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 24 

ABSTRACT 25 

Overcoming drug resistance with remarkable cytotoxic activity by anthracene-9,10-dione derivatives would offer a potential 26 

therapeutic strategy. In this study, we report the synthesis and the cytotoxicity of a novel set of anthraquninones. (4-(4-27 

Aminobenzylamino)-9,10-dioxo-9,10-dihydroanthracen-1-yl-4-methylbenzenesulfonate) (3) has excellent in vitro cytotoxicity 28 

against doxorubicin-resistant cancer cell line (IC50 = 0.8 µM), 20-fold higher than doxorubicin. The cytotoxic effect via G2/M arrest 29 

does not appear to be ROS. 30 

 31 
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Doxorubicin, or hydroxyl daunorubicin (Fig. 1a) is a broad-spectrum chemotherapeutic agent that has been widely used in 33 

the clinics for various cancers.1 As with many other anthraquinone  derivatives, doxorubicin inhibits DNA synthesis by intercalating 34 

DNA, inducing p53 and oxidative stress.2-4 Unfortunately, many cancer cell types that have high expression of drug efflux 35 

transporters, such as P-glycoprotein are resistant to doxorubicin and many of its analogues.5 Although increasing the drug dosage is 36 

an effective strategy to overcome drug resistance, it typically leads to increased side effects including hypotension and cardiac 37 

arrhythmia.6  38 

Since the development of drug resistance is a major impediment towards the successful treatment of various cancers, it 39 

has encouraged the development of novel chemotherapeutics that can overcome chemoresistance to drugs such as doxorubicin. 40 

Anthraquinones (Fig. 1b) have been commonly used as a pharmacophore for the treatment of various diseases including cancer. 41 

The anthraquinone  derivative, emodin (Fig. 1c), has been reported to suppress the proliferation of various cancer cells.7-9 Co-42 

treatment of emodin with a number of anticancer drugs was shown to be effective against a multidrug resistance cell line, working 43 

as a reactive oxygen species (ROS) generator.10-13 In addition to ROS generation, emodin targets a number of cancer pathways and 44 

molecular targets such as tyrosine kinases, phosphoinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), and NF-45 

kappaB.7 Moreover, novel anthraquinone  platinum derivatives have shown improved in vitro cytotoxic activity in tumor cell lines 46 

representative of human breast (A2780 and A2780cisR) and breast cancers (T47D).14 47 

Considering the antitumor effects of anthraquinones and drug resistance of cancer cells to anthraquinone-based 48 

chemotherapies such as doxorubicin, we sought to design and discover new anthraquinone derivatives that show anti-proliferative 49 

properties in chemo-resistant cancer cells.  In our study, we present a novel series of anthraquinones that can overcome drug 50 

resistance.  One of these new derivatives, 4-(4-aminobenzylamino)-9,10-dioxo-9,10-dihydroanthracen-1-yl 4-51 

methylbenzenesulfonate (compound 3) inhibits cell proliferation by arresting G2/M cell cycle in doxorubicin-resistant cell 52 

(NCI/ADR-RES).  53 

 54 

Figure 1 55 

 56 

To investigate the effects of both asymmetric and symmetric substituents at the 1- and/or 4-position on cytotoxicity and 57 

anticancer properties, 1,4-dihydroxy anthraquinone was modified according to the procedures shown in Scheme 1. Two hydroxyl 58 

groups of 1,4-dihydroxy anthraquinone were substituted with tosyl chloride (TsCl) to obtain compound 1 as an intermediate.21 The 59 

4-position of compound 1 was substituted with either a series of benzylamine or glycols. The modifications were made based on the 60 

aromatic/aliphatic substituent groups (i) a group of aromatic ring including benzylamines, bearing -Cl, -NH2 and –OMe at 4-61 

position of the bezylamine ring to provide 2-4 and (ii) a group of aliphatic chain of di, tri, tetra-ethylene glycol subsituents to 62 

provide 5-7, respectively. Finally, the 1-position of compound 5 & 6 was attached with di-ethylene (8) and tri-ethylene glycol (9), 63 



  

 

respectively in dry acetonitrile followed by treatment of K2CO3. The purity and structural assignments of synthesized compounds 64 

were determined by 1H-NMR, 13C-NMR, and MS spectral analysis (shown in the Supplementary data A). 65 

 66 

Scheme 1 67 

 68 

To assess the anti-proliferative properties of our newly synthesized compounds, a panel of human cancer cell lines derived 69 

from different tumor origins was treated with 20 µM of compounds 2-9 and doxorubicin as a reference.  Cell proliferation was 70 

measured using MTT as reported.22 The panel of cancer cell lines include pancreatic (BxPC3, MiaPaCa-2), prostate (DU145, PC-3, 71 

