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Abstract

Context: Cancer is a leading cause of death worldwide and novel chemotherapeutic agents with
better efficacy and safety profiles are much needed. Coumarins are natural polyphenolic
compounds with important pharmacological activities, which are present in many dietary
plants and herbal remedies.

Objectives: The objective of this study is to investigate natural and synthetic coumarin
derivatives with considerable anticancer capacity against three human cancer cell lines.
Materials and methods: We synthesized 27 coumarin derivatives (mostly having 4-methyl
moiety) and examined their cytotoxic effect on three human cancer cell lines, K562 (chronic
myelogenous leukemia), LS180 (colon adenocarcinoma), and MCF-7 (breast adenocarcinoma)
by MTT reduction assay. Screened compounds included 7-hydroxy-4-methylcoumarins
(7-HMCs), 7-acetoxy-4-methylcoumarins (7-AMCs), and different dihydroxy-4-methylcoumarin
(DHMC) and diacetoxy-4-methylcoumarin (DAMC) derivatives. Some compounds with methoxy,
amine, and bromine substitutions were also examined.

Results: 7,8-DHMCs bearing alkyl groups at C3 position were the most effective subgroup, and
of which, the most potent is compound 11, with an n-decyl chain at C3, which had ICsq values
of 42.4, 25.2, and 25.1 uM against K562, LS180, and MCF-7 cells, respectively. The second most
active subgroup was 7,8-DAMCs containing ethoxycarbonylmethyl and ethoxycarbonylethyl
moieties at C3 position. Compound 27 (6-bromo-4-bromomethyl-7-hydroxycoumarin), the
only derivative containing bromine also showed reasonable cytotoxic activities (ICso range:
32.7-45.8 uM).

Discussion and conclusion: This structure-activity relationship (SAR) study of 4-methylcoumarins
shows that further investigation of these derivatives may lead to the discovery of novel
anticancer agents.
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Introduction

Cancer is a main cause of death around the world. It has
caused 7.6 million deaths in 2008 (13% of all mortalities) and
the estimates for 2030 are around 13.1 million (WHO, 2013).
Available chemotherapeutic agents have several drawbacks
including limited efficacy or high rate of adverse effects.
Therefore, searching for new anticancer drugs is of utmost
importance and could help to lower the health burden of this
devastating disease.

Coumarins possess a structure of fused benzene and
a-pyrone ring and belong to the large subclass of benzopyr-
ones that are widely found in several dietary plants. They are
present at high levels in cinnamon and many fruits and
vegetables (Krieger et al., 2013; Ribeiro da Silva et al., 2014).

Correspondence: Omidreza Firuzi, Medicinal and Natural Products
Chemistry Research Center, Shiraz University of Medical Sciences, 1
Neshat Street, 71348-53734 Shiraz, Iran. Tel: +98 711 230 3872. Fax:
+98 711 233 2225. E-mail: firuzio@sums.ac.ir

Different derivatives of these compounds possess a wide
range of biological activities (Venugopala et al., 2013) such as
antioxidant (Morabito et al., 2010; Natella et al., 2010;
Pedersen et al., 2007), anti-inflammatory (Togna et al., 2014),
antimicrobial (Gupta et al., 2012), and in vitro (Macakova
et al, 2012) and in vivo platelet anti-aggregation effects
(Kathuria et al., 2012).

Plant-derived compounds have always provided an invalu-
able source for the discovery of novel anticancer agents
(Cufi et al., 2013; Jassbi et al., 2014). Natural coumarins, such
as osthole (Zhang et al., 2012), esculetin (Lee et al., 2013),
and umbelliferone (Weber et al., 1998) as well as several
coumarin containing plant extracts, have been reported
to inhibit the growth of cancer cells (Li et al., 2013;
Ngo et al., 2010).

We have previously synthesized several coumarin ana-
logues and have studied their biological potential (Goel et al.,
2007, 2009; Verma et al., 2011). Among the various
studied derivatives, 4-methylcoumarins were found to be
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of the highest interest. An advantageous property of
4-methylcoumarins is that due to the presence of a methyl
group at C4 position, they are less likely to be metabolized
to the mutagenic derivative 3,4-coumarin epoxide, by
the action of liver cytochrome P450 enzymes (Vassallo
et al.,, 2004). Furthermore, 4-methylcoumarins are assumed
to lack the anticoagulant effect of warfarin derivatives,
in which, the presence of the OH moiety at C4 is an
important feature for efficacy (Au & Rettie, 2008; Manolov
et al., 2006).

