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Abstract: Natural as well as synthetic coumarins have recently drawn much attention due to its broad pharmacological
activities. Many coumarins and their derivatives exert anti-coagulant, anti-tumor, anti-viral, anti-inflammatory and anti-
oxidant effects, as well as anti-microbial and enzyme inhibition properties. The recognition of key structural features
within coumarin family is crucial for the design and development of new analogues with improved activity and for the
characterization of their mechanism of action and potential side effects. The different substituents in the coumarin nucleus
strongly influence the biological activity of the resulting derivatives. Although some coumarins have been already charac-
terized to evoke a particular biological activity, the challenge would be the design and synthesis of new derivatives with
high specific activity for other pharmacological targets and define their mechanism of action to achieve new therapeutic
drugs. The present review highligts the current progress in the development of coumarin scaffolds for drug discovery as
novel anti-cancer agents. The major challenges about coumarins include the translation of current knowledge into new po-
tential lead compounds and the repositioning of known compounds for the treatment of cancer.
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BACKGROUND

Over a century ago, Crum-Brown and Frasser proposed
that the physiological action of a substance was linked to its
chemical composition and constitution [1]. In the last dec-
ades considerable progress has been made regarding the iso-
lation, synthesis, pharmacokinetics, pharmacology and toxi-
cology of coumarins. As most studies are unrelated, a com-
prehensive review of current literature would be a valuable
contribution towards the discovery, development or resur-
gence of biologically active coumarin derivatives with appli-
cation in diverse human diseases. The present review sum-
marizes the key structural features of this family and its re-
lated properties, with particular emphasis on cancer.

From a chemical standpoint, coumarin (2H-1-benzo-
pyran-2-one) is the parent compound of the coumarin family,
a large class of naturally occurring phenolic compounds.
Coumarin could be considered like the resulting fusion of
benzene and a 2-pyrone ring. In nature, the heterocyclic ring
is oxygenated at C-7 and less frequently at C-5, C-6 and C-8.
These extra phenolic hydroxyls groups are sometimes de-
rivatized as glycosides. The oxygenation patterns mentioned
above are typical for benzenoid rings of C6-C3 units derived
from the shikimic acid pathway. Compared with alkaloids
synthesized through shikimic acid, there is a remarkably
large number of compounds in which the nucleus is alkylated
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by one or more isoprenoid units [2]. In general, it can be
established that this family of compound obey Lipinski's rule
of five and exhibit cell membrane permeability, which are
common characteristics found in most available drugs today
(3]

Based on the substitution pattern, coumarins show anti-
coagulant, anti-tumor or antiviral properties whereas other
derivatives behave as enzyme inhibitors or display anti-
oxidant or anti-inflammatory properties. Although the cou-
marin system can be considered as one of the most important
classes of heterocyclic compounds, based on in vivo experi-
ments in rats, coumarin was banned from the market by the
Food and Drug Administration in 1952. Since then a dispute
over its toxicity has been raised [4]. Several reports point out
that the toxicity of coumarin is metabolism and species de-
pendent.[5, 6] Therefore, the evaluation of coumarin cyto-
toxicity in humans based on studies performed in rabbits or
rats seems rather inapropiate. Several authors reported that
coumarin compounds show no evidence of initiating tumors
in different animal models [7]. Furthermore, coumarin and
its derivatives are not mutagenic in the AMES or micronu-
cleus tests[8, 9], and fail to exibit teratogenic properties[4].

Over the last 50 years coumarin compounds have been
widely used as anti-coagulant, anti-microbial and anti-
inflammatory agents supported by different clinical studies.
Nevertheless, these compounds or their analogues have also
emerged as promising drugs for cancer. In the present review
selected examples will be discussed to illustrate the progress
made in the development of natural and synthetic coumarins
as potential anti-tumor agents.

© 2010 Bentham Science Publishers Ltd.
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WARFARIN, FROM AN ANTI-COAGULANT TO-
WARDS AN ANTI-TUMORAL AGENT

Oral anticoagulants of the 4-hydroxycoumarin class, such
as warfarin (Fig. 1A), represent the most commonly pre-
scribed drug for therapy and prevention of thromboembolic
conditions for over 50 years. It was designed followed the
identification of dicoumarol as the causal agent of a haemor-
rhagic disorder affecting cattle after consuming spoiled
sweet clover hay [10]. Although the anticoagulants of the 4-
hydroxycoumarin class exhibit high efficacy and are rather
inexpensive, their narrow therapeutic index may sometimes
complicate patient management [11].

