
Accepted Manuscript

Benzoyl indoles with metabolic stability as reversal compounds for ABCG2-Mediated
drug resistance

Chao-Yun Cai, Hong Zhai, Zi-Ning Lei, Cai-Ping Tan, Bao-Li Chen, Zhao-Yi Du, Jing-
Quan Wang, Yun-Kai Zhang, Yi-Jun Wang, Pranav Gupta, Bo Wang, Zhe-Sheng
Chen

PII: S0223-5234(19)30593-8

DOI: https://doi.org/10.1016/j.ejmech.2019.06.066

Reference: EJMECH 11469

To appear in: European Journal of Medicinal Chemistry

Received Date: 5 April 2019

Revised Date: 2 June 2019

Accepted Date: 22 June 2019

Please cite this article as: C.-Y. Cai, H. Zhai, Z.-N. Lei, C.-P. Tan, B.-L. Chen, Z.-Y. Du, J.-Q. Wang,
Y.-K. Zhang, Y.-J. Wang, P. Gupta, B. Wang, Z.-S. Chen, Benzoyl indoles with metabolic stability as
reversal compounds for ABCG2-Mediated drug resistance, European Journal of Medicinal Chemistry
(2019), doi: https://doi.org/10.1016/j.ejmech.2019.06.066.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.ejmech.2019.06.066
https://doi.org/10.1016/j.ejmech.2019.06.066


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1 

 

Benzoyl Indoles with Metabolic Stability as Reversal 

Compounds for ABCG2-Mediated Drug Resistance 

Chao-Yun Cai a, b, 1, Hong Zhai a, 1, Zi-Ning Lei b, Cai-Ping Tana, Bao-Li Chen a, Zhao-Yi Du a, Jing-Quan 

Wang b, Yun-Kai Zhang b, Yi-Jun Wang b, Pranav Gupta b, Bo Wang *, a, Zhe-Sheng Chen *, b 

a MOE Key Laboratory of Bioinorganic and Synthetic Chemistry, School of Chemistry, Sun Yat-sen 

University, 135 Xingang West Road, Guangzhou, 510275, P. R. China 

b Department of Pharmaceutical Sciences, College of Pharmacy and Health Sciences, St. John’s University, 

8000 Utopia Parkway, Queens, New York 11439, United States 

1 The first two authors contribute equally to this work. 

 

 

Benzoyl indoles as ABCG2 reversal compounds have greater synthetic tractability and 

metabolic stability than the potent ABCG2 inhibitor, Ko143. 
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Abstract 

Ko143, a potent ABCG2 inhibitor that reverses multidrug resistance, cannot be used 

clinically due to its unsuitable metabolic stability. We identified benzoyl indoles as 

reversal agents that reversed ABCG2-mediated multidrug resistance (MDR), with 

synthetic tractability and enhanced metabolic stability compared to Ko143. Bisbenzoyl 

indole 2 and monobenzoyl indole 8 significantly increased the accumulation of 

mitoxantrone (MX) in ABCG2-overexpressing NCI-H460/MX20 cells, and sensitized 

NCI-H460/MX20 cells to mitoxantrone. Mechanistic studies were conducted by [3H]-MX 

accumulation assay, Western blot analysis, immunofluorescence analysis and ABCG2 

ATPase assay. The results revealed that the reversal efficacies of compounds 2 and 8 were 

not due to an alteration in the expression level or localization of ABCG2 in 
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ABCG2-overexpressing cell lines. Instead, compounds 2 and 8 significantly stimulated 

the ATP hydrolysis of ABCG2 transporter, suggesting that these compounds could be 

competitive substrates of ABCG2 transporter. Overall, the results of our study indicated 

that compounds 2 and 8 significantly reversed ABCG2-mediated MDR by blocking the 

efflux of anticancer drugs. 

Keywords 

ABCG2 transporter; Multidrug resistance; Benzoyl indoles; Metabolic stability; Reversal 

agents 

Introduction  

Multidrug resistance (MDR) is characterized by the resistance of cancer cells to drugs 

that are structurally and mechanistically distinct. 1-3 There are several different factors 

that contribute to MDR, including enhanced drug efflux, decreased cellular uptake, drug 

detoxification, altered drug target, enhanced DNA repair, apoptosis inhibition, and altered 

cell cycle check points. 4-6 ATP-binding cassette transporters (ABC transporters) are a 

superfamily of proteins that transport various substrates by utilizing the energy of ATP 

hydrolysis. 7 ABCG2, as a G-subfamily member of ABC transporter, is a 

‘half-transporter’, with one nucleotide binding domains (NBD) and one transmembrane 

domain (TMD) fused to a single polypeptide chain. 8 The functional form of the ABCG2 

transporter is a homodimer. 9 The ABCG2 transporter is localized in the blood-brain 

barrier (BBB), blood-testis barrier (BTB), blood-placental barriers (BPB), blood-retinal 
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barriers (BRB), and the luminal surface of liver canaliculi and renal proximal convoluted 

tubules. 10 The ABCG2 transporter, due to its localization on the surfaces of excretory 

organs can alter the absorption, distribution, metabolism, and elimination (ADME) of 

certain drugs. 11, 12 The substrates of the ABCG2 transporter are primarily hydrophobic 

and are either negatively or positively charged molecules, e.g., mitoxantrone (MX), 

methotrexate, topotecan, flavopiridol and SN-38. 13 It has been shown that the 

overexpression of ABCG2 transporter in certain cancers significantly decreases or 

abrogates the efficacy of various chemotherapeutic drugs. 14, 15 

    Ko143 (Figure 1) was found to be the most potent inhibitor of the ABCG2 

transporter. 16 A major problem associated with Ko143 was the low total yield (5%) as its 

synthesis required a multi-step synthesis method. 17, 18 Furthermore, Ko143 was rapidly 

metabolized to a compound that lacked efficacy as an inhibitor of the ABCG2 transporter.  

19 Thus, in order to develop efficacious ABCG2 inhibitors, it is essential to find 

compounds that can be easily synthesized that have a suitable pharmacokinetic profile.  

Jackson et al. determined the cryo-EM structure of ABCG2 protein (PDB: 6ETI) 

bound to a Ko143 analog, MZ29, and two Fabs. 9 The result indicated that the –NH group 

of the indole ring in the Ko143 analog formed a hydrogen bond with Asn436 and the 

methoxy group formed a hydrogen bond with Thr435. Thus, the indole and methoxy 

group may be important in the interaction of the Ko143 analogs and ABCG2. In this 

study, we simplified the structure of Ko143 to a methoxy benzoyl indole (Figure 1), 
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which has a molecular size similar to Ko143 but with higher conformational flexibility. In 

addition, a benzoyl naphthalene compound (Figure 1) was synthesized to elucidate the 

importance of the indole group in reversing ABCG2-mediated drug resistance.  

 

Figure 1.  Simplifying Ko143 to benzoyl indole 

    Since Ko143 is rapidly metabolized to an inactive compound in the plasma, the 

metabolic stability of the indole derivatives would be a major concern. Previously, it has 

been shown that the benzoyl indole, BPR0L075 (Figure 2), has a half-life of 2.8 h in 

plasma following the oral administration of 20 mg/kg in rats. 20 Therefore, we 

hypothesized that benzoyl indoles could be developed as a new series of ABCG2 reversal 

compounds with an improved pharmacokinetic profile. 

 

 Figure 2. The structure of BPR0L075 
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Results and discussion 

Chemistry. The general method used to synthesize the indole derivatives in this 

study is shown in Scheme 1. The synthesis involves a straightforward reaction sequence. 

Initially, the acylation reaction was performed with the use of methoxy indoles and 

methoxy benzoyl chloride in the presence of POCl3 and AlCl3. Secondly, the 

hydroxy-substituted compounds were afforded by the deprotection of the methoxy groups. 

The synthesis of 3-acylindoles has recently gained considerable attention as 3-substituted 

indoles are not only significant therapeutic compounds but are also used as synthetic 

intermediates for alkaloid synthesis. 21, 22 Several methods for the synthesis of 

3-acylindoles have been reported, including Friedel–Crafts or Vilsmeier–Haack 

acylations, the acylation of indole Grignard reagents or 3-indolylzinc chloride, and the 

use of iminium ions, dialkoxycarbenium, or N-(2-haloacyl)-pyridinium salts. 23-31  

The synthetic route of the indole derivatives is shown in Scheme 1. The indoles 

reacted with acyl chloride in the presence of AlCl3 and POCl3 to obtain compounds 1-12 

(Scheme 1). Interestingly, when we synthesized benzoyl indole 1, we obtained 4-OMe 

bisbenzoyl indole 2 in the same reaction. Similar results occurred in the synthesis of 3, 

where 2,4-OMe bisbenzoyl indole 4 was obtained. The corresponding hydroxy 

compounds 13-23 were synthesized by demethylation of compounds 1-12 with boron 

tribromide. In addition, the benzoyl naphthalene compound 24 (Table 1) was synthesized 

as a control to elucidate the importance of the indole group in reversing 
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ABCG2-mediated multidrug resistance. Compound 24 was synthesized by the acylation 

of methoxy naphthalene in the presence of AlCl3 and POCl3. The structures of all the 

synthesized compounds were confirmed by HRMS (high resolution mass spectrometry), 

IR (infrared radiation), 1H, 13C NMR and HMBC (heteronuclear multiple bond 

correlation) data. 