Cytotoxic effects of 4-methylcoumarin derivatives have
been evaluated against cancer cells (Goel et al., 2007, 2009;
Riveiro et al., 2008; Verma et al., 2011). In particular,
we have previously reported that 7,8-dihydroxy-4-
methylcoumarin (7,8-DHMC, 8) induces apoptosis in cancer
cells (Goel et al., 2007; Riveiro et al., 2008). Furthermore,
we have also observed that 7,8-diacetoxy-4-methylcoumarin
(7,8-DAMC, 14) and 7,8-diacetoxy-4-methylthiocoumarin
possess in vitro anticancer effect (Goel et al., 2009).
However, extensive studies on the structure—cytotoxic activity
of 4-methylcoumarins have not been performed yet.

In this study, we screened the anticancer potential of
synthesized 4-methylcoumarins with a major focus on 7,8-
DHMCs and 7,8-DAMCs derivatives against different solid
tumors and hematological malignancy cells and established a
structure—activity relationship (SAR) for these compounds.

Materials and methods
Reagents and chemicals

Fetal bovine serum (FBS), phosphate buffered saline (PBS),
RPMI 1640, and trypsin were purchased from Biosera
(Ringmer, UK). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), umbelliferone and penicillin/
streptomycin were obtained from Sigma-Aldrich (St. Louis,
MO) and Invitrogen (San Diego, CA), respectively. Cisplatin
and doxorubicin were obtained from EBEWE Pharma
(Unterach, Austria) and dimethyl sulfoxide was purchased
from Merck (Darmstadt, Germany).

Chemistry

The C3 alkyl coumarins 1-3 and 9-11 were synthesized via
Pechmann condensation of 2-alkyl ethyl acetoacetate with
resorcinol/pyrogallol (Kathuria et al., 2009; Pechmann &
Duisberg, 1883). The 2-alkyl ethyl acetoacetate derivatives in
turn were obtained by alkylation of ethyl acetoacetate using
alkyl bromide and sodium hydride (Kathuria et al., 2009).
Compound 8 was synthesized by condensation of pyrogallol
and ethylacetoacetate in acidic conditions (Raj et al., 1996).
Compounds 4, 12, and 18 were synthesized by the reaction
of 2-acetylsuccinate with resorcinol, pyrogallol, and phlor-
oglucinol, respectively, under Pechmann conditions
(Chakravarti, 1935; Parmar et al., 1996). In a similar
manner, the compounds 5, 13, and 19 were obtained by
reaction of diethyl 2-acetylpentanedioate with resorcinol,
pyrogallol, and phloroglucinol, respectively (Li et al., 2012;
Parmar et al., 1987, 1996). The hydroxycoumarins 4, 5, 8, 12,
13, and 18 on acetylation with acetic anhydride/pyridine yield
the corresponding acetylated derivatives 6, 7, 14, 15, 16, and
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20, respectively (Parmar et al., 1987, 1988, 1996; Raj et al.,
1996). Compound 17 was synthesized by methylation of
compound 12 using dimethyl sulfate and anhydrous potas-
sium carbonate (Raj et al., 1996). Compound 21 was isolated
according to the reported literature procedure (Sanchez-
Recillas et al., 2014). Compounds 22 and 23 were obtained
by the reaction of 1,2,4-trihydroxybenzene with diethyl
2-acetylsuccinate and diethyl 2-acetylpentanedioate, respect-
ively, followed by acetylation (Parmar et al.,, 1987).
Compound 24 was synthesized according to the synthetic
protocol established by our group (Aggarwal et al., 2012).
Compound 25 was synthesized by following the reported
multistep procedure and was then acetylated to yield
compound 26 (Reszka et al., 2010). To synthesize com-
pound 27, commercially available 4-bromoresorcinol was
reacted with ethyl-4-bromoacetoacetate via the literature
procedure (Bourbon et al., 2012). The compound 27 is
novel and the data are reported for the first time (Table 1).
The structures of all the synthesized compounds in this
study were unambiguously established on the basis of
comparing their melting point and NMR spectra with the
reported literature.

Cell lines

K562 (human chronic myelogenous leukemia), LS180
(human colon adenocarcinoma), and MCF-7 (human breast
adenocarcinoma) cells were obtained from the National Cell
Bank of Iran, Pasteur Institute, Tehran, Iran. These cell lines
represent some of the most common solid tumors and
hematological malignancies and have been used by several
authors for cytotoxicity assessments (Ash et al., 2014; Liu
et al., 2013; Ma et al., 2014). Cells were maintained at 37 °C
in humidified air containing 5% CO, and were grown in
monolayer cultures. All cell lines were maintained in RPMI
1640 supplemented with 10% FBS, and 100 units/mL
penicillin-G and 100 pg/mL streptomycin.