4-Hydroxycoumarins inhibit vitamin K epoxide reductase
(VKORC1) [12] leading to deficiency of vitamin K and sub-
sequent deficiency of vitamin K-dependent proteins, includ-
ing those involved in thrombus formation. The minimal
structural requirements for the anticoagulant activity of the
4-hydroxycoumarin class, represented by warfarin, are an
intact 4-hydroxycoumarin residue and a carbon chain in po-
sition 3 [13] Recently, Gebauer et al., demonstrated that the
in vitro inhibition of VKORCL requires deprotonation of the
4-hydroxycoumarin moiety whereas the substituent on car-
bon 3 modulates the inhibition, being more potent those de-
rivatives with an isoprenyl side chain. Thus 4-hydroxyco-
umarins would bind to the active site of the enzyme mimick-
ing a transition state [14].

Recent studies point to warfarin as a promising drug for
cancer treatment. However, a few randomized trials have
addressed the therapeutic efficacy of these anticoagulant
agents in cancer [15]. Therefore, it is not possible to deter-
mine whether the possible benefit of anticoagulation results
from an effect on the clotting system, a direct cytotoxic ac-
tivity of the anticoagulant, or a change in the pharmacokinet-
ics of the cytotoxic drugs caused by the anticoagulant. A
study by McCulloch et al., suggests that warfarin may inhibit
tumour metastasis without affecting growth rate of tumour
cells in vitro at concentrations below 1 mM [16]. In accor-
dance, Velasco-Velazquez et al., reported that 4-hydroxyco-
umarin, which lacks anticoagulant activity since it is unsub-
stituted on carbon 3, selectively disorganizes the actin cy-
toskeleton in a highly invasive melanoma cell line [17, 18].
These findings indicate that 4-hydroxycoumarin might be
useful in metastasis and melanoma therapy. Furthermore, it
highlights the fact that different molecular shapes are re-
sponsible for the anti-coagulant and the anti-tumoral activity.

Other studies suggest that dicoumarol [an anticoagulant
coumarin; 3,3'-methylenebis(4-hydroxycoumarin)] (Fig. 1B)
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and its analogues may inhibit cell proliferation by interfering
with the spindle microtubule dynamics [19]. There is grow-
ing interest to design combinations of antimitotic coumarins
and chemotherapeutic agents to improve efficacy and lower
toxicity, such as taxol and dicoumarol, which results in a
synergistic inhibition of cell division [20]. However, recent
data published by Buey et al., showed that dicoumarol fail to
stabilize microtubule in carcinoma cells [21].

Nowadays, there is renewed interest in determining
whether anticoagulation therapy may improve the survival of
oncology patients. In addition, the pharmacomodulation of
anticoagulant coumarins have led to the development of
novel analogues which inhibit the formation of experimental
metastases.

NOVOBIOCIN, FROM GRAM-POSITIVE BACTERIA
TOWARDS CANCER CELLS

Although most of the natural coumarins have been iso-
lated from plants, the aminocoumarin antibiotics novobiocin,
chlorobiocin and coumermycin Al were isolated from di-
verse Streptomyces spp and exhibit a potent activity against
Gram-positive bacteria. These compounds target the bacte-
rial enzyme DNA gyrase and inhibit the enzyme-catalyzed
hydrolysis of ATP [22].

Novobiocin bears a carbamoylated sugar residue, a 3-
amino-8-methyl-4,7-dihydroxycoumarin moiety (ring B) and
an isopentenyl-substituted hydroxybenzoyl moiety (ring A)
(Fig. 2). Both, the ring B and the sugar residue are involved
in ATPase inhibition at the B-subunit of DNA gyrase. Ex-
amination of the binding site of novobiocin reveals an exten-
sive hydrogen bonding network, involving especially the
novobiose sugar. It appears that the coumarin ring is crucial
in directing the sugar moiety to the appropriate site whereas
the ring A moiety would influence the uptake of the com-
pound into bacterial cells [23-25]. Their poor oral absorption
as well as their ability to develop resistance limit the use of
aminocoumarins. In the past years several studies were con-
ducted to design effective orally bioavailable coumarin anti-
biotic inhibitors of bacterial DNA gyrase [26-28].

Lately, the heat shock protein 90 (Hsp90) emerged as a
promising target for cancer therapy [29] and novobiocin ana-
logues gathered the attention of researchers since structure-
activity relationship (SAR) studies showed that these cou-
marins bind to the Hsp90 C-terminal ATP binding site and
induce degradation of Hsp90 client proteins [30-32].