LNCaP), ovarian (CAOV3, OVCAR-8), breast (NCI/ADR-RES), osteosarcoma (U2OS), and colorectal (HCT116) cancer cell lines. 72 

 73 

Table 1 74 

 75 

Doxorubicin at 20 µM showed excellent cell proliferation inhibition in all cell lines except in NCI/ADR-RES (41% 76 

inhibition).  NCI/ADR-RES is a resistant breast cancer cell that over-express multidrug resistance transporter, MDR1, conferring 77 

resistance to various chemotherapies including doxorubicin.15 Among the eight new anthraquinone derivatives, only three 78 

asymmetric subsituents bearing the substituted benzylamine (2 (-Cl), 3 (-NH2), and 4 (-OCH3)) at 1-position of anthraquinone 79 

inhibited cell proliferation more than 50% at 20 µM in all cancer cell lines tested except PC-3 for 4. Especially, in the NCI/ADR-80 

RES cell line was inhibited nearly 80% (Table 1). However, another asymmetric or symmetric subsituents (5-9) that were 81 

substituted with long glycol chains at the only 1-position or both 1,4-positions were not as active as the benzylamine containing 82 

compounds, inhibiting less than 50% cell proliferation in most cell lines tested. These data demonstrates that the benzylamine 83 

substituents at the 4-position of the quinone core is important for activity, while compounds 5-9 with flexible long glycol chain 84 

were inactive perhaps due to steric effect. 85 

In comparison, asymmetric anthraquinones (2-4) with different substituent groups on the 4-position of benzylamine, 86 

namely Cl, NH2, and OCH3 showed similar activity; compound 3 inhibited cell proliferations with IC50 values within 0.4-6.5 µM 87 

and compounds 2 and 4 also inhibited cell proliferation with IC50 values within 0.6-8.0 µM against almost all cell lines except PC-3 88 

for compound 2 and H1299 for compound 4 (Table 2, Figure 2B). This data suggests that not only the benzylamine at 4-position of 89 

anthraquinone play an important role in cytotoxic activity, but the substituent groups (-Cl, -NH2, -OCH3) at 4-position of the 90 

bezylamine does not seem to affect the compounds’ activity. 91 

 92 

We also investigated the level of colony formation which was proportional to assess the effects of cytotoxic agents on the 93 

NCI/ADR-RES cancer cell growth in vitro as descripted.20,23 The colony numbers were suppressed after treatment of compounds 2-94 

4 at 24 h as dose dependence (Figure 2A). Surprisingly, compound 3 at concentration of 1µM significantly inhibited the colony-95 



  

 

forming abilities (Figure 2C) with IC50 ranging from 0.5-1 µM compared to its level of inhibition of untreated control culture. The 96 

colony forming result was correlated with MTT (IC50 = 0.8 µM). Our result indicates that compound 3 affects the cell’s 97 

reproduction ability to form progenies in NCI/ADR-RES cell leading cell death. The advancements of inhibiting colony formation 98 

assay has been made for benefit for cancer therapy in recent years with combination of previous individual modalities such as 99 

radiation and chemotherapy.28 Thus compound 3 as the most active compound was chosen for the future experiment. 100 

 101 

Figure 2 and Table 2 102 

 103 

To test the hypothesis that compound 3-induced inhibition of colony formation is mediated by modulation of the 104 

expression of cell cycle. Flow cytometry was used to examine the effects of compound 3 on cell cycle progression in NCI/ADR-105 

RES cell. The analysis of DNA profiles is classified into three phases based on linear fluorescence intensity after staining with 106 

propidium iodide; the large initial peak (left) represent cell in G0/G1, the intervening area represent cells in S phase and the final 107 

tail/small peak (right) represent cell in G2/M. The percentage of cells in G0/G1 phase decreased from 51% to 30%, while in G2/M 108 

increased from 35% to 55% in NCI/ADR-RES after treatment of compound 3 at 10 µM as shown in Figure 3A. In our observation 109 

Compound 3 inhibited cell proliferation by arresting G2/M phase. This data is consistent with previously reported anthraquinone 110 

derivatives such as an emodin that also arrest cancer cells in the G2/M phase.16-17 111 

 112 

Glutatione is an important pathway by which the dominant pro-oxidant molecule such as hydrogen peroxide, detoxified. 113 

Some transporters for substrate transport including multidrug resistant proteins (MRPs)30 involved with the biotransformation and 114 

detoxification of cells develop resistance to chemotherapeutic drugs.31 Reduced glutathione becomes the most abundant 115 

intracellular thiol which acts as a major antioxidant by protecting the cells against the damaging effects of free radicals and reactive 116 

oxygen species (ROS).32 Anthraquinone, including emodin and doxorubicin, has been reported to induce ROS-mediated 117 

apoptosis.11-13 Therefore; we sought to determine the role of ROS on our compounds’ activity.  NCI/ADR-RES cells were 118 

pretreated with antioxidants, N-acetylcysteine (NAC) or glutathione (GSH) at 5 mM for 2 hours, prior to the addition of compounds 119 