Cytotoxicity assay

Cell viability following exposure to synthetic compounds was
estimated by using the MTT reduction assay (Firuzi et al.,
2013; Mosmann, 1983). K562, L.S180, and MCF-7 cells were
plated in 96-well microplates at densities of 40 000, 50 000,
and 30000cells/mL, respectively (100 pL per well). The
optimal densities were determined for each cell line based on
their growth curves and attention was paid to test the cells in
their exponential growth phase. After overnight incubation at
37°C, 3-4 different concentrations (ranging from 10 to
200 uM) of test compounds were added to wells in triplicate.
All the compounds were first dissolved in DMSO and then
diluted in the growth medium. The concentration of DMSO in
the wells did not exceed 0.5%. Cells were incubated further
for 72h and then the medium was replaced with the RPMI
medium without phenol red containing 0.5 mg/mL of MTT.
Plates were incubated for another 4 h at 37 °C, the media were
removed and formazan crystals formed in the cells were
dissolved in 200 pL of DMSO. The optical density was
measured at 570nm with background correction at 655 nm
using a Bio-Rad microplate reader (Model 680, Bio-Rad,
Hercules, CA). The percent inhibition of viability for each
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Table 1. Structures of cytotoxic coumarin derivatives screened against cancer cell lines.
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Structures Substitutions References
R! R2
OR! o 0 1 H CH,CH; Kathur@a et al. (2009)
2 H n-CgHy3 Kathuria et al. (2009)
_ 3 H n-CoHy; Kathuria et al. (2009)
R2 4 H CH,CO,Et Parmar et al. (1996)
5 H CH,CH,CO,Et Li et al. (2012)
6 Ac CH,CO,Et Raj et al. (1996)
7 Ac CH,CH,CO,Et Parmar et al. (1988)
R! R2 R3
OR! 8 H H H Parmar et al. (1996)
R2 9 H H C,H; Kathuria et al. (2009)
0 0.0 1 H H n-CeH 5 Kathuria et al. (2009)
11 H H n-CoHy; Kathuria et al. (2009)
= R3 12 H H CH,CO,Et Chakravarti (1935)
13 H H CH,CH,CO,Et Parmar et al. (1987)
14 Ac Ac H Parmar et al. (1996)
15 Ac Ac CH,CO,Et Parmar et al. (1988)
16 Ac Ac CH,CH,CO,Et Parmar et al. (1987)
17 Me Me CH,CO,Et Raj et al. (1996)
R R? R}
R10 o) 0o 18 H H CH,CO,Et Parmar et al. (1988)
19 H H CH,CH,CO,Et Parmar et al. (1987)
_ 20 Ac Ac CH,CO,Et Raj et al. (1996)
R3
OR2
R R?
AcO O (0] 21 H H Sanchez-Recillas et al. (2014)
22 Me CH,CO,Et Parmar et al. (1987)
ACO Pz R2 23 Me CH,CH,CO,Et Parmar et al. (1987)
c
R1
R R?
RTHN Oo. _O 24 H Me Aggarwal et al. (2012)
25 H n-C3Hy Reszka et al. (2010)
_ 26 Ac n-CsHy Reszka et al. (2010)
R2
HO 0. © 27 Mp: 251-252°C. 1H NMR (400 MHz, DMSO-d6)
6 4.84 (s, 2H, CH2Br),
B = 6.51 (s, 1H, H-3), 6.89 (s, 1H, H-8), 7.99 (s, 1H),
r 11.56 (br, 1H, OH)
Br

concentration of the compound was calculated with reference
to the control and ICsy values were calculated with the
CurveExpert software version 1.34 for Windows (Sigma,
Saint Louis, MO). Each experiment was repeated 3—4 times
(Azizmohammadi et al., 2013; Miri et al., 2012).

Results and discussion

In this study, cytotoxic effects of 27 coumarin derivatives
(Table 1) were studied against three human cancer cell lines,
i.e., K562 (human chronic myelogenous leukemia), LS180
(human colon adenocarcinoma), and MCF-7 (human breast
adenocarcinoma) cells (Table 2) and SAR study of the test
compounds was examined.