 

Scheme 1. Synthesis of indole derivatives 

The determination of the ABCG2 reversal activity of the indole derivatives at 

selected (non-toxic) concentrations 

The structure of indole derivatives and the selective non-toxic concentration is 

shown in Table 1 and Table 2. The selective concentration is the concentration that did 

not decrease the viability of the parental NCI-H460 and drug-resistant NCI-H460/MX20 

cell lines by more than 20%. NCI-H460/MX20 cell line overexpressing ABCG2 was 

selected by MX. 32 The reversal efficacies of the indole derivatives were determined 

(Figure 3) at the selected concentrations by determining their effect on the intracellular 
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levels of mitoxantrone (2.5 µM), a substrate of the ABCG2 transporter. 5 As shown in 

Figure 3, 2.5 µM of MX alone produced a 24±3% inhibition of the proliferation of 

NCI-H460/MX20 cells and the efficacy of MX increased when combined with the 

different indole derivatives. For example, MX (2.5 µM) inhibited the proliferation of 

NCI-H460/MX20 cells by more than 87% when combined with the monobenzoyl indoles 

7, 8, 13, 15 and 17, or the bisbenzoyl indoles 2 and 4 at the selected concentrations. 

However, the benzoyl naphthalene 24 (25 µM) did not significantly increase the efficacy 

of 2.5 µM of MX. The reversal efficacy of 2,4-OMe benzoyl naphthalene 24 was lower 

than that of 2,4-OMe benzoyl indoles 3, 9 and 12. Most of the methoxy indoles have 

greater reversal efficacies than the corresponding hydroxy indoles except methoxy 

indoles 1, 3 and 6. Interestingly, 5-OMe indole compounds 8 (4-OMe phenyl), 9 

(2,4-OMe phenyl), and 10 (3,4,5-OMe phenyl) showed greater reversal efficacies than 

those corresponding 4-OMe indole compounds 1, 3 and 5, respectively. However, the 

4-OH indole compounds 13 and 15 showed better reversal efficacies than those 5-OH 

indole compounds 19 and 20, respectively. Among the 5-OMe indole compounds 6~11, 

compounds 7 and 8 with 3-OMe and 4-OMe benzoyl group, respectively, had better 

reversal efficacies than the other indoles. The above results indicated that the reversal 

efficacies of the indole compounds are influenced by the position and hydrophilicity of 

the substituents at the indole ring and the benzoyl group. However, the benzoyl 

naphthalene 24 (25 µM) did not significantly increase the efficacy of 2.5 µM of MX. The 
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reversal efficacy of 2,4-OMe benzoyl naphthalene 24 was lower than that of 2,4-OMe 

benzoyl indoles 3, 9 and 12, suggesting that the indole group was critical for the reversal 

of ABCG2-mediated multidrug resistance. 

Table 1. The structure and the selected concentration of monobenzoyl indoles and benzoyl 

naphthalene 

 

Compd.  R1 R2 
*Selected 

concentration 
(µM)  

Compd. R1 R2 
*Selected 

concentration 
(µM) 

 

1  4-OMe  4-OMe  10 13 4-OH  4-OH  25 

3  4-OMe  2,4-OMe  25 15 4-OH  2,4-OH  25 

5  4-OMe  3,4,5-OMe  1 16 4-OH  3,4,5-OH 25 

6  5-OMe 2-OMe  1 17 5-OH  2-OH  25 

7  5-OMe 3-OMe  10 18 5-OH  3-OH  25 

8  5-OMe 4-OMe  10 19 5-OH  4-OH  25 

9  5-OMe 2,4-OMe  25 20 5-OH  2,4-OH  25 

10  5-OMe 3,4,5-OMe  1 21 5-OH  3,4,5-OH  25 

11  5-OMe  2, 6-OMe  1 22 5-OH  2,6-OH 10 

12  7-OMe  2, 4-OMe  10 23 7-OH  2,4-OH  10 

     24 / / 10 

*The concentrations that did not decrease the viability of NCI-H460 and NCI-H460/MX20 cells by 

more than 20%. 
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Table 2. The structure and the selected concentration of bisbenzoyl indoles 

 

Compd.  R1 R2 R3 
*Selected 

concentration (µM) 

2  4-OMe  4-OMe  OMe 25 

4  2, 4-OMe  2, 4-OMe  OMe 25 

14  4-OH 4-OH  OH 25 

*The concentrations that did not decrease the viability of NCI-H460 and NCI-H460/MX20 cells by 

more than 20%. 

 

Figure 3. The reversal efficacy of the indole derivatives in combination with 2.5 µM of MX in 

NCI-H460/MX20 cells. The inhibition of proliferation indicates the inhibition of the proliferation of 

NCI-H460/MX20 cells after incubation with MX in the absence or presence of the indole 

derivatives, compared to the proliferation of cells in the control group. The results were obtained 

from three independent experiments performed in triplicate. *, P < 0.05, **, P < 0.01, ****, P < 

0.0001 versus no indole derivatives group, two-way ANOVA. 
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The determination of the ABCG2 reversal efficacy of the indole derivatives 2, 4, 7, 8, 

13, 15 and 17 

The reversal efficacies of bisbenzoyl indoles 2 and 4, and monobenzol indoles 7, 8, 13, 

15 and 17 at different concentrations on the proliferation of NCI-H460/MX20 cells, in 

combination with 2.5 µM of MX, were determined to ascertain which compound had the 

greatest efficacy (Figure 4). The results suggested that reversal efficacy increased as the 

concentration of the indole derivatives increased, which indicated that the reversal 

efficacies of these indole compounds are dose-dependent. Monobenzoyl indole 8 had the 

greatest anti-proliferative efficacy among the seven compounds at the same concentration, 

while bisbenzoyl 2 has greater efficacy than bisbenzoyl 4 (Figure 4). Thus, compounds 2 

and 8 exhibited the highest reversal efficacy among the bisbenzoyl and monobenzoyl 

indoles, respectively. Subsequently, we further investigated the reversal efficacies and 

inhibition mechanism of compounds 2 and 8 as reversal compounds for 

ABCG2-mediated drug-resistance. 

     

Figure 4. The reversal efficacy of the indole derivatives in combination with 2.5 µM of MX. The 
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proliferation of NCI-H460/MX20 cells was inhibited by 25 ± 4 % with 2.5 µM of MX alone. The 

inhibition of proliferation indicates the inhibition of the proliferation of NCI-H460/MX20 cells after 

incubation with MX in the absence or presence of the indole derivatives, compared to the 

proliferation of cells in the control group. The results were obtained from three independent 

experiments performed in triplicate.  

    The cytotoxic curves of compounds 2 and 8 on H460, H460/MX20, S1, S1-M1-80, 

HEK-293/pcDNA3.1, wild-type HEK-293/ABCG2-482-R2, mutant 

HEK-293/ABCG2-482-G2 and HEK-293/ABCG2-482-T7 cell lines are shown in Figure 

5, indicating that compounds 2 and 8 at the concentration of 25 µM and 5 µM exhibited 

lower than 20% inhibition on all the cell lines we investigated. S1-M1-80 is an 

ABCG2-mediated multi-drug resistant cell line selected by MX. 33 The previous studies 

revealed that mutations at amino-acid 482 in the ABCG2 gene influence the substrate 

specificity of the ABCG2 transporter. 34 It was also reported that the efficacy of 

Novobiocin, a ABCG2 inhibitor, would be altered due to the mutations at amino-acid 482. 

