephrin on 

hematochemical parameters of the treated animals 

 Ctrl Glab 0.5 µM Glab 1 µM Glab 5 µM Glab 10 µM 

LDH (U/l) 6089 + 609 6345 + 451 6434 + 509 6709 + 709 9234 + 789 

AST (U/l) 236 + 67 198 + 48 221 + 67 187 + 59 509 + 98 * 

ALT (U/l) 35 + 11 44 + 8 41 + 8 44 + 11 58 + 21* 

AP (U/l) 109 + 47 128 + 46 117 + 43 104 + 34 171 + 54 

Creatinine (mg/l) 0.087 + 0.013 0.096 + 0.011 0.076 + 0.012 0.085+ 0.013 0.134+ 0.012 * 

CPK (U/l) 322 + 65 267 + 79 312 + 68 334 + 71 409 + 103  

CPK-MB (ng/ml) 0.127 + 0.057 0.134 + 0.056 0.098 + 0.088 0.118 + 0.095 0.138 + 0.098 

cTnI (pg/ml) 1.073 + 0.045 1.103+ 0.094 1.025 + 0.058 1.075 + 0.064 1.109 + 0.067 

cTnT (pg/ml) 2.195 + 0.409 1.945 + 0.398 2.329 + 0.283  2.007 + 0.368 1.893 + 0.407 

 

Balb/C mice (n=5 animals/group) were treated with vehicle (200 µl saline solution i.v., Ctrl) or with 

a 200 µl water/10% DMSO solution containing 0.5, 1, 5, 10 µM Glabratephrin (Glab) i.v. After 24 h 

animals were sacrificed, blood was collected and analyzed for lactate dehydrogenase (LDH), 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (AP), 

creatinine, creatine phosphokinase (CPK) and CPK-MB, cardiac troponin I (cTnI) and T (cTnT). Data 

are presented as means ± SD. * p < 0.05: vs Ctrl group. 

 

 

  



Supplementary Figures 

 

Figure S1. NMR spectrum of Glabratephrin (Pharmacognosy department in National Research 

Centre in Egypt). 

  



 

Figure S2. Effects of Glabratephrin and doxorubicin on non-transformed cells. Human peripheral 

blood mononuclear cells (PBMC, panel A) and human fibroblasts (panel B) were grown for 72 h in 

fresh medium (0) or in medium containing Glabratephrin (Glab) at 1 nM, 10 nM, 100 nM, 1 µM and 

10 µM, alone or in the presence of doxorubicin (Dox, at 0.05 µM, 0.5 µM, 5 µM). Cell viability was 

measured by crystal violet staining in quadruplicates. The heatmaps represent the mean percentage 

of viable cells in each condition, in a colorimetric scale. The viability of untreated cells was 

considered 100%, (n = 3 independent experiments). For PBMC: Dox 0.5 µM vs. untreated cells: p < 

0.05, Dox 5 µM vs. untreated cells: p < 0.01; Dox 0.05 µM + Glab 100 nM, 1 µM, 10 µM vs. untreated 

cells: p < 0.05; Dox 0.5 µM + Glab 1 nM, 10 nM, 100 nM, 1 µM, 10 µM vs. untreated cells: p < 0.01; 

Dox 5 µM + Glab 1 nM, 10 nM, 100 nM, 1 µM, 10 µM vs. untreated cells: p < 0.001. For fibroblasts: 

Dox 0.05 µM + Glab 1 µM: p<0.01; Dox 5 µM + Glab 1 nM, 10 nM, 100 nM, 1 µM, 10 µM vs. 

untreated cells: p < 0.01.  



 

Figure S3. Expression of Pgp in cells incubated with Glabratephrin. MDA-MB-231/DX cells 

(MDA/DX) and JC cells were incubated in the absence (-) or in the presence of 100 nM 

Glabratephrin (Glab) for 24 h, then lysed and subjected to immunoblotting for Pgp. Tubulin was 

used to check the equal protein loading. The figure is representative of 1 out of 3 experiments. 

Numbers represent the relative band density of Pgp, calculated with the ImageJ software. 

  



 

 

Figure S4. Docking simulation of QZ59-RRR to Pgp. Proposed model of interaction between 

QZ59-RRR and Pgp.  

 