In general, 4-methylcoumarin derivatives had similar
effects on three types of cancer cells. 7,8-DHMCs, 8-13,
were observed to be the most active compounds. In particular,
compounds 9-11 exhibited ICs, values of less than 100 pM in
all the cell lines studied, and among these, compound 11 was
found to be the most potent derivative. This derivative had the
lowest ICs values against LS180 and MCF-7 cell lines and
the second lowest ICsq, value against K562 cells (after
compound 10). Thus, the presence of two hydroxyl groups at
C7 and C8 positions seem to improve the potency of
methylcoumarins as cytotoxic agents. Derivatives with ICs
values of higher than 200 M were considered inactive.
Umbelliferone (7-hydroxycoumarin), a natural coumarin
compound, was also tested for comparison with synthesized
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Table 2. Cytotoxicity of 4-methylcoumarin derivatives against different
human cancer cell lines.

ICso (UM)
Compounds K562 LS180 MCEF-7
1 111.0+28.4 >200 189.8 +23.6
2 90.7+14.2 594+119 110.5+1.3
3 66.7+13.7 43.8+5.8 66.6+1.6
4 >200 >200 89.8+8.3
5 >200 >200 198.6 +34.5
6 >200 >200 >200
7 >200 >200 >200
8 138.7+75.0 >200 98.4+12.2
9 51.0+14.7 67.7+3.0 782+5.6
10 40.8 +£10.6 67.1+20.8 61.3+7.9
11 42.4+19.6 252+1.6 25.1+2.8
12 68.0+8.9 175.2+34.2 131.3+20.0
13 62.8+23.5 >200 90.4 +22.5
14 >200 86.4+22.8 152.6+11.0
15 853+ 15.7 92.0+18.9 88.9+3.9
16 70.7+8.9 137.7+11.2 72.7+8.8
17 >200 >200 >200
18 165.7+65.5 >200 >200
19 >200 >200 139.1+6.9
20 163.3+59.0 >200 183.5+4.1
21 114.9+57.1 572+24 61.9+17.6
22 70.2+19.9 94.7+22.4 88.0+7.0
23 117.1+£6.2 >200 92.5+22.2
24 >200 >200 >200
25 >200 154.1+£25.0 107.8 +17.7
26 >200 >200 >200
27 45.8+4.8 49.0+1.8 327+1.5
Umbelliferone >200 >200 >200
Cisplatin 53+1.38 10.0+1.7 11.9+1.9
Doxorubicin 0.065 +0.015 0.031 £0.007 0.053+£0.013

Values represent the mean + S.E.M. of 3-5 experiments.

4-methylcoumarin derivatives and it did not show any
cytotoxic effect on the tested cell lines. None of the
compounds was more potent than the standard chemother-
apeutic agents, cisplatin and doxorubicin (Table 2).

The finding that 7-hydroxy-4-methylcoumarins (7-HMCs)
were less potent than their corresponding dihydroxy ana-
logues, i.e., 7,8-DHMC (e.g., compound 1 versus compound
9, etc.) has also been observed previously for the antioxidant
capacity of these compounds by our research groups
(Kancheva et al., 2010; Pedersen et al., 2007).

It has been previously shown by us and other investigators
that compound 8 induces apoptosis in human cancer cell lines
of hematological malignancies, HL-60 and U-937 (Goel et al.,
2007; Riveiro et al., 2008). However, this derivative was
reported to be effective only at doses higher than 100 uM,
which is in agreement with our present observations.

A previous SAR study that has examined the effect
of coumarins on U-937 leukemic cells have shown that
o-dihydroxy coumarins show selective toxicity towards cancer
cells (Vazquez et al., 2012). Another report has shown that
7,8-DHMC is a potent anticancer agent that selectively targets
leukemia cells (Vazquez et al., 2013).

Substitution of the hydroxyl group with an acetoxy group
reduced the cytotoxic activity, as revealed by the comparison
of compounds 4, 5, 8, and 25 with compounds 6, 7, 14, and
26, respectively. A similar phenomenon was observed when
the hydrogen was replaced with methyl moiety (12 versus 17).
On the contrary, comparison of derivatives 12 and 13 with 15
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and 16 shows an enhancement of the cytotoxic activity with
the introduction of acetoxy group, although the change is not
substantial.