Novobiocin exhibited potent inhibition on wild-type ABCG2, however, almost no 

inhibition on mutant ABCG2. 35 Thus, we used the transfected wild-type 

HEK293/ABCG2-482-R2, mutant HEK293/ABCG2-482-G2 and 

HEK293/ABCG2-482-T7 cells to investigate whether the reversal effects of the benzoyl 

indoles would be different in these transfected HEK293 cell lines. As shown in Figure 

6A, compounds 2 and 8 significantly increased the cytotoxicity of MX in 

ABCG2-overexpressing NCI-H460/MX20 cell line. Compounds 2 and 8 did not 
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significantly sensitize NCI-H460/MX20 cells to cisplatin, which is not a substrate of the 

ABCG2 transporter (Figure 6B). These results suggested that the sensitizing effects of 

compounds 2 and 8 is limited to ABCG2 substrates for ABCG2-mediated multidrug 

resistance cancer cell lines. Furthermore, the reversal efficacy of compounds 2 and 8 

were also determined in parental S1 and S1-M1-80 cells, where ABCG2 overexpression 

was also induced using mitoxantrone. 36 Human embryonic kidney (HEK293) cells were 

transfected with the pcDNA3.1 vector containing a full-length ABCG2, with either 

coding arginine (R), glycine (G), or threonine (T) at amino acid position 482, to generate 

wild-type HEK293/ABCG2-482-R2, mutant (HEK293/ABCG2-482-G2 and 

HEK293/ABCG2-482-T7), respectively. Compounds 2 and 8 significantly increased the 

cytotoxicity of 1) MX and doxorubicin in S1-M1-80 cells (Figure 6C, 6D) and 2) MX in 

HEK293/ABCG2-482-R2, HEK293/ABCG2-482-G2 and HEK293/ABCG2-482-T7 cells 

expressing theABCG2 transporter (Figure 6E). 37 Thus, it can be concluded that 

compounds 2 and 8 might sensitize ABCG2-mediated multidrug resistance cell lines to 

anticancer drugs by interacting with ABCG2. Even though the potencies of compounds 2 

and 8 are not as strong as Ko143, the two compounds are also effective to reverse 

ABCG2-mediated multi-drug resistance. The representative cytotoxic curves of 

mitoxantrone, cisplatin and doxorubicin in combination with compounds 2, 8 and Ko143 

on different cell lines were also shown in Figure 7 to indicate the effects of compounds 2, 

8 and Ko143 on the cytotoxicity of the anti-cancer drugs. 
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Figure 5. Cytotoxic curves of compounds 2 and 8 on H460, H460/MX20, S1, S1-M1-80, 

HEK-293/pcDNA3.1, HEK-293/ABCG2-482-R2, HEK-293/ABCG2-482-G2 and 

HEK-293/ABCG2-482-T7 cell lines. 
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Figure 6. The effect of compounds 2 and 8 on the IC50 values of (A) mitoxantrone and (B) cisplatin 

in parental NCI-H460 and the drug-resistant cell line, NCI-H460/MX20. The effect of compounds 2 

and 8 on the IC50 values of (C) mitoxantrone and (D) doxorubicin in parental S1 and drug-resistant 
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cell line, S1-M1-80. (E) The effect of compounds 2 and 8 on the IC50 values of mitoxantrone in 

parental HEK293/pcDNA3 and transfected ABCG2-overexpressing HEK293/ABCG2-482-R2, 

HEK293/ABCG2-482-G2 and HEK293/ABCG2-482-T7 cells. The error bars represent the SD 

value. Ko143 (5 µM) was used as a positive control. ****, P < 0.0001 versus no indole derivatives 

group, two-way ANOVA. 

Figure 7. Cytotoxic curves of mitoxantrone, cisplatin and doxorubicin in combination with 

compounds 2, 8 and Ko143 on H460, H460/MX20, S1, S1-M1-80, HEK-293/pcDNA3.1, 
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HEK-293/ABCG2-482-R2, HEK-293/ABCG2-482-G2 and HEK-293/ABCG2-482-T7 cell lines. 

The effect of the indole derivatives on the intracellular accumulation of MX in 

ABCG2-overexpressing cells 

The reversal efficacies of compounds 2 and 8 were tested at low concentrations which 

were not toxic to both parental NCI-H460 and drug-resistant NCI-H460/MX20 cells. 

Thus, the significant increase in the cytotoxicity of MX in combination of compounds 2 

or 8 cannot be considered as additivity of the cytotoxicity. The effect of the compounds 

on intracellular [3H]-MX accumulation was determined by comparing the accumulation 

of [3H]-MX in parental and ABCG2-mediated MDR cells with or without the reversal 

compounds. The intracellular level of [3H]-MX in NCI-H460/MX20 cells in the absence 

of the reversal compounds was approximately 3.1-fold lower than NCI-H460 cells (which 

do not overexpress ABCG2) (Figure 8). The incubation of NCI-H460/MX20 cells with 

compounds 2 (25 µM) and 8 (5.0 µM) significantly increased the accumulation of 

[3H]-MX by 3.0-fold and 2.7-fold, respectively (Figure 8). Ko143, at 5.0 µM, produced a 

3-fold increase in the accumulation of [3H]-MX and there was no statistical difference in 

the accumulation of [3H]-MX between Ko143 (5.0 µM) and compounds 2 (10 or 25 µM) 

or compound 8 (5.0 µM). The results revealed that compounds 2 and 8 effectively 

blocked the efflux of MX by NCI-H460/MX20 cells. 
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Figure 8. The effects of 2 and 8 on the intracellular accumulation of [3H]-MX in NCI-H460 and 

NCI-H460/MX20 cells. The error bars represent the SD value. Ko143 (5.0 µM) was used as 

positive control for ABCG2-overexpressing cells. ****, P < 0.0001 versus no indole derivatives 

group, two-way ANOVA. 

The expression level and the intracellular localization of ABCG2 in cells 

overexpressing ABCG2 

The factors inhibiting the efflux function of ABCG2 transporter could include the 

down-regulation of expression or the localization alteration of ABCG2 in cells. To 

determine whether compounds 2 and 8 can cause the down-regulation of ABCG2 protein, 

the ABCG2 expression levels were determined for cells incubated with 2 (25 µM) or 8 

(5.0 µM) for 0, 24, 48, and 72 h. The results showed no significant alteration in the 

expression level of ABCG2 in the drug-resistant NCI-H460/MX20 cells following 

incubation with compounds 2 or 8 (Figure 9A, Figure 9B). 

   Alterations in the localization of the ABCG2 transporter in the membrane has been 

shown to reverse ABCG2-mediated MDR. 38 Therefore, we used an immunofluorescence 

assay to determine if the localization of ABCG2 transporter in NCI-H460/MX20 cells 
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was altered following incubation with the indole derivatives. As shown in Figure 9C, 

compounds 2 and 8 did not induce the internalization of cell surface ABCG2 transporter. 

These results suggest that the reversal mechanism of action for compounds 2 and 8 was 

not induced by the alteration the expression or localization of ABCG2 transporter. 

 

Figure 9. (A) The effect of compound 2, at 25 µM, on the expression levels of ABCG2 protein in 

NCI-H460/MX20 cells after 24, 48, and 72 h of incubation. Equal amounts of total cell lysate were 

used for each sample. (B) The effect of compound 8, at 5 µM, on the expression level of ABCG2 in 

NCI-H460/MX20 cells after 24, 48, and 72 h of incubation. (C)The effect of 2 (25 µM) and 8 (5 µM) 

on the subcellular localization of ABCG2 in ABCG2-overexpressing NCI-H460/MX20 cells.  
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The effect of the indole compounds on ABCG2 ATPase activity  

Since there is no alteration of expression or localization of ABCG2, the inhibition of 

the efflux function of ABCG2 transporter could be due to the inhibition of the activity of 

ABCG2 transporter. To determine whether compounds 2 and 8 inhibit or stimulate the 

activity of ABCG2 ATPase, we performed an ATPase assay using membranes of High 

Five insect cells overexpressing ABCG2, in the presence of different concentrations of 

compounds 2 or 8. Both compounds 2 or 8 significantly stimulated the ATPase activity of 

ABCG2 in a concentration-dependent manner, with a maximal stimulation of 3.01-fold 

and 2.03-fold greater, than the basal activity (Figure 10), respectively. The concentration 

of 2 or 8 required to obtain 50% of maximal stimulation was 0.21 and 0.75 µM, 

respectively. These results suggested that 2 and 8 were the substrates of ABCG2 

transporter. Therefore, compounds 2 and 8 could acts as a potential competitive substrate, 

thus blocking the efflux function of ABCG2 and increasing the accumulation of 

anticancer drugs.  

Besides the mechanisms we discussed above, inhibition of the phosphorylation of 

ABCG2 could be another mechanism for reversing ABCG2-mediated multi-drug 

resistance. As depicted in the previous study, BCRP/ABCG2 can be phosphorylated by 

Pim-1L and thus the drug resistance would increase. 39 We suppose that inhibiting the 

phosphorylation of ABCG2 could decrease the efflux function of ABCG2, thus increase 

the accumulation of the anti-cancer drugs in drug-resistant cancer cells. Additional 
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experiments are needed to determine whether the inhibition of phosphorylation of 

ABCG2 was induced by the benzoyl indoles in our future study. 

 

Figure 10. The effect of compounds 2 and 8 (0–40 µM) on orthovanadate (Vi)-sensitive ABCG2 

ATPase activity. The concentrations of compounds 2 and 8 were plotted at linear in panel (A) and 

(B), respectively. 