In order to establish coumarin compounds that could dif-
ferentiate between the C-terminus of Hsp90 and DNA gy-
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Fig. (1). Warfarin and dicoumarol, the parent compounds of the anticoagulant coumarins.
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Fig. (2). Novobiocin, an aminocoumarin antibiotic.

rase, a library of novobiocin analogues was designed to con-
vert a well-established gyrase inhibitor into a selective
Hsp90 inhibitor. Studies show that the elimination of the 4-
hydroxy group of the coumarin ring and the 3”'-carbamate of
the novobiose residue are necessary to achieve derivatives
with a higher selective activity for the Hsp90 protein. These
findings suggest that the 2’’,3"’-diol of the novobiose ap-
pendage, the novobiose moiety to the 7-position and an am-
ide linker at the 3-position of the coumarin ring play a criti-
cal role for anti-Hsp90 activity [33, 34]. Donnely et al., con-
ducted an extensive work to further explore novobiocin de-
rivatives with variations in the coumarin scaffold. These
coumarin-derived motifs possess hydrogen bond acceptors
placed at positions 5-, 6- and 8- of the coumarin ring and
analogues bearing modification of the coumarin lactone. The
authors showed that the secondary amide at the position 3 is
required for the antiproliferative activity and substituents as
o-propoxy and methoxy at 6- and 8-position, respectively,
lead to an increased activity. The lactone moiety of coumar-
ins may provide beneficial hydrogen bonding interactions
with the binding pocket. However, these interactions may
not be required to manifest antiproliferative activity, suggest-
ing that the coumarin scaffold just acts like a connecting
structure between the sugar and the benzamide motifs [35].
On the other hand, another studies demonstrated that the
removal of the novobiose moiety in novobiocin together with
the introduction of a tosyl substituent at C-4 or C-7 of the
coumarins provides novel lead structures with a 1000-fold
increase in activity and enhanced rates of cell death, by
stimulation of the extrinsic apoptosis pathway due to the
activation of caspases 7, 8 and cleavage of the poly-(ADP-
ribose)-polymerase (PARP) [36, 37].

These are the first set of coumarins designed to target the
Hsp90 protein for cancer treatment. However, further studies
are needed to achieve improved analogues in order to con-
firm whether the coumarin structure is essential as scaffold
for Hsp90 inhibition in cancer cells.

OLD AND NEW COUMARIN COMPOUNDS AS
POTENTIAL ANTI-CANCER DRUGS

Cancer therapy depends on the type of tumor, its location
and extension. Radiation and chemotherapy (e.g. apoptosis
induction) are the most conventional therapeutic modalities
used but they are frequently associated with the development
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of drug resistance and systemic toxicity. In the last decades
alternative cancer therapies like differentiation therapy, an-
giotenesis inhibition and hormone or tyrosine kinase inhibi-
tion were developed.

Apoptosis-Inducer Agents

Chemotherapy is the treatment of cancer with anticancer
drugs, and its main purpose is to eliminate cancer cells. Ne-
crosis and apoptosis are two experimentally distinguishable
mechanisms of cell death whereas the term cytotoxicity sim-
ply refers to the cell-killing property of a chemical com-
pound without defining a specific cellular death mechanism.
In the literature, a considerable number of reports show that
diverse simple coumarins exert cytotoxicity in various cancer
cell lines and experimental animal models of cancer. How-
ever, the mechanism through which most of these com-
pounds induce cell death in these models remains to be es-
tablished.

Among the simple coumarins with pro-apoptotic proper-
ties, esculetin (1) exhibits anti-proliferative effect by induc-
ing apoptosis in human leukemic cells [38] or in 3T3-L1
adipocytes in a time-dependent manner [39]. Moreover, it
enhances taxol-induced apoptosis in human hepatocellular
carcinoma cells (HepG2) [40]. The treatment with 6-nitro-7-
hydroxycoumarin (2), 8-nitro-7-hydroxycoumarin (3) or
3,6,8-trinitro-7-hydroxycoumarin (4) exerts a cytotoxic ef-
fect leading to cell death by apoptosis in different human cell
lines [8, 9, 41, 42]. Scopoletin (5) causes apoptosis in HL-60
promyelocytic cells [43] and in human prostate tumor cells
[44]. 7,8-dihydroxy-4-methylcoumarin (DHMC, 6) induces
apoptosis in A549 human non-small cell lung carcinoma
cells and leukemic cell lines (U-937 and HL-60) in a dose-
dependent and time-dependent manner, although in those
cell lines different signal transduction systems would be ac-
tivated [45, 46]. Despite the differences among the cell lines,
the relationship between the structure and the activity is
clear. Kolodziej et al., reported that the high citotoxicity of
coumarins depends on the existence of at least two polar
aromatic functional groups [47]. These findings were further
confirmed by other authors who showed that at least two
polar groups in the benzene ring, particularly phenolic
groups at positions 6,7 or 7,8 , are essential to induce apop-
tosis in tumor cell lines, whereas coumarin derivatives bear-
ing the ortho-dihydroxy substitution exert a higher cytotoxic-
ity effect in those cells [48, 49]. Likewise, the presence of
two neighboring hydroxyl groups at positions 5, 6, 7 and 8 of
the aromatic nucleus is necessary for the anti-inflammatory
effect of hydroxycoumarins. [50-53]. In addition, the relative
position of the ortho cathecol moiety in the benzenoid ring
of the coumarin is an important feature for the anti-oxidant
activity. [54, 55]

