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A series of novel ROS inducers were designed by merging the fragments of piperlongumine and 

dicoumarol. Most of these derivatives showed potent in vitro activity against three cancer cell 

lines and good selectivity towards normal lung cells. The most potent and selective compound 

3e was proven to exhibit obvious ROS elevation and excellent in vivo antitumor activity with 

suppressed tumor growth by 48.46% at the dose of 5 mg/kg. Supported by these investigation, 

these findings encourage further investigation around this interesting antitumor chemotype. 

2009 Elsevier Ltd. All rights reserved. 
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Cancer remains one of the most threatening diseases in the 

world. Lots of financial resources have been devoted to discover 
cancer-related drugs.

1-2 
Over the past decades notable progress 

has been achieved on developing new antitumor active drugs, but 

there is still urgent to develop new and safe drugs to target tumor 

cell specific mechanisms. There is a new strategy to target 

emerging hallmark of cancer cells such as oxidative stress which 

is a key bioenergetics alterations observed in cancer cells.
3
 

Cancer cells are usually exposed to elevated levels of reactive 

oxygen species (ROS) and excessive ROS levels irreversibly 

damage DNA and lipids which would ultimately lead to 

apoptosis of cancer cells.
4-5

  

Compared with cancer cells, normal cells seem to have much 

lower ROS levels of endogenous oxidative stress in culture and 
in vivo.

6
 Actually, developing compounds that exploit ROS in 

cancers is a novel and promising therapeutic approach in drug 

discovery.
6-7

 A number of small molecule ROS inducers have 

been discovered with diverse scaffolds and exert their anticancer 

activity dependent on the high basal ROS levels uniquely present 

in cancer cells.
8-10

 Among them, piperlongumine (PL), a small 
molecule ROS generator was found to selectively kill cancer cells 

in recent years.
11-14

 The tumor specific effect of PL on 

cytotoxicity and ROS shows a new strategy for selective 

targeting of cancer cells.
10-11

 Since the natural product has been 

reported to be efficient ROS inducers, many derivatives of PL 

have been synthesized to explore the structure and biological 
activity relationship.

10-11, 15-16
 Several key pharmacophores, such 

as C2-C3 and C7-C8 double bonds, have been regarded as 

necessary for PL’s toxicity to cancer cells.
11

 Meanwhile, another 

natural product dicoumarol (DIC), chemically termed as 3,3’-

methylenebis (4-hydroxycoumarin) shows cytotoxic effects on 

several malignant cell types as previously reported in various in 
vitro and in vivo studies and is considered as an anticancer 

agents.
17 

 

On careful review at PL and DIC, it was noticed that these two 

natural products may share same skeleton. In view of this, we 
initially merged the two natural products into a new structure of 

3a that retained the key pharmacophores for antitumor activity. 

In order to expand and identify novel PL derivatives, we 

designed a series of new redox-modulating agents (3a-3g) which 

were based on the merged structure (Fig. 1). Eight compounds 

have been synthesized and tested for antitumor activity both in 
vitro and in vivo. 

The synthesis of the target compounds 3a-3h were shown in 

Scheme 1. Compound 5 was synthesized via the Vilsmeier Haack 

reaction by refluxing substituted 4-hydroxy-2-oxo-2H-1-

benzopyrans (4) with dimethyl formamide and phosphorous 

oxychloride. Condensation substituted 4-hydroxy-2-oxo-2H-
chromene-3-carbaldehyde (5) with malonic acid in pyridine 

yielded the intermediate substituted (E)-3-(4-hydroxy-2-oxo-2H-

chromen-3-yl)acrylic acids (6). Treatment of 6 with oxalyl 

chloride in anhydrous toluene under N2 gave the acyl chlorides 7 

which were reacted with piperidin-2-ones to afford PL 

derivatives 9 using anhydrous THF as solvent and Et3N as 
catalyst. Subsequently, treatment of compound 9 with 

phenylselenyl chloride gave the α-phenylseleno imide 10 which 

then subject to oxidation with hydrogen peroxide to obtain the 

target compounds 3a-3g in 70~80% yields. In addition, 

palladium-carbon catalyzed hydrogenation of the double bond of 

3a to provide the target compound 3h in 56% yield. The 
structures of all target compounds were confirmed by 

1
H NMR 

and electrospray ionization mass spectrometry (ESI-MS). Before 

these compounds were used in biological experiments, they were 

purified by silica gel column chromatography and HPLC was 

used to determine their purity (all > 95%). 