2-4 at 20 µM based on %inhibition of DOX as positive control. Pretreatment with NAC or GSH decreased the effectiveness of 120 

doxorubicin (from 32% to 13% and 21%, respectively, Figure 4) while compounds 2-4 still showed cytotoxicity more than 121 

60%ihibition. Similar results also observed in OVACAR-8 as the DOX-sensitive cells after treatment with compounds 2-4, while 122 

DOX’s activity was higher than un-pretreatment with antioxidants (Supplementary data B). Our observation is that pretreatment 123 

with antioxidants did not decrease the activity of compounds 2-4. This result indicates that the anthraquinones’s mechanism may 124 

interfere with glutathione transferase activity leading to death of NCI/ADR-RES33 or it may not be ROS-mediated as observed with 125 

doxorubicin.  126 

 127 



  

 

Figure 3 128 

 129 

Since doxorubicin-induced apoptosis in response to DNA damage is p53-mediated, we also assess whether the cytotoxic 130 

effects of compound 3 is also p53-mediated.18 Because OVACAR-8 and NCI/ADR-RES are carrying a p53 mutant,26-27 we assess 131 

caspase activation since it is downstream of p53 induction in response to DNA damage using LNCaP with wild-type p53 as a 132 

representative cell. Using Western blot,25 we assessed the protein levels of p53 and caspase 9 upon treatment of doxorubicin and 133 

compound 3 using GAPDH as a loading control. Doxorubicin significantly up-regulated p53 and cleaved caspase-9 at 3 µM, 134 

thereby activating it, in LnCaP cells, while compound 3 at the same concentration did not alter p53 but slightly activated caspase-9, 135 

suggesting the cytotoxic effects of compound 3 is not p53-mediated (Figure 4). This is further supported by our MTT results that 136 

show no comparable difference in activity in p53 wild type (U2OS) and p53 null (PC3 and H1299) cell lines (Table 1).  137 

 138 

Figure 4 139 

 140 

We have discovered a new class of anthraquinone derivatives that inhibit cancer cell proliferation in the low micromolar 141 

range.  We have shown compound 3 can overcome drug resistance in NCI/ADR-RES, with IC50’s 20 times greater than 142 

doxorubicin. Interestingly, compound 3’s cytotoxic effect does not appear to be ROS or p53-mediated suggesting its mechanism of 143 

action may be different from previously reported doxorubicin and emodin. Further studies are required to further assess the precise 144 

mechanism of action, perhaps targeting potential new anticancer targets. Additionally, these new compounds may be beneficial for 145 

the treatment of resistant cancer or used in adjuvant therapy with other anticancer agents. 146 

 147 
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 231 

Figure 1.  Chemical structures of (A) doxorubicin, (B) anthraquinone , and (C) emodin. 232 

 233 

Figure 2.  Compounds 2-4 inhibit cell proliferation and colony formation.  (A) Compounds 2-4 inhibit colony formation in 234 

NCI/ADR-RES cells. (B) Dose response of compounds 2-4 in MTT cell proliferation assay.  (C) Representative colony formation 235 

of compound 3 in NCI/ADR-RES cell line. 236 

 237 

Figure 3.  Compound 3 arrest cells in G2/M of NCI/ADR-RES cells treated with compound 3 at 10 µM for 24 h.  Control cells 238 

were untreated. 239 

 240 

Figure 4.  Antioxidants have no effect on compound 3-mediated cytotoxicity.  NCI/ADR-RES cells were pretreated with NAC or 241 

GSH prior to 72 h treatment with compound 3. 242 

 243 

Figure 5.  Compound 3 does not up-regulate p53 in LNCaP was treated at doses within the range of 0.1-5 µM for 24 h.  Thirty 244 

microgram of total protein from each sample was analyzed by Western blot. 245 

 246 
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 Table 1.  Antiproliferative activities of compounds 2-9 

Compound 

(20 µM) 

Cell Proliferation (% Inhibition) 

BXPC3 MIAPaCa-2 NCI/ADR-RES CAOV3 OVCAR-8 PC-3 DU145 LNCaP H1229 U20S 

2 85.2±3.9 80.6±3.1 80.4±1.6 84.6±1.0 64.4±3.5 81.2±2.9 69.1±2.7 79.9±1.0 63.5±1.0 66.1±1.0 