With regard to the effect of C3 alkyl moiety on the
cytotoxic activity in 7-HMCs, replacement of ethyl (1) with n-
hexyl (2) and n-decyl (3) chains improved the activity against
all three cell lines and it appeared to be dependent on the size
of the alkyl chain (compound 3 with n-decyl chain is more
active than compound 2 with n-hexyl chain). A similar
situation was also observed in 7,8-DHMCs when compound 8
(with hydrogen at C3 position) was compared with com-
pounds 9, 10, and 11 (with ethyl, n-hexyl, and n-decyl chains
at C3 position, respectively). Among 7,8-DHMC derivatives,
the longer the alkyl chain, the higher was the activity
(compounds 11, 10, and 9, in decreasing order of efficiency).
This effect of the alkyl group on the cytotoxicity is
presumably due to the enhanced lipophilicity of the longer
alkyl chains that consequently enhances cell membrane
penetration ability of the test compounds (Mannhold et al.,
2008; Zavrsnik et al., 2003).

Introduction of an ester moiety at position C3 is not helpful
in increasing the cytotoxicity of either 7-HMCs (compounds 4
and 5) or 7,8-DHMCs (compounds 12 and 13) in comparison
with an alkyl chain substitution. Thus, it appears that by a
careful modification of the structure of these compounds,
finding more potent anticancer agents is possible.

We had previously observed that 7,8-diacetoxy-4-methyl-
coumarin (compound 14) and 7,8-diacetoxy-4-methylthiocou-
marin possess cytotoxic effects (Goel et al., 2007). In the
present report, we observed that 7,8-DAMCs 15 and 16,
bearing ethoxycarbonylmethyl and ethoxycarbonylethyl moi-
eties at C3 position, respectively, have improved potency
compared with the compound 14 (with an H at C3) in K562
and MCEF-7 cell lines, but not in LS180 cells.

Compounds containing two hydroxyl moieties at C5 and
C7 positions (compounds 18 and 19) had lower potencies in
comparison with the derivatives with hydroxyl moieties at C7
and C8 positions (compounds 8-13). This can probably be
explained by the strong effect that can be brought about by the
presence of the catechol moiety (Foti et al., 2005).

Another interesting compound (27) that showed good
activity in all the cell lines has bromo groups substituted at C4
and C6 positions. The rest of the compounds including those
bearing amine and amide moieties at C7 position (compounds
24, 25, and 26) were not very active against any of the cell
lines.

Several studies have examined the mechanism of antic-
ancer action of different coumarin derivatives and have shown
that these compounds can induce apoptosis and also inhibit
cell-cycle progression (Chen et al., 2012; Haghighi et al.,
2014; Singh et al., 2011). Many of these reports have shown
that coumarins up-regulate proapoptotic factors, while they
down-regulate anti-apoptotic markers in cancer cells (Arbab
et al., 2012; Rubio et al.,, 2014; Singh et al.,, 2011),
mechanisms that could plausibly apply also to our studied
methylcoumarin derivatives. For instance, it has been shown
that dentatin, a natural coumarin, induces apoptosis in
prostate cancer cells mediated by down-regulation of anti-
apoptotic proteins (Bcl-2, Bel-xL, and survivin), disruption of
mitochondrial membrane potential, and also NF-xB inhibition
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(Arbab et al., 2012). In another report, RKS262, a coumarin
derivative, has shown to induce apoptosis by reduction
of mitochondrial membrane depolarization potential,
up-regulation of pro-apoptotic markers (Bid, Bad, and Bok),
and down-regulation of pro-survival factors (Bcl-x1 and Mcl-
1) (Singh et al., 2011). Other investigators have demonstrated
that 7-isopentenyloxycoumarin induces cell-cycle arrest at the
G2/M stage in bladder cancer cells (Haghighi et al., 2014).

Conclusions

In this study, cytotoxic effects of 27 coumarin derivatives
were tested against three human cancer cell lines and some
of the derivatives showed promising anticancer activities.
The screened derivatives included 7-HMC, 7,8-DHMC, 7-
acetoxy-4-methylcoumarin (7-AMC), and 7,8-DAMC, among
others. It was observed that 7,8-DHMC derivatives, followed
by 7.8-DAMCs, were the most potent anticancer agents.
Insertion of long alkyl moiety at C3 position generally
improved the anticancer activity, probably due to the
enhancement of lipophilicity and cell penetration ability.
These SAR studies show that the investigation of different
derivatives of 4-methylcoumarins may lead to the discovery
of novel more efficient anticancer agents.