Docking analysis of indole derivatives with ABCG2  

The best-scored docked position of the indole derivatives within the large drug-binding 

cavity of human ABCG2 is shown in Figure 11. The indole group of 2 forms a hydrogen 

bond with Thr435 in the B chain of the ABCG2 protein (-NH•••O=C- Thr435). In 

addition, the phenyl ring of the indole group forms a π-π interaction with Phe439 in the B 

chain of ABCG2, while the other phenyl ring of 2 forms a π-π interaction with Phe439 in 

the A chain of ABCG2. Compound 2 was stabilized into a hydrophilic pocket formed by 

residues Val401, Leu405, Phe432, Val546, Phe547, Met549 of ABCG2. The amine group 

in compound 8 forms a hydrogen bonding with Asn436 (-NH•••O=C- Asn436). Moreover, 

the indole group of 8 was stabilized into a hydrophilic pocket formed by nearby residues 
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Phe431, Phe432, Val546, Met549 and Leu555 of the ABCG2 protein. Ko143 formed a 

hydrogen bond with Asn436 in the B chain of the ABCG2 transporter. Based on the 

results of the induced-fit docking, compounds 2, 8 and Ko143 had a strong interaction 

with the human ABCG2 transporter protein, with docking scores of -11.591 and -10.052 

and 10.236 kcal/mol, respectively. Interestingly, compound 2 had a higher docking score 

than 8, but 8 had greater reversal efficacy than 2 in the cytotoxicity and intramolecular 

accumulation assays. Compound 2 may have a lower reversal efficacy due to its large 

size, which could impede its entry into the binding site of the human ABCG2 protein. 40 

As depicted in Figure 11G, even though compounds 2, 8 and Ko143 bind with the same 

domain of ABCG2 protein, the binding modes of the three compounds are not 

superimposable, which could contribute to the difference in the reversal efficacies of 

compounds 2, 8 and Ko143. 
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Figure 11. Predicted binding positions of compounds 2 and 8 with the human ABCG2 transporter 

protein. (A) Docked position of compound 2 within the binding site of the human ABCG2 

transporter protein. Compound 2 is shown as a ball and stick model, with the atoms colored as 

follows: carbon = cyan, hydrogen = white, nitrogen = blue and oxygen = red. The important 

residues are depicted as sticks with the same color scheme as above except that carbons are 
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indicated by the grey color. Ring centroids were represented as dark-green dots. Dotted yellow 

lines indicate hydrogen bonds. (B) A two-dimensional ligand−receptor interaction diagram shows 

the important interactions of compound 2 with the binding site residues of human ABCG2. The 

amino acids are shown as colored bubbles, cyan indicates polar residues and green indicates 

hydrophobic residues. Hydrogen bonds are indicated by the purple dotted arrow, and π-π stacking 

aromatic interactions are indicated by the green lines. (C) Docked position of compound 8 within 

the binding site of the human ABCG2 transporter protein. (D) A two-dimensional ligand−receptor 

interaction diagram shows the important interactions of compound 8 with the binding site residues 

of the human ABCG2 transporter protein. (E) Docked position of Ko143 within the binding site of 

the human ABCG2 protein. (F) A two-dimensional diagram shows the important contacts of Ko143 

with the binding site residues of the human ABCG2 transporter protein. (G) The comparison of the 

binding mode of 2, 8 and Ko143 with ABCG2 protein. Compounds are shown as a ball and stick 

model, with the atoms colored as follows: hydrogen = white, nitrogen = blue, oxygen = red. The 

carbon atoms are labeled in different colors: 2 (grey), 8 (cyan), Ko143 (orange). 

Metabolic Stability of the indole derivatives 

Approximately 60 % of the drugs are metabolized by CYP 450 in the human liver. 41 

Human liver microsomes, derived from human liver, contain a wide variety of membrane 

bound drug metabolizing enzymes. Thus, in vitro metabolic stability testing with human 

liver microsomes is useful to predict the in vivo hepatic CYP-mediated metabolism of the 

compounds in the human body. The in vitro metabolic stability testing with human liver 

microsome has been commonly applied for investigating the metabolism of the drugs 

prior to in vivo study. 42-44 The metabolic stabilities of compounds 2 and 8 were 

investigated with human liver microsome, and the results indicated that compounds 2 and 

8 are more metabolically stable than Ko143 (Table 3). The amount of compounds 2 and 8 
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remaining after incubation with human liver microsome for 1 h was 56 and 78%, 

respectively, compared to 23% for Ko143. Since the low metabolic stability of Ko143 is 

the major problem for clinical application, we would like to discover metabolically stable 

reversal agents for ABCG2-mediated multidrug resistance. Inspiringly, the results 

revealed that compounds 2 and 8 are more metabolically stable than Ko143. Thus, indole 

compounds 2 and 8 as reversal agents could be valuable and suitable for clinical 

application in the future. 

Table 3. In vitro metabolic stability of compounds 2, 8 and Ko143 

compound Metabolic stability a /% 

2 56±4.6 

8 78±1.2 

Ko143 23±1.4 

a Metabolic stability was calculated as the % compound remaining after 1 h of incubation with 

human liver microsomes. 

Conclusions 

In this study, we synthesized 23 benzoyl indoles and determined their efficacy and 

mechanism of action for reversing ABCG2-mediated MDR. Based on the 

structure-activity relationship data, The reversal efficacies of 2,4-OMe benzoyl indoles 3, 

9 and 12 were greater than that of 2,4-OMe benzoyl naphthalene 24, revealing the indole 

group was more important in enhancing the reversal efficacy compared to naphthalene 

group. Docking studies showed that the indole moiety of compounds 2 and 8 formed 
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hydrogen bonds with the ABCG2 transporter protein, indicating the importance of the 

indole group. Furthermore, in most cases, compounds that had methoxy substituents had 

greater reversal efficacy than those with the hydroxy groups. The increase in reversal 

efficacy may be due to the stronger interaction between the methoxy group and the 

hydrophobic pocket residues in the human ABCG2 transporter protein. The methoxy 

benzoyl indole compounds 2 and 8, had the greatest reversal efficacy among bisbenzoyl 

and monobenzoyl indole compounds, respectively. Inspiringly, compounds 2 and 8 have 

better metabolic stability than the potent ABCG2 inhibitor, Ko143, which revealing the 

value of clinical application of these benzoyl indoles. The reversal efficacy of compound 

8 was significantly greater than that of compound 2. The lower reversal efficacy of 

compound 2 may result from its larger molecule size, thus hindering compound 2 from 

entering the drug-binding site of the ABCG2 transporter protein. Compounds 2 and 8 

could act as competitive substrates of ABCG2 transporter to block the efflux of 

anticancer drugs, thus sensitizing ABCG2-mediated multidrug resistant cancer cells to 

the anticancer drugs. Overall, the benzoyl indoles 2 and 8 had significant efficacy as 

ABCG2-mediated drug resistance reversal agents, with synthetic tractability and 

enhanced metabolic stability. These results give insight into the rational design of 

reversal agents targeting ABCG2 transporter. 

Experimental Section  

General Chemistry. Chemicals were obtained from Materials and Instrumentation. 
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Chemicals were purchased from Aldrich Chemical Co. (Milwaukee, WI), TCI America 

(Portland, OR) and Alfa Aesar (Ward Hill, MA), and used without further purification 

unless otherwise indicated. Purifications by column chromatography were carried out 

over silica gel (300−400 mesh) and monitored by thin layer chromatography (TLC) 

performed on GF/UV 254 plates and were visualized using UV light at 254 and 365 nm. 

Melting points were determined using a SGW X-4 digital melting point apparatus, and 

the temperatures were not corrected. IR spectra were determined on an EQUINOX 55 

Fourier transformation infrared spectrometer. 1H and 13C NMR spectra were recorded on 

Varian INOVA 500, Bruker AVANCE AV400, or Mercury-Plus 300 NMR spectrometer in 

CDCl3, DMSO-d6, or Acetone-d6 and TMS as an internal standard. Chemical shifts were 

expressed as values (ppm) relative to tetramethylsilane as an internal standard, and 

coupling constants (J values) were given in hertz (Hz). Abbreviations are used as follows: 

s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublet, 

doublet of doublet of doublets (ddd), br = broad. High resolution (HR) mass spectra were 

measured on Thermo MAT95XP mass spectrometer.  

General procedure for the synthesis of compounds 1-12. 

A mixture of methoxy indole (2 mmol) and methoxy benzoylchloride (2 mmol) was 

stirred in the presence of POCl3 (5 ml) and AlCl3 (0.5 g) in dichloroethane (10 ml) at 60 ℃ 

for 2.5 h. The reaction was quenched by 30 ml crushed ice and then extracted with 

dichloromethane (3 × 30 ml). The combined organic layer was washed by saturated 
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sodium carbonate until PH=7, washed with saturated aqueous sodium chloride, dried over 

with anhydrous Na2SO4, and evaporated to give the crude product. The obtained residue 

was purified by column chromatography on silica gel using petroleum ether-acetone as 

the eluent to produce compounds 1-12. 

 (4-Methoxy-1H-indol-3-yl)(4-methoxyphenyl)methanone (1). Yield: 36 %, white solid, 

m.p. 250-251 ℃; IR (KBr): 3182, 3003, 1620, 1420, 1093 cm-1; 1H NMR (400 MHz, 

DMSO): δ (ppm) 11.81 (br, 1H), 7.74 (d, J = 8.8 Hz, 2H), 7.64 (d, J = 2.8 Hz, 1H), 7.15 

(dd, J =8.0, 7.6 Hz, 1H), 7.11 (dd, J = 8.0, 0.8 Hz, 1H), 7.02 (d, J = 8.8 Hz, 2H), 6.61 (dd, 

J = 7.6, 0.8 Hz, 1H), 3.85 (s, 3H), 3.59 (s, 3H); 13C NMR (101 MHz, DMSO): δ (ppm) 

189.28, 162.57, 153.89, 138.48, 133.27, 131.82, 130.96, 124.00, 116.72, 116.20, 113.61, 

105.64, 102.16, 55.86, 55.38; HRMS for C17 H15 N O3 ([M-H] -) calculated: 280.0968, 

found: 280.0986. 