 

Figure 1. Representative structures of known inhibitors of NQO1. 

Cytotoxicity studies were first performed on all of the PL 
derivatives (3a-3h). Cell survival was measured by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT 

assay. We utilized four cancer cell lines (non-small cell lung 

cancinoma A549, human colorectal carcinoma HCT116, 

hepatocellular carcinoma HepG2) and human lung normal cells 

MRC-5 to compare the cytotoxicity of these compounds. As 
illustrated in Table 1, most of these PL derivatives showed potent 

activities against the three cancer cell lines. In particular, the 

6,7,8-methoxy substituted derivative 3e exhibited IC50 values less 

than 10 μM against all the cancer cell lines. Reduction or 

replacement of the methoxy group of the most active compound 

3e with mono-methoxy, methyl or halogen groups resulted in less 
potent derivatives 3a-3d and 3f-3g respectively. Saturated 

derivative 3h was not potent against all cell lines, indicated the 

necessity of the presence of C3-C4 and C7-C8 double bonds in PL 

derivatives. The target compounds were further evaluated for 

their toxicity towards the human lung normal cells MRC-5, a 
superior safety profile of most compounds (3a-3e) was 

confirmed. Due to the selective toxic towards cancer cell lines, 3e 

was selected for further evaluation. 

It is supported that these PL derivatives exerted their 

antitumor activity by accumulating ROS in cancer cells, we next 

determined the effect the representative compound 3e on cellular 
ROS level in A549 cancer cells by fluorescence microscopy. 

2’,7’-Dichlorfluorescein diacetate (DCFH-DA) is a specific 

oxidation-sensitive fluorescent probe to detect total intracellular 

production of ROS. After being uptaken by cells, DCFH-DA is 

hydrolyzed by cellular esterases to dichlorodihydrofluorescin 

(DCFH), which is trapped within the cell. The nonfluorescent 
DCFH is then oxidized to fluorescent dichlorofulorescent by 

action of cellular ROS. As shown in Fig. 2A, after treating A549 

cells with 5 μM or 10 μM 3e for 1 h, a marked increase in ROS 

levels was caused. Besides, remarkable elevation of the ROS 



  

production was also observed in long time treatment (24 h and 48 

h) with 2 μM 3e (Fig. 2). The results indicated that 3e induced 
ROS production in dose- and time-dependent manners in cancer 

cells. It was speculated that the induced ROS production of 3e in 

cancer cell lines may relate to the interaction with recombinant 

thioredoxin reductase (TrxR) and alters the antioxidant system. 

Further investigation is underway by our laboratory.
18-23

 In 

addition, the increased ROS levels might be exerted in A549 
cancer cell lines mediated apoptosis. 

Table 1  

In vitro antitumor activity of derivatives 

 

Cpds R 
IC50 (μM) 

A549 HCT116 Hep G2 MRC-5 

3a H 12 ± 2.2 15 ± 2.1 6.7 ± 0.5 22 ± 2.2 

3b C6,C7-Me 15  ± 1.3 5.1 ± 1.1 7.8 ± 0.3 35 ± 1.9 

3c C6-OCH3 9.8 ± 1.2 10 ± 0.6 7.1 ± 1.3 53 ± 4.1 

3d C7- OCH3 11 ± 2.4 18 ± 0.2 12 ± 1.2 31 ± 5.9 

3e C6,C7,C8-OCH3 4.2 ± 0.1 3.2 ± 0.1 5.7 ± 0.9 57 ± 1.2 

3f C7-Cl 6.5 ± 2.0 12  ± 1.0 15  ± 1.3 19 ± 1.1 

3g C7-F 18 ± 0.3 11 ± 1.6 9.7 ± 0.9 8.9 ± 2.3 

3h - > 90 > 90 > 90 58 ± 8.1 

PL - 10 ± 2.1 9.2 ± 3.5 8.9 ± 1.8 37 ± 5.4 

 

Scheme 1.  Synthesis of the derivatives of PL. Reagents and conditions: (i) DMF/POCl3, 45 
o
C, 8 h, 72%; (ii) malonic acid, pyridine, benzene, reflux, 6 h, 60%; 

(iii) SOCl2, toluene, 80 
o
C, 4 h; (iv) THF, Et3N, rt, 12 h, 60-70%. (v) PhSeCl, LDA, THF, -50~-78 

o
C, 5-7 h, 20-30%; (vi) H2O2, THF, 0 

o
C, 30-60 min, 70-80%. 