Declaration of interest

The authors report that they have no conflicts of interest. The
authors wish to thank the financial support of the Vice
chancellor for Research, Shiraz University of Medical
sciences (Grant no. 5361). The financial support from Indo-
German Science and technology Centre (IGSTC), Council of
Scientific and Industrial Research (CSIR, Delhi), and
University of Delhi is gratefully acknowledged. Virinder S.
Parmar was supported by a Grant from EU under its Erasmus
Mundus EMA-2 Svaagata Programme. Badri Parshad
thanks CSIR, India, for the award of Junior Research
Fellowship (JRF).

References

Aggarwal N, Baghel A, Mridula B, et al. (2012). Coumarin compounds
for the treatment of mycobacterial infections, WO Patent App. PCT/
IN2012/000, 242.

Arbab IA, Looi CY, Abdul AB, et al. (2012). Dentatin induces apoptosis
in prostate cancer cells via Bcl-2, Bel-xL, survivin downregulation,
caspase-9, -3/7 activation, and NF-kappaB inhibition. Evid Based
Complement Alternat Med 2012:856029.

Ash S, Valchev G, Looney M, et al. (2014). Xenon decreases cell
migration and secretion of a pro-angiogenesis factor in breast
adenocarcinoma cells: Comparison with sevoflurane. Br J Anesth
113:114-21.

Au N, Rettie AE. (2008). Pharmacogenomics of 4-hydroxycoumarin
anticoagulants. Drug Metab Rev 40:355-75.

Azizmohammadi M, Khoobi M, Ramazani A, et al. (2013). 2H-
chromene derivatives bearing thiazolidine-2,4-dione, rhodanine or
hydantoin moieties as potential anticancer agents. Eur J Med Chem
59:15-22.

Bourbon P, Peng Q, Ferraudi G, et al. (2012). Synthesis, photophysical,
photochemical, and computational studies of coumarin-labeled nico-
tinamide derivatives. J Org Chem 77:2756-62.

Chakravarti D. (1935). Synthesis of coumarins from phenols and
B-ketonic esters. III: Use of various condensing agents. J Indian Chem
Soc 12:536-9.

Chen Y, Liu HR, Liu HS, et al. (2012). Antitumor agents 292. Design,
synthesis and pharmacological study of S- and O-substituted

Anticancer effect of 4-methylcoumarin derivatives 109

7-mercapto- or hydroxy-coumarins and chromones as potent cytotoxic
agents. Eur J Med Chem 49:74-85.

Cufi S, Bonavia R, Vazquez-Martin A, et al. (2013). Silibinin meglumine,
a water-soluble form of milk thistle silymarin, is an orally active anti-
cancer agent that impedes the epithelial-to-mesenchymal transition
(EMT) in EGFR-mutant non-small-cell lung carcinoma cells. Food
Chem Toxicol 60:360-8.

Firuzi O, Javidnia K, Mansourabadi E, et al. (2013). Reversal of
multidrug resistance in cancer cells by novel asymmetrical
1,4-dihydropyridines. Arch Pharm Res 36:1-11.

Foti MC, Sharma SK, Shakya G, et al. (2005). Biopolyphenolics
as antioxidants: Studies under an Indo-Italian CSIR-CNR project.
Pure Appl Chem 77:91-101.

Goel A, Prasad AK, Parmar VS, et al. (2007). 7,8-Dibydroxy-4-
methylcoumarin induces apoptosis of human lung adenocarcinoma
cells by ROS-independent mitochondrial pathway through partial
inhibition of ERK/MAPK signaling. FEBS Lett 581:2447-54.

Goel A, Prasad AK, Parmar VS, et al. (2009). Apoptogenic effect of 7,8-
diacetoxy-4-methylcoumarin and  7,8-diacetoxy-4-methylthiocou-
marin in human lung adenocarcinoma cell line: Role of NF-kappaB,
Akt, ROS and MAP kinase pathway. Chem Biol Interact 179:363-74.

Gupta S, Singh S, Kathuria A, et al. (2012). Ammonium derivatives of
chromenones and quinolinones as lead antimicrobial agents. J Chem
Sci 124:437-49.

Haghighi F, Matin MM, Bahrami AR, et al. (2014). The cytotoxic
activities of 7-isopentenyloxycoumarin on 5637 cells via induction of
apoptosis and cell cycle arrest in G2/M stage. Daru 22:3—12.

Jassbi AR, Miri R, Asadollahi M, et al. (2014). Cytotoxic, antioxidant
and antimicrobial effects of nine species of woundwort (Stachys)
plants. Pharm Biol 52:62-17.

Kancheva VD, Saso L, Boranova PV, et al. (2010). Structure—activity
relationship of dihydroxy-4-methylcoumarins as powerful antioxi-
dants: Correlation between experimental and theoretical data and
synergistic effect. Biochimie 92:1089-100.