(4-methoxy-1H-indole-3,5-diyl)bis((4-methoxyphenyl)methanone) (2). Yield: 19 %, 

yellow solid, m.p. 194-196 ℃; IR (KBr): 3380, 2935, 1600, 1361, 1075 cm-1; 1H NMR 

(400 MHz, DMSO): δ (ppm) 12.00 (br, 1H), 7.77 (dd, J = 8.8, 2.4 Hz, 4H), 7.60-7.56 (m, 

2H), 7.13 (dd, J = 8.8, 2.0 Hz, 2H), 7.05 (dd, J = 8.8, 2.0 Hz, 2H), 6.78 (d, J = 8.8 Hz, 

1H), 3.89 (s, 3H), 3.86 (s, 3H); 13C NMR (101 MHz, DMSO): δ (ppm) 193.86, 189.17, 

162.86, 162.59, 158.10, 137.09, 132.84, 131.95, 131.86, 131.58, 131.17, 116.92, 116.89, 

115.10, 114.21, 113.82, 101.80, 55.96, 55.94, 55.92; HRMS for C25 H21 N O5 ([M-H] -) 

calculated: 414.1336, found: 414.1393. 
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(4-Methoxy-1H-indol-3-yl)(2,4-dimethoxyphenyl)methanone (3). Yield: 40 %, white 

solid, m.p. 224-226 ℃; IR (KBr): 3213, 2937, 1622, 1420, 1088 cm-1; 1H NMR (400 

MHz, DMSO): δ (ppm) 11.75 (s, 1H), 7.53 (d, J = 3.2 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 

7.10 (t, J = 8.0 Hz, 1H), 7.04 (dd, J = 8.4, 0.8 Hz, 1H), 6.61 (d, J = 2.4 Hz, 1H), 6.58 (dd, 

J = 7.6, 0.8 Hz, 1H), 6.54 (dd, J = 8.8, 2.0 Hz, 1H), 3.82 (s, 3H), 3.59 (s, 3H), 3.58 (s, 

3H); 13C NMR (101 MHz, DMSO): δ (ppm) 188.29, 162.37, 159.32, 154.21, 138.94, 

133.35, 131.32, 125.42, 123.90, 119.73, 115.52, 105.65, 104.78, 102.51, 98.88, 55.89, 

55.83, 55.53; HRMS for C18 H17 N O4 ([M-H] -) calculated: 310.1074, found: 310.1089. 

(4-methoxy-1H-indole-3,5-diyl)bis((2,4-dimethoxyphenyl)methanone) (4). Yield: 8 %, 

white solid, m.p. 181-184 ℃; IR (KBr): 3321, 2937, 1620, 1416, 1072 cm-1; 1H NMR 

(400 MHz, Acetone): δ (ppm) 11.56 (s, 1H), 7.68 – 7.73 (m, 1H), 7.47 (d, J = 8.4 Hz, 1H), 

7.43 (d, J = 8.4 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 6.72 (d, J = 2.4 Hz, 1H), 6.70 – 6.65 

(m, 2H), 6.64 (d, J = 2.0 Hz, 1H), 6.61 (dd, J = 8.4, 2.4 Hz, 1H), 3.92 (s, 3H), 3.90 (s, 

3H), 3.77 (s, 3H), 3.71 (s, 3H), 3.63 (s, 3H); 13C NMR (101 MHz, Acetone): δ (ppm) 

194.97, 187.95, 162.96, 162.52, 159.83, 158.90, 158.41, 137.39, 132.00, 131.58, 131.50, 

130.13, 125.17, 122.52, 120.82, 115.85, 115.73, 104.84, 104.36, 101.27, 98.55, 98.14, 

55.07, 54.98, 54.94; HRMS for C27 H25 N O7 ([M-H] -) calculated: 474.1547, found: 

474.1560. 

(4-Methoxy-1H-indol-3-yl)(3,4,5-trimethoxyphenyl)methanone (5). Yield: 58 %, white 

solid, m.p. 239-243 ℃; IR (KBr): 3114, 2964, 1578, 1422, 1125 cm-1; 1H NMR (400 
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MHz, DMSO): δ (ppm) 11.87 (br, 1H), 7.76 (d, J = 2.8 Hz, 1H), 7.17 (dd, J = 7.6, 8.0 Hz, 

1H), 7.13 – 7.08 (m, 3H), 6.65 (d, J = 7.2 Hz, 1H), 3.78 (s, 6H), 3.76 (s, 3H), 3.67 (s, 3H); 

13C NMR (101 MHz, DMSO): δ (ppm) 188.68, 154.02, 152.72, 141.13, 138.71, 135.74, 

132.15, 124.22, 116.38, 116.19, 107.38, 105.66, 102.39, 60.60, 56.34, 55.47; HRMS for 

C19 H19 N O5 ([M-H] -) calculated: 340.1179, found: 340.1193. 

  (5-Methoxy-1H-indol-3-yl)(2-methoxyphenyl)methanone (6). Yield: 53 %, white solid, 

m.p. 175-177 ℃; IR (KBr): 3154, 2957, 1607, 1417, 1067 cm-1; 1H NMR (400 MHz, 

Acetone): δ (ppm) 10.86 (br, 1H), 7.87 (d, J= 2.4 Hz, 1H),7.55 (d, J = 3.2 Hz, 1H), 7.45 

(ddd, J = 8.4, 7.6, 1.6 Hz, 1H), 7.41 (d, J = 8.8 Hz, 1H), 7.34 (dd, J = 7.2, 1.6 Hz, 1H), 

7.13 (d, J = 8.4 Hz, 1H), 7.04 (ddd, J =7.6, 7.2, 0.8 Hz, 1H), 6.89 (dd, J = 8.8, 2.8 Hz, 

1H), 3.85 (s, 3H), 3.76 (s, 3H); 13C NMR (101 MHz, Acetone): δ (ppm) 190.18, 157.13, 

156.76, 136.17, 132.42, 132.35, 130.91, 128.86, 127.43, 120.65, 118.32, 113.75, 113.16, 

112.14, 103.84, 55.52, 55.42; HRMS for C17 H15 N O3 ([M-H] -) calculated: 280.0968, 

found: 280.0995. 

   (5-Methoxy-1H-indol-3-yl)(3-methoxyphenyl)methanone (7). Yield: 21 %, white solid, 

m.p. 197-198 ℃; IR (KBr): 3133, 2919, 1597, 1431, 1025 cm-1; 1H NMR (400 MHz, 

Acetone): δ (ppm) 10.99 (br, 1H), 7.95 (d, J = 2.4 Hz, 1H), 7.93 – 7.89 (m, 1H), 7.45 (d, 

J =8.8, Hz, 1H), 7.43 (d, J =8.0, Hz, 1H), 7.40 (m, 1H) 7.35 (dd, J = 2.4, 1.2 Hz, 1H), 

7.14 (ddd, J = 8.0, 2.8, 1.6 Hz, 1H), 6.92 (dd, J = 8.8, 2.4 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 

3H); 13C NMR (126 MHz, DMSO): δ (ppm) 190.05, 159.59, 156.05, 142.55, 136.44, 
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132.04, 129.98, 127.54, 121.09, 117.23, 115.27, 113.73, 113.48, 103.68, 55.75, 55.70; 

HRMS for C17 H15 N O3 ([M-H] -) calculated: 280.0968, found: 280.0994. 

(5-Methoxy-1H-indol-3-yl)(4-methoxyphenyl)methanone (8). Yield: 40 %, white solid, 

m.p. 197-200 ℃; IR (KBr): 3151, 2956, 1602, 1427, 1026 cm-1; 1H NMR (400 MHz, 

DMSO): δ (ppm) 11.90 (br, 1H), 7.89 (d, J = 3.2 Hz, 1H), 7.80 (d, J = 8.8 Hz 2H), 7.76 

(d, J = 2.4 Hz, 1H), 7.40 (d, J = 8.8 Hz, 1H), 7.07 (d, J = 8.8 Hz 2H), 6.88 (dd, J = 8.8, 

2.4 Hz, 1H), 3.85 (s, 3H), 3.80 (s, 3H); 13C NMR (101 MHz, DMSO): δ (ppm) 189.16, 

162.08, 155.85, 135.50, 133.53, 131.94, 130.94, 127.68, 115.33, 114.11, 113.35, 113.32, 

103.66, 55.84, 55.74; HRMS for C17 H15 N O3 ([M-H] -) calculated: 280.0968, found: 

280.0992.  