(vii) H2, Pd/C, r.t., 10 h, 56%. 

 

Figure 2. Induction of ROS in A549 cells. (A) The A549 cells were treated 

with different concentration of 3e for 1 h followed by the incubation with 

DCFH-DA (10 μM) for 30 min. (B) The A549 cells were treated with a fixed 

concentration of 3e (2 μM) for 24 h and 48 h followed by the incubation with 

DCFH-DA (10 μM) for 30 min. The fluorescence images were obtained by 

inverted fluorescence microscopy. 

We next examined apoptosis in A549 cells following 
treatment with 3e. When A549 cells were incubated with 

different concentration of 3e for 24 h followed by DAPI staining, 

an increasing number of cells displayed condensed nuclei, a 

characteristic morphology of cells undergoing apoptosis (Fig. 3). 

A specific analysis revealed nuclei with dose-dependent 

chromatin condensation and characteristic morphological 
changes of apoptosis, in cell cultures with 3e. 

 

Figure 3. Compound 3e induced apoptosis in A549 cells in a dose-dependent 

manner. 

To verify the potential drug-like property of compound 3e, 

then the compound was further selected to determine its 

physicochemical property before in vivo evaluation. As shown in 
Table 2, compound 3e exhibited acceptable Log D7.4 value and 

much improved solubility than PL. In addition, 3e also displayed 

acceptable membrane permeability, with Pe value of 20.21 × 10-6 
cm/s. Permeability is an important property reflecting the 
ability of molecules to diffuse through the cell membrane. 
Taking together, compound 3e possessed balanced properties 
between hydrophilicity and hydrophobicity. This compound 
could be selected for further evaluation in vivo due to its 
potent in vitro activity and proper physicochemical property. 

Table 2 

Physicochemical properties of compound 3e. 

Cpds Log D, pH = 7.4 

instrinsic 

solubility 

(μg/mL)  

Pe, pH = 7.4 

(10
-6

 cm/s)
a
 

3e 0.42 315.8 20.21 

PL 2.84 0.75 24.56 



  

a
Ketoprofen (1.98 × 10

−6 
cm/s) and propranolol (117.21 × 10

−6
 cm/s) are 

internal standards in permeability determinations. 

Having obtained the favorable in vitro cellular activity, 

selectivity for normal cells and proper physicochemical property, 

compound 3e was selected for further in vivo antitumor activity 

studies in A549 tumor xenografts mouse model (Fig. 4). Nude 

mice bearing established A549 tumor xenografts were injection 

with compound 3e (5 mg/kg daily over a 21-day period). PL was 
employed as a positive control drug. As shown in Fig. 4, the 

results demonstrated that significant antitumor effects were 

observed in mice treated with 3e which was administered 

intraperitoneally (ip) every other day for three weeks. Compound 

3e (tumor growth inhibition = 48.46%) showed the same level of 

in vivo antitumor potency with the control PL (tumor growth 
inhibition = 41.23%). Furthermore, in the mice treated by 3e, no 

significant body weight loss was observed compared with the 

vehicle control group. Therefore, the results indicated a low toxic 

compound 3e which would be promising anticancer therapeutic 

for the treatment of cancer. 

 

Figure 4. Compound 3e retards the tumor growth in vivo in A549 tumor 

xenografted nude. The tumor volume measurement. PL (5 mg/kg), 3e (5 

mg/kg) (p < 0.05). 

In this present work, a key scaffold of 3-(4-hydroxy-2-oxo-

2H-chromen-3-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one was 
merged from two natural products, PL and DIC. Based on the 

scaffold, a series of novel PL derivatives were designed, 

synthesized and evaluated. These derivatives were characterized 

and evaluated as efficient antitumor agents in vitro and showed 

modest selectivity for human lung normal cells MRC-5. Among 

them, the most potent compound 3e also showed superior safety 
profile than the control PL in vitro. Furthermore, this 

highlighting compound 3e was proven to exhibit obvious ROS 

elevation and excellent in vivo antitumor potency. Supported by 

these investigation, these findings encourage further investigation 

around this interesting antitumor chemotype. 
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