Kathuria A, Gupta A, Priya N, et al. (2009). Specificities of calreticulin
transacetylase to acetoxy derivatives of 3-alkyl-4-methylcoumarins:
Effect on the activation of nitric oxide synthase. Bioorg Med Chem 17:
1550-6.

Kathuria A, Priya N, Chand K, et al. (2012). Substrate specificity of
acetoxy derivatives of coumarins and quinolones towards calreticulin
mediated transacetylation: Investigations on antiplatelet function.
Bioorg Med Chem 20:1624-38.

Krieger S, Hayen H, Schmitz OJ. (2013). Quantification of coumarin in
cinnamon and woodruff beverages using DIP-APCI-MS and LC-MS.
Anal Bioanal Chem 405:8337-45.

Lee SY, Lim TG, Chen H, et al. (2013). Esculetin suppresses
proliferation of human colon cancer cells by directly targeting beta-
catenin. Cancer Prev Res (Phila) 6:1356-64.

Li B, Pai R, Di M, et al. (2012). Coumarin-based inhibitors of Bacillus
anthracis and Staphylococcus aureus replicative DNA helicase:
Chemical optimization, biological evaluation, and antibacterial
activities. J Med Chem 55:10896-908.

Li W, Sun YN, Yan XT, et al. (2013). Coumarins and lignans from
Zanthoxylum schinifolium and their anticancer activities. J Agric Food
Chem 61:10730-40.

Liu J, Ogawa M, Sakai T, et al. (2013). Differentiation of
tumor sensitivity to photodynamic therapy and early evaluation of
treatment effect by nuclear medicine techniques. Ann Nucl Med 27:
669-75.

Ma L, Ge K, Zhang R, et al. (2014). Synthesis, characterization,
cytotoxicity of mixed ligand complexes of palladium(Il) with
dipyrido[3,2-d:2’,3’-f]quinoxaline/dipyrido[3,2-a:2’,3’-¢](6,7,8,9-tet-
rahydro)phenazine and 4-toluensulfonyl-L-amino acid dianion. Eur J
Med Chem 87:624-30.

Macakova K, Rehakova Z, Mladenka P, et al. (2012). In vitro platelet
antiaggregatory properties of 4-methylcoumarins. Biochimie 94:
2681-6.

Mannhold R, Kubinyi H, Timmerman H, et al. (2008). Lipophilicity
in Drug Action and Toxicology. Hoboken, NJ: Wiley Online Library.

Manolov I, Maichle-Moessmer C, Danchev N. (2006). Synthesis,
structure, toxicological and pharmacological investigations of 4-
hydroxycoumarin derivatives. Eur J Med Chem 41:882-90.

Miri R, Firuzi O, Peymani P, et al. (2012). Synthesis, cytotoxicity, and
QSAR study of new aza-cyclopenta[b]fluorene-1,9-dione derivatives.
Chem Biol Drug Des 79:68-75.



110  R. Miri et al.

Morabito G, Trombetta D, Singh Brajendra K, et al. (2010). Antioxidant
properties of 4-methylcoumarins in in vitro cell-free systems.
Biochimie 92:1101-7.

Mosmann T. (1983). Rapid colorimetric assay for cellular growth
and survival: Application to proliferation and cytotoxicity assays.
J Immunol Methods 65:55-63.

Natella F, Lorrain B, Prasad AK, et al. (2010). 4-Methylcoumarins as
antioxidants: Scavenging of peroxyl radicals and inhibition of human
low-density lipoprotein oxidation. Biochimie 92:1147-52.

Ngo NT, Nguyen VT, Vo HV, et al. (2010). Cytotoxic coumarins from
the bark of Mammea siamensis. Chem Pharm Bull (Tokyo) 58:
1487-91.

Parmar V, Singh S, Boll P. (1988). 13C Nuclear magnetic resonance
spectroscopy of 4-methylcoumarins (4-methyl-2H-1-benzopyran-2-
ones). Mag Res Chem 26:430-3.

Parmar VS, Bisht KS, Jain R, et al. (1996). Synthesis, antimicrobial and
antiviral activities of novel polyphenolic compounds. Indian J Chem,
Sect B 35B:220-32.

Parmar VS, Singh S, Rathore JS. (1987). Synthesis of some new
4-methylcoumarins. J Indian Chem Soc 64:254-7.

Pechmann HV, Duisberg C. (1883). Substituted coumarins. Chem Ber
16:2119-28.