(5-Methoxy-1H-indol-3-yl)(2,4-dimethoxyphenyl)methanone (9). Yield: 20 %, white 

solid, m.p. ℃; IR (KBr): 3189, 2989, 1604, 1422, 1069 cm-1; 1H NMR (500 MHz, 

DMSO): δ (ppm) 11.79 (br, 1H), 7.69 (d, J = 2.5 Hz, 1H), 7.57 (d, J = 2.8 Hz, 1H), 7.38 

(d, J = 7.2 Hz, 1H), 7.26 (d, J = 6.8 Hz, 1H), 6.87 (dd, J = 6.8, 2.5 Hz, 1H), 6.68 (d, J = 

1.6 Hz, 1H), 6.61 (dd, J = 6.8, 2.5 Hz, 1H), 3.85 (s, 3H), 3.80 (s, 3H), 3.73 (s, 3H); 13C 

NMR (101 MHz, DMSO): δ (ppm) 189.38, 161.88, 158.21, 155.91, 136.47, 132.00, 

130.13, 126.94, 124.43, 117.38, 113.40, 113.18, 105.08, 103.38, 99.31, 55.92, 55.83, 

55.69; HRMS for C18 H17 N O4 ([M-H] -) calculated: 310.1074, found: 310.1091. 

(5-Methoxy-1H-indol-3-yl)(3,4,5-trimethoxyphenyl)methanone (10). Yield: 47 %, 

white solid, m.p. 206-208 ℃; IR (KBr): 3296, 2973, 1613, 1420, 1122 cm-1; 1H NMR 
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(400 MHz, DMSO): δ (ppm) 11.93 (br, 1H), 8.04 (d, J = 3.2 Hz, 1H), 7.78 (d, J = 2.4 Hz, 

1H), 7.41 (d, J = 8.8 Hz, 1H), 7.08 (s, 2H), 6.89 (dd, J = 8.8, 2.4 Hz, 1H), 3.87 (s, 6H), 

3.80 (s, 3H), 3.76 (s, 3H); 13C NMR (101 MHz, DMSO) δ: 189.34, 155.95, 153.07, 

140.39, 136.38, 136.21, 132.03, 127.70, 115.12, 113.35, 106.41, 103.75, 60.55, 56.43, 

55.74; HRMS for C19 H19 N O5 ([M-H] -) calculated: 340.1179, found: 340.1200. 

(5-methoxy-1H-indol-3-yl)(2,6-dimethoxyphenyl) methanone (11). Yield: 47 %, white 

solid, m.p. 205-207 ℃; IR (KBr): cm-1; 1H NMR (400 MHz, DMSO) δ 11.74 (s, 1H), 

7.57 (s, 1H), 7.45 (d, J = 3.1 Hz, 1H), 7.38 (dd, J = 8.6, 7.3 Hz, 2H), 6.86 (dd, J = 8.8, 2.5 

Hz, 1H), 6.77 (d, J = 8.4 Hz, 2H), 3.79 (s, 3H), 3.67 (s, 6H) ; 13C NMR (126 MHz, 

DMSO) δ 188.06, 157.26, 155.90, 135.90, 132.11, 130.51, 126.46, 120.23, 118.23, 

113.52, 113.26, 104.81, 103.02, 56.10, 55.67; HRMS for C18 H17 N O4 ([M-H] -) 

calculated: 310.1074, found:310.1088. 

(7-Methoxy-1H-indol-3-yl)(2,4-dimethoxyphenyl)methanone (12). Yield: 62 %, white 

solid, m.p. 208-210 ℃; IR (KBr): 3174, 2994, 1603, 1434, 1117 cm-1; 1H NMR (400 

MHz, Acetone): δ (ppm) 11.01 (br, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.62 – 7.55 (m, 1H), 

7.34 (d, J = 8.0 Hz, 1H), 7.16 (dd, J = 7.6, 8.0 Hz, 1H), 6.82 (d, J =8.0 Hz, 1H), 6.68 (d, J 

= 2.0 Hz, 1H), 6.63 (dd, J = 8.4, 2.4 Hz, 1H), 3.98 (s, 3H), 3.91 (s, 3H), 3.76 (s, 3H); 13C 

NMR (126 MHz, DMSO): δ (ppm) 189.46, 162.00, 158.26, 146.69, 135.16, 130.25, 

127.68, 127.10, 124.33, 123.06, 118.19, 114.26, 105.13, 104.05, 99.31, 55.93, 55.84, 

55.79; HRMS for C18 H17 N O4 ([M-H] -) calculated: 310.1074, found: 310.1089. 
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General procedure for the synthesis of compounds 13-23.  

The solution of compounds 1-12 in dry CH2Cl2 was added into excess BBr3/CH2Cl2 (1.0 

M) at 0 ℃ under the atmosphere of N2. The mixture was warmed to room temperature 

slowly and stirred for 24 h. The reaction was quenched by 20 ml cold water. The mixture 

was filtered to obtain the crude product. The obtained crude product was purified by 

column chromatography on silica gel using chloroform-acetone as eluent to obtain 

compounds 13-23. 

 (4-Hydroxy-1H-indol-3-yl)(4-hydroxyphenyl)methanone (13). Yield: 71 %, white 

solid, m.p. 293-296 ℃; IR (KBr): 3284, 3199, 2924, 1611, 1477, 1164 cm-1; 1H NMR 

(400 MHz, Acetone): δ (ppm) 11.58 (s, 1H), 11.27 (br, 1H), 9.12 (br, 1H), 8.01 (s, 1H), 

7.85 (d, J =8.8 Hz, 2H), 7.16 (dd, J = 7.6, 8.0 Hz, 1H), 7.02 (d, J =8.8, 2H), 6.99 (dd, J = 

8.0, 0.8 Hz, 1H), 6.60 (dd, J = 8.0, 0.8 Hz, 1H); 13C NMR (101 MHz, Acetone): δ (ppm) 

192.03, 161.10, 152.66, 139.18, 136.52, 131.35, 131.00, 125.79, 116.76, 115.64, 115.07, 

107.07, 102.75; HRMS for C15 H11 N O3 ([M-H] -) calculated: 252.0655, found: 252.0668. 

(4-hydroxy-1H-indole-3,5-diyl)bis((4-hydroxyphenyl)methanone) (14) Yield: 80 %, 

yellow solid, m.p. >280 ℃; IR (KBr): 3313, 3138, 2919, 1595, 1394, 1127 cm-1; 1H 

NMR (400 MHz, DMSO): δ (ppm) 12.69 (s, 1H), 12.43 (br, 1H), 10.34 (br, 2H), 7.89 (s, 

1H), 7.81 (dd, J =6.8, 2.0Hz, 2H), 7.67 (dd, J =6.8, 2.0Hz, 2H), 7.57 (d, J = 8.0 Hz, 1H), 

6.97 (dd, J =6.8, 2.0Hz, 2H), 6.93 (dd, J =6.8, 2.0Hz, 2H), 6.66 (d, J = 8.4 Hz, 1H); 13C 

NMR (126 MHz, DMSO): δ (ppm) 193.30, 192.40, 162.11, 161.48, 157.15, 138.53, 
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138.39, 132.50, 132.21, 131.99, 129.92, 129.68, 116.52, 116.34, 115.81, 115.55, 113.82, 

107.31; HRMS for C22 H15 N O5 ([M-H] -) calculated: 372.0866, found: 372.0932. 

(4-Hydroxy-1H-indol-3-yl)(2,4-dihydroxyphenyl)methanone (15). Yield: 22 %, yellow 

solid, m.p. 248-252 ℃; IR (KBr): 3299, 3016, 2921, 1627, 1402, 1134 cm-1; 1H NMR 

(400 MHz, Acetone): δ (ppm) 11.45 (s, 2H), 10.55 (s, 1H), 9.43 (s, 1H), 8.15 (s, 1H), 

7.94 (d, J = 8.8 Hz, 1H), 7.21 (t, J = 8.0 Hz, 1H), 7.05 (dd, J = 8.0, 0.8 Hz, 1H), 6.65 (dd, 

J =8.0, 0.8, 1H), 6.54 (dd, J = 8.8, 2.4 Hz, 1H), 6.48 (d, J = 2.4 Hz, 1H); 13C NMR (101 

MHz, Acetone): δ (ppm) 193.12, 163.93, 152.13, 139.03, 136.61, 134.47, 125.78, 115.73, 

115.49, 114.05, 107.85, 107.73, 103.23; HRMS for C15 H11 N O4 ([M-H] -) calculated: 

268.0604, found: 268.0619.  

(4-Hydroxy-1H-indol-3-yl)(3,4,5-trihydroxyphenyl)methanone (16). Yield: 85 %, 

yellow solid, m.p. 300-305 ℃; IR (KBr): 3494, 3265, 2775, 1615, 1414, 1042 cm-1; 1H 

NMR (400 MHz, Acetone): δ (ppm) 11.57 (s, 1H), 11.27 (br, 1H), 8.34 (br, 1H), 8.04 (s, 

1H), 7.15 (dd, J = 7.6, 8.0 Hz, 1H), 7.03 (s, 2H), 6.98 (dd, J = 8.0, 0.8 Hz, 1H), 6.59 (dd, 

J = 7.6, 0.8 Hz, 1H); 13C NMR (101 MHz, Acetone): δ (ppm) 192.17, 152.62, 145.18, 

139.15, 137.03, 136.55, 130.43, 125.73, 116.69, 115.66, 108.88, 107.04, 102.77; HRMS 

for C15 H11 N O5 ([M-H] -) calculated: 284.0553, found: 284.0566. 