3 94.0±1.0 91.1±2.3 80.5±1.3 85.7±1.0 85.4±1.0 75.8±5.2 87.2±3.3 88.9±2.5 75.1±1.6 92.3±1.0 

4 91.5±7.4 81.4±3.5 77.8±1.0 83.1±2.8 58.2± 3.2 46.2±5.5 62.2±4.5 78.7±4.9 53.3±1.0 59.8±2.0 

5 14.5±9.8 35.9±5.0 15.3±1..5 42.7±8.9 8.5±7.3 9.9±4.1 9.0±1.9 26.7±7.4 31.4±5.7 43.0±6.1 

6 15.3±3.2 53.4±8.9 20.4±7.1 47.3±10.0 13.1±4.4 16.6±1.82 16.8±4.3 24.5±1.6 46.9±6.9 44.2±2.3 

7 11.8±1.2 29.5±1.2 1.7±1.0 48.2±5.4 5.5±0.4 23.7±3.9 21.6±3.2 40.3±6.8 47.8±2.8 41.9±7.3 

8 23.1±2.5 31.1±0.4 46.4±3.6 7.3±6.8 3.4±1.6 10.6±2.9 10.0±1.0 46.9±5.2 44.3±6.3 32.4±2.0 

9 17.5±6.9 36.1±0.8 41.5±6.2 16.3±6.7 37.4±0.8 16.4±1.0 17.7±4.5 38.2±2.0 6.4±6.1 11.1±1.2 

DOX 96.2±2.3 88.1±1.0 41.4±1.0 92.6±1.0 86.0± 3.4 6.9±2.3 80.6±3.5 85.8±1.3 83.5±1.0  90.0±1.0 

Dox = Doxorubicin. Cytotoxicity was derived after 74 h exposure to the compound from the MTT assay as a surrogate measure of the number of viable cells and is relative to that of the control (no treatment) culture. 

Data are shown as the mean ± SD derived from three independent experiments. 

 

 

 

 



  

Table 2.  Antiproliferative activities of active compounds 2-4 

Compound 

Cell Proliferation Inhibition, IC50 (μM)a 

BXP3 MIAPaCa-2 NCI/ADR-RES CAOV3 OVCAR-8 PC-3 DU145 LNCaP H1229 U20S 

2 2.4 ± 0.3 4.5 ± 0.4 2.2 ± 0.3 2.5 ± 1.2 4.4 ± 0.6 > 20 6.5 ± 1.5 2.4 ± 0.3 4.0 ± 0.8 4.8 ± 1.0 

3 1.8 ± 0.3 2.7 ± 0.3 0.8 ± 0.2 2.5 ± 0.3 3.5 ± 0.3 6.5 ± 0.7 5.4 ± 1.1 0.4 ± 0.1 3.8 ± 0.3 2.8 ± 0.3 

4 0.6 ± 0.1 1.9 ± 0.3 1.2 ± 0.1 1.8 ± 0.7 8.0 ± 1.1 8.0 ± 0.5 2.2 ± 0.2 0.9 ± 0.3 > 20 4.5 ± 0.3 

DOX 0.4 ± 0.1 < 0.1 > 20 < 0.1 0.6 ± 0.1 1.0 ± 0.1 0.2 ± 0.0 0.2± 0.0 1.5 ± 0.1 0.3 ± 0.1 

aIC50, is the drug concentration that caused a 50% decrease in the cell viability as determined using the MTT assay. Data are shown as the mean  ± SD.  

 

 

 



  

Scheme.jpg

http://ees.elsevier.com/bmcl/download.aspx?id=551058&guid=4a88b3e6-7344-4c78-9d9b-effa94b149dc&scheme=1


  

Figure 1.jpg

http://ees.elsevier.com/bmcl/download.aspx?id=551053&guid=8b4bba95-e372-4c64-a17e-a7292536fdb5&scheme=1


  

Figure 2.jpg

http://ees.elsevier.com/bmcl/download.aspx?id=551054&guid=73770599-8349-4f5b-a87c-0d1c74844fed&scheme=1


  

Figure 3.jpg

http://ees.elsevier.com/bmcl/download.aspx?id=551055&guid=6a001b78-dc52-40b2-82fa-d9b5326a261b&scheme=1


  

Figure 4.jpg

http://ees.elsevier.com/bmcl/download.aspx?id=551056&guid=b1caa0bb-315e-4581-8d8b-0cfaf7a17c6e&scheme=1


  

Figure 5.jpg

http://ees.elsevier.com/bmcl/download.aspx?id=551057&guid=556e3356-3e91-4cea-983f-e4fd9be5a3fe&scheme=1


  

http://ees.elsevier.com/bmcl/download.aspx?id=551060&guid=05a8dad6-a582-4696-b09e-5dcbdb3d8a7a&scheme=1