Pedersen JZ, Oliveira C, Incerpi S, et al. (2007). Antioxidant activity of
4-methylcoumarins. J Pharm Pharmacol 59:1721-8.

Raj HG, Gupta S, Biswas G, et al. (1996). Chemoprevention of
carcinogen-DNA binding: The relative role of different oxygenated
substituents on 4-methylcoumarins in the inhibition of aflatoxin B-
DNA binding in vitro. Bioorg Med Chem 4:2225-8.

Reszka P, Schulz R, Methling K, et al. (2010). Synthesis, enzymatic
evaluation, and docking studies of fluorogenic caspase 8 tetrapeptide
substrates. ChemMedChem 5:103—17.

Ribeiro da Silva LM, Teixeira de Figueiredo EA, Silva Ricardo NM,
et al. (2014). Quantification of bioactive compounds in pulps and by-
products of tropical fruits from Brazil. Food Chem 143:398-404.

Riveiro ME, Vazquez R, Moglioni A, et al. (2008). Biochemical
mechanisms underlying the pro-apoptotic activity of 7,8-dihydroxy-4-
methylcoumarin in human leukemic cells. Biochem Pharmacol 75:
725-36.

Rubio V, Calvino E, Garcia-Perez A, et al. (2014). Human acute
promyelocytic leukemia NB4 cells are sensitive to esculetin through
induction of an apoptotic mechanism. Chem Biol Interact 220c:
129-39.

Pharm Biol, 2016; 54(1): 105-110

Sanchez-Recillas A, Navarrete-Vazquez G, Hidalgo-Figueroa S, et al.
(2014). Semisynthesis, ex vivo evaluation, and SAR studies of
coumarin derivatives as potential antiasthmatic drugs. Eur J Med
Chem 77:400-8.

Singh RK, Lange TS, Kim KK, Brard L. (2011). A coumarin derivative
(RKS262) inhibits cell-cycle progression, causes pro-apoptotic sig-
naling and cytotoxicity in ovarian cancer cells. Invest New Drugs 29:
63-72.

Togna AR, Firuzi O, Latina V, et al. (2014). 4-Methylcoumarin
derivatives with anti-inflammatory effects in activated microglial
cells. Biol Pharm Bull 37:60-6.

Vassallo JD, Hicks SM, Born SL, Daston GP. (2004). Roles for
epoxidation and detoxification of coumarin in determining species
differences in clara cell toxicity. Toxicol Sci 82:26-33.

Vazquez R, Riveiro ME, Mondillo C, et al. (2013). Pharmacodynamic
study of the 7,8-dihydroxy-4-methylcoumarin-induced selective cyto-
toxicity toward U-937 leukemic cells versus mature monocytes:
Cytoplasmic p21Cip1/WAF1 as resistance factor. Biochem Pharmacol
86:210-21.

Vazquez R, Riveiro ME, Vermeulen M, et al. (2012). Structure—anti-
leukemic activity relationship study of ortho-dihydroxycoumarins in
U-937 cells: Key role of the 6-lactone ring in determining differen-
tiation-inducing potency and selective pro-apoptotic action. Bioorg
Med Chem 20:5537-49.

Venugopala KN, Rashmi V, Odhav B. (2013). Review on natural
coumarin lead compounds for their pharmacological activity. Biomed
Res Int 2013:963248.

Verma A, Bhatt AN, Farooque A, et al. (2011). 7,8-Diacetoxy-4-
methylcoumarin induced cell death in human tumor cells is influenced
by calreticulin. Biochimie 93:497-505.

Weber US, Steffen B, Siegers CP. (1998). Antitumor-activities of
coumarin, 7-hydroxy-coumarin and its glucuronide in several human
tumor cell lines. Res Commun Mol Pathol Pharmacol 99:193-206.

WHO. (2013). ““WHO Fact sheet N 297. Available from: http://
www.who.int/mediacentre/factsheets/fs297/en/ [last accessed Jan
2013].

Zavrs$nik D, §pirt0vié S, Muratovi¢ S. (2003). The 4-arylaminocoumarin
derivatives log P values calculated according to Rekker’s method.
Bosn J Basic Med Sci 3:37-40.

Zhang L, Jiang G, Yao F, et al. (2012). Growth inhibition and apoptosis
induced by osthole, a natural coumarin, in hepatocellular carcinoma.
PLoS One 7:¢37865.



	Structure&ndash;activity relationship studies of 4-methylcoumarin derivatives as anticancer agents
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Declaration of interest
	References