(5-Hydroxy-1H-indol-3-yl)(2-hydroxyphenyl)methanone (17). Yield: 43 %, yellow 

solid, m.p. 214-217 ℃; IR (KBr): 3339, 3122, 2797, 1596, 1424, 1131 cm-1; 1H NMR 

(400 MHz, Acetone): δ (ppm) 12.11 (s, 1H), 11.12 (br, 1H), 8.10-8.06 (m, 2H), 8.00 (dd, 
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J = 8.0, 1.6 Hz, 1H), 7.79 (d, J = 2.4 Hz, 1H), 7.50 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H), 7.41 (d, 

J = 8.8 Hz, 1H), 7.02 – 6.94 (m, 2H), 6.88 (dd, J = 8.4, 2.4 Hz, 1H). 13C NMR (101 MHz, 

Acetone): δ (ppm) 194.41, 162.61, 154.51, 135.97, 135.10, 132.32, 132.16, 128.92, 

122.42, 119.54, 118.47, 115.55, 114.33, 113.49, 107.35; HRMS for C15 H11 N O3 ([M-H] -) 

calculated: 252.0655, found: 252.0669. 

(5-Hydroxy-1H-indol-3-yl)(3-hydroxyphenyl)methanone (18). Yield: 40 %, white solid, 

m.p. 313-316 ℃; IR (KBr): 3310, 3086, 2960, 1579, 1443, 1142 cm-1; 1H NMR (400 

MHz, DMSO) δ 11.79 (s, 1H), 9.68 (s, 1H), 9.04 (s, 1H), 7.78 (d, J = 3.2 Hz, 1H), 7.65 (d, 

J = 2.4 Hz, 1H), 7.31 (dd, J = 12.3, 5.1 Hz, 2H), 7.19 – 7.13 (m, 1H), 7.13 – 7.10 (m, 1H), 

6.96 (ddd, J = 8.1, 2.5, 0.9 Hz, 1H), 6.74 (dd, J = 8.7, 2.4 Hz, 1H); 13C NMR (101 MHz, 

DMSO): δ (ppm) 190.13, 157.68, 153.66, 142.61, 135.94, 131.28, 129.81, 127.79, 119.55, 

118.29, 115.37, 114.98, 113.44, 113.06, 106.31; HRMS for C15 H11 N O3 ([M-H] -) 

calculated: 252.0655, found: 252.0664. 

(5-Hydroxy-1H-indol-3-yl)(4-hydroxyphenyl)methanone (19). Yield: 66 %, white solid, 

m.p. 298-302 ℃; IR (KBr): 3343, 3103, 2977, 1717, 1435, 1137 cm-1; 1H NMR (400 

MHz, DMSO): δ (ppm) 11.71 (br, 1H), 10.04 (s, 1H), 8.98 (s, 1H), 7.79 (d, J = 3.2 Hz, 

1H), 7.68 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 2.4 Hz, 1H), 7.28 (d, J = 8.8 Hz, 1H), 6.87 (d, 

J = 8.8 Hz, 2H), 6.72 (dd, J = 8.8, 2.4 Hz, 1H); 13C NMR (126 MHz, DMSO): δ (ppm) 

189.15, 160.70, 153.41, 135.03, 132.20, 131.22, 131.18, 128.03, 115.38, 115.04, 113.29, 

112.91, 106.28; HRMS for C15 H11 N O3 ([M-H] -) calculated: 252.0655, found: 252.0667. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

35 

 

 (5-Hydroxy-1H-indol-3-yl)(2,4-dihydroxyphenyl)methanone (20). Yield: 23 %, 

yellow solid, m.p. 217-220 ℃; IR (KBr): 3596, 3192, 2957, 1629, 1442, 1160 cm-1; 1H 

NMR (500 MHz, Acetone): δ (ppm) 13.00 (s, 1H), 11.02 (br, 1H), 9.28 (s, 1H), 8.03 (s, 

2H), 7.93 (d, J = 8.8 Hz, 1H), 7.73 (d, J = 1.6 Hz, 1H), 7.40 (d, J = 6.8 Hz, 1H), 6.87 (dd, 

J = 6.8, 2.0 Hz, 1H), 6.47 (dd, J = 6.8, 2.0 Hz, 1H), 6.45 (m, 1H); 13C NMR (101 MHz, 

Acetone): δ (ppm) 192.82, 165.12, 163.32, 153.24, 133.70, 133.57, 131.20, 128.03, 

114.53, 114.18, 113.23, 112.43, 107.19, 106.28, 102.99. HRMS for C15 H11 N O4 ([M-H] -) 

calculated: 268.0604, found: 268.0618. 

(5-Hydroxy-1H-indol-3-yl)(3,4,5-trihydroxyphenyl)methanone (21). Yield: 87 %, 

white solid, m.p. 272-274 ℃; IR (KBr): 3456, 3124, 2768, 1629, 1431, 1155 cm-1; 1H 

NMR (400 MHz, DMSO): δ (ppm) 11.68 (br, 1H), 9.16 (s, 2H), 8.97 (s, 1H), 8.69 (s, 1H), 

7.77 (d, J = 2.8 Hz, 1H), 7.60 (d, J = 2.4 Hz, 1H), 7.28 (d, J = 8.8 Hz, 1H), 6.79 (s, 2H), 

6.71 (dd, J = 8.8, 2.4 Hz, 1H); 13C NMR (126 MHz, DMSO): δ(ppm) 189.35, 153.19, 

145.89, 137.10, 134.74, 131.37, 131.18, 128.03, 115.02, 113.24, 112.91, 108.64, 106.27; 

HRMS for C15 H11 N O5 ([M-H] -) calculated: 284.0553, found: 284.0565. 

 (5-hydroxy-1H-indol-3-yl)(2,6-dihydroxyphenyl)methanone (22). Yield: 53 %, white 

solid, m.p. 237-240 ℃; IR (KBr): cm-1; 1H NMR (400 MHz, Acetone) δ 10.87 (s, 1H), 

9.11 (s, 2H), 7.99 (s, 1H), 7.88 (dd, J = 37.2, 2.7 Hz, 3H), 7.35 (d, J = 8.7 Hz, 1H), 7.17 

(t, J = 8.2 Hz, 1H), 6.83 (dd, J = 8.7, 2.4 Hz, 1H), 6.49 (d, J = 8.2 Hz, 3H); 13C NMR 

(126 MHz, Acetone) δ 190.30, 157.33, 153.54, 136.49, 131.90, 131.22, 127.60, 117.39, 
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114.95, 112.68, 112.40, 107.68, 106.52; HRMS for C15 H10 N O4 ([M-H] -) calculated: 

268.0604, found: 268.0617. 

(7-Hydroxy-1H-indol-3-yl)(2,4-dihydroxyphenyl)methanone (23) Yield: 49 %, yellow 

solid, m.p. 247-250 ℃; IR (KBr): 3352, 3126, 2926, 1627, 1440, 1143 cm-1; 1H NMR 

(400 MHz, Acetone): δ (ppm) 13.01 (s, 1H), 11.17 (br, 1H), 9.28 (br, 1H), 8.89 (br, 1H), 

8.02 (d, J = 2.8 Hz, 1H), 7.96 (d, J = 8.8 Hz, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.07 (dd, J = 

7.6, 8.0 Hz, 1H), 6.76 (d, J = 7.6 Hz, 1H), 6.49 (dd, J = 8.8, 2.4 Hz, 1H), 6.44 (d, J= 2.4 

Hz, 1H); 13C NMR (126 MHz, Acetone): δ (ppm) 193.11, 165.26, 163.48, 143.65, 133.92, 

132.48, 128.91, 126.75, 122.54, 115.56, 114.21, 113.36, 107.61, 107.26, 102.99; HRMS 

for C15 H11 N O4 ([M-H] -) calculated: 268.0604, found: 268.0613. 

(2,6-dimethoxy-1-naphthalenyl)(2,4-dimethoxyphenyl)methanone (24). A mixture of 

2,6-dimethoxynaphthalene (2 mmol) and methoxy benzoylchloride (2 mmol) was stirred 

in the presence of POCl3 (5 ml) and AlCl3 (0.5 g) in dichloroethane (10 ml) at 60 ℃ for 

2.5 h. The reaction was quenched by 30 ml crushed ice and then extracted with 

dichloromethane (3 × 30 ml). The combined organic layer was washed by saturated 

sodium carbonate until PH=7, washed with saturated aqueous sodium chloride, dried over 

with anhydrous Na2SO4, and evaporated to give the crude product. The obtained residue 

was purified by column chromatography on silica gel. Yield: 63 %, yellow solid, m.p. 

99-102℃; IR(KBr): 2937, 1598, 1465, 1024 cm-1; 1H NMR (400 MHz, Acetone): δ (ppm) 

11.01 (br, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.62 – 7.55 (m, 1H), 7.34 (d, J = 8.0 Hz, 1H), 
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7.16 (dd, J = 7.6, 8.0 Hz, 1H), 6.82 (d, J =8.0 Hz, 1H), 6.68 (d, J = 2.0 Hz, 1H), 6.63 (dd, 

J = 8.4, 2.4 Hz, 1H), 3.98 (s, 3H), 3.91 (s, 3H), 3.76 (s, 3H);13C NMR (126 MHz, 

DMSO): δ (ppm) 189.46, 162.00, 158.26, 146.69, 135.16, 130.25, 127.68, 127.10, 124.33, 

123.06, 118.19, 114.26, 105.13, 104.05, 99.31, 55.93, 55.84, 55.79; HRMS for C21 H20 O5 

([M+H] +) calculated: 353.1384, found: 353.1385. 

Cell lines and cell culture 

The human lung cancer cell line NCI-H460, and its MX-selected derivative 

ABCG2-overexpressing cell line, NCI-H460/MX20, were used in this study. 32 The 

human colon cancer cell line S1, and its MX-selected derivative ABCG2-overexpressing 

cell line, S1-M1-80, were also used in this study. 33 HEK293/pcDNA3.1, wild-type 

HEK293/ABCG2-482-R2, mutant HEK293/ABCG2-482-G2 and 

HEK293/ABCG2-482-T7 cells were established by transfecting HEK293 cell with either 

the empty pcDNA3.1 vector or pcDNA3.1 vector containing a full-length ABCG2, with 

coding arginine (R), threonine (T), or glycine (G) at amino acid position 482, following 

selection with G418 and maintenance in medium with 2 mg/ml of G418. 34 All the cell 

lines were maintained in Dulbecco's Modified Eagle Medium (Corning Inc.) containing 

10% fetal bovine serum (Gibco Inc.) and 1% penicillin/streptomycin (Gibco Inc.) at 37°C 

with 5% CO2. 

Cytotoxicity and MDR reversal assay 

Cytotoxicity tests and reversal experiments were performed using the MTT colorimetric 
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assay. Cells were harvested and re-suspended in a final concentration of 5 × 103 cells/well 

for NCI-H460, NCI-H460/MX20, S1, S1-M1-80, HEK293/pcDNA3.1, 

HEK293/ABCG2-482-R2, HEK293/ABCG2-482-G2 and HEK293/ABCG2-482-T7  

cells. Cells were seeded evenly into 96-well plates. To determine the cytotoxicity of the 

indole derivatives, incremental concentrations of each drug were added into the well after 

24 h of incubation. To determine the MDR reversal efficacy of the indole derivatives, the 

chemotherapeutic drugs (mitoxantrone, doxorubicin and cisplatin) were added into the 

designated wells after 2 h pre-incubation with the indole derivatives or Ko143 at 

non-toxic concentrations. After 44 h of drug incubation, the MTT reagent (4 mg/mL) was 

added into the wells, and then the plates were incubated for an additional 4 h. 

Subsequently, the supernatant was discarded and 100 µL of DMSO was added to dissolve 

the formazan crystals. Cell viability was determined by measuring the absorbance at a 

wavelength of 570 nm. All the experiments were repeated three independent experiments 

in triplicate, and the mean and standard deviation (SD) values were calculated.  

 

[3H]-MX accumulation assay 

To determine the effect of compounds 2 and 8 on the intracellular accumulation of 

[3H]-MX on NCI-H460 and NCI-H460/MX20 cells, the cells (105 cells / well) were 

seeded in the 24-well plates and incubated at 37°C with 5 % CO2. After 12 h of 

incubation, compounds 2 (10 or 25 µM), 8 (2.5 or 5.0 µM), or Ko143 (5.0 µM) were 
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added and the plate was incubated at 37°C for 2 h. Cells were then incubated with 0.01 

µM of the [3H]-MX - containing medium for an additional 2 h at 37°C, with or without 2 

(10 or 25 µM), 8 (2.5 or 5.0 µM), and Ko143 (5.0 µM). The cells were washed twice with 

ice-cold PBS, trypsinized and lysed at the end of incubation. The radioactivity was 

measured using the Packard TRI-CARB1 190`A liquid scintillation analyzer. 

Western blot analysis  

Cell lysates were prepared as previous reports 45. Equal amounts of total cell lysates (15 

µg protein) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and electrophoretically transferred onto polyvinylidene fluoride (PVDF) 

membranes. After incubation in a blocking solution (5% milk) for 2 h at room 

temperature, the membranes were incubated overnight with primary monoclonal 

antibodies against actin at 1:1000 dilution of ABCG2 (BXP 21) (Gene Tex Inc.) at 4°C, 

and were further incubated with horseradish peroxide (HRP)-conjugated secondary 

antibody (Thermo Fisher Scientific Inc.) at 1:1000 dilution for 2 h at room temperature. 

The protein–antibody complex was detected using an enhanced chemiluminescence 

detection system. The Grayscale ratio was analyzed by ImageJ and normalized by the 

grayscale of the ABCG2 protein divided by that of β-actin. 

Immunofluorescence analysis 

For immunofluorescence analysis, NCI-H460 and NCI-H460/MX20 cells were seeded in 

24-well plates at 10000 cells/well and incubated for 24 h. The cells were incubated with 
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or without 2 (25 µM) or 8 (5.0 µM) for 24 h, 48 h, and 72 h. Thereafter, cells were 

washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature 

and then rinsed with PBS twice, followed by permeabilization with 1% triton X-100 for 

10 min at 4°C. The cells were again washed twice with PBS, and then blocked with 6% 

BSA for 1 h at 37 °C. Fixed cells were incubated with monoclonal antibody against the 

ABCG2 protein (BXP 21) (Gene Tex Inc.) (1:50) overnight at 4°C, followed by two 

washes with PBS. The cells were then further incubated with Alexa flour 488 goat 

anti-mouse IgG (1:50) (Abcam plc.) for 1 h at 37°C. After the cells were washed twice 

with PBS, 4’,6-diamidino-2-phenylindole (DAPI) (2 µg/mL) was used for nuclear 

counterstaining. The immunofluorescence images were generated using a Nikon 

TE-2000S fluorescence microscope (Nikon Instruments Inc, Melville, NY)  

ABCG2 ATPase assay 

The Vi-sensitive ATPase activity of ABCG2 in the membrane vesicles of High Five insect 

cells was determined as previously described, using the PREDEASY ATPase assay kit 46. 

Molecular modeling  

Molecular modeling was performed in Maestro v11.1 on a Mac Pro 6-core Intel Xenon 

X5 processor with a Macintosh Operating System (OS X El Capitan), using the Maestro 

v11.1 (Schrödinger, LLC, New York, NY, 2017) software as described previously 47.  

The protein preparation of the wild-type human ABCG2 (PDB ID: 6ETI) 9 was performed 

and the grid was generated by selecting residues in the substrate-binding pocket in the 
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TMD. The structure of ligands was built and prepared. The ligands with the best-scored 

conformation were obtained through Glide XP docking and were used to generate the 

receptor grid for induced-fit docking (IFD) at the binding site. The IFD protocol with 

default parameters was performed and the docking scores (kcal/mol) were obtained. The 

conformation with the highest docking score for each compound was used for graphical 

analysis.  

In vitro metabolic stability testing 

The mixture contained microsomal proteins (0.5 mg/mL), NADPH (3 mmol), MgCl2 (3 

mmol), and the test compound (100 µM) in 74 mmol potassium phosphate buffer (pH 

7.4). The final incubation volume was 250 µL. The incubation was carried out aerobically 

at 37 °C. The mixture was pre-incubated without NADPH for 10 min at 37 °C and 

NADPH was added to start the reaction. At 0, 10, 30 min and 1 h after the start of 

reaction, an aliquot (50 µL) of the incubation mixture was taken from each incubation 

and mixed with 500 µL of ice-cold acetonitrile to terminate the reaction. Subsequently, 

the sample was precipitated by centrifugation (12000 rpms) at room temperature. The 

resulting supernatant was analyzed using HPLC (LC, Agilent 1260 Infinity; column, 

Eclipse Plus C18; column temperature, 25 °C; mobile phase, solvent A, acetonitrile, 

solvent B, water, gradient elution, 25-99% solvent A; flow rate, 1 mL/min; UV signals 

were recorded at 254 nm) for each compound to determine the metabolic rate 20. 
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Statistical analysis 

All experiments were repeated at least three times. All data are expressed as the mean ± 

SD and the data were analyzed by using a two-way ANOVA. Differences were 

considered significant when P < 0.05. 
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Highlights 

• We synthesized benzoyl indoles with synthetic tractability as reversal agents that 

reversed ABCG2-mediated MDR. 

• Benzoyl indoles could interact with the substrate-binding site of ABCG2. 

• Benzoyl indoles have enhanced metabolic stability compared to Ko143. 

• The combination of benzoyl indoles with anticancer drug could be a novel 

treatment strategy to evade ABCG2-mediated MDR in cancer. 