Ishihara et al., performed a quantitative structure-
cytotoxicity relationship analysis of twenty coumarin ana-
logues in the human squamous cell carcinoma line (HSC-2)
[56]. Different hydroxycoumarins with the ortho-cathecol
arrangement which exerted the highest cytotoxicity effect in
this cell line were studied. The authors found a highly sig-
nificant correlation between the cytotoxicity concentration
50 values and the following descriptors: absolute hardness,
ionization potential and highest occupied molecular orbital
(HOMO) energy. This finding shows that the cytotoxicity of
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certain hydroxycoumarins depends on the electronic proper-
ties of the molecule. Hardness and softness properties are
important factors to estimate the cytotoxic activity of cou-
marin derivatives.

Most plant-derived polyphenolic anti-oxidants may under
certain conditions act as pro-oxidants and generate ROS thus
behaving as cytotoxic and pro-apoptotic agents [57-59]. In
this sense, flavonoids with the ortho-dihydroxy moiety are
able to inhibit lipid peroxidation and scavenge superoxide
but they also behave as pro-oxidant agents [60]. Studies by
Paya et al., showed that the dihydroxylated coumarins
fraxetin (7), esculetin (1), 4-methylesculetin (8), daphnetin
(9) and DHMC (6), are not only effective inhibitors of Fe*-
ascorbate-dependent microsomal lipid peroxidation and
aqueous alkylperoxyl radicals, but also scavengers of super-
oxide anion radicals [61, 62]. However, coumarins with or-
tho-dihydroxylation enhance hydroxyl radical generation in
the Fe*~EDTA-H,0, deoxyribose system, but decrease it in
the Fe**-ascorbate-H,0, deoxyribose system, supporting
that they can chelate iron ions and also donate electrons,
promoting a Fenton type reaction. These findings support
that hydroxylated coumarins may either behave as ROS
scavengers or pro-oxidant compounds depending on factors
such as excess of free transition metal ions, metal reducing
potential, metal chelating behavior, pH or solubility. It was
reported that 7,8-dihydroxylated coumarins fail to act as cy-
totoxic agents but behave as scavengers of superoxide anion
radicals. However, in the presence of free ferric ions they
may exert potentially damaging pro-oxidant actions, includ-
ing cytotoxicity. Conversely, 5,7-dihydroxycoumarin-4-
methylcoumarin (10) inhibits lipid peroxidation and scav-
enges alkylperoxyl radicals but fails to display pro-oxidant
activity [61, 62].

HL-60 cells exposed to scopoletin (5) undergo apoptosis
that is prevented by an anti-oxidant suggesting that ROS
generation is involved in scopoletin-induced apoptosis [43].
In agreement we reported a close relationship between the
ability of hydroxycoumarins to induce apoptosis in leukemic
cells (U-937 and HL-60 cells) and ROS generation. In terms
of SAR, the existence of two adjacent phenolic hydroxyl
grups is the most relevant factor, whereas the position of the
o-dihydroxyl groups in the aromatic nucleus has little effect
[49]. Similar SAR results were previously reported for hy-
droxycoumarins as inducers of Cu®*-dependent DNA strand
breakage [63]. We further reported that the methylation of
the 6-OH group reduces the pro-apoptotic activity, being the
reduction higher for monohydroxy-coumarins. Derivatives
where the phenolic hydroxyl group is replaced by an amino,
methoxy or methyl group fail to exhibit pro-apoptotic activ-
ity in U-937 cells. The presence of a methyl or hydrogen
group at position 4 of the coumarin ring in most of the de-
rivatives does not influence their pro-apoptotic activity. The
presence of a hydroxyl group at position 3 in the pyrone ring
does not display pro-apoptotic activity in leukemic cells [49].
Our findings support that DHMC (6) increases ROS and
generates a phenoxyl radical as measured by ESR spectros-
copy in U937 cells, indicating that the increased oxidative
stress induced by DHMC (6) causes cell death. Furthermore,
in U-937 cells pretreated with the radical scavenger N-
acetyl-L-cysteine (NAC), DHMC (6) fails to induce DNA
fragmentation and to trigger apoptosis.
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In agreement with our results supporting the dual role of
hydroxycoumarins as pro-oxidant and anti-oxidant agents,
other polyphenolic compounds bearing free phenol groups,
such as curcumin, resveratrol or epigallocatechin-3-gallate
(EGCG) were shown to act as antioxidants at lower doses
and pro-oxidants at higher doses under certain circumstances
[64]. These molecules can participate in electron transfer
reactions. It has been described that they may reduce ferric
iron to ferrous iron, which can catalyze Fenton reactions and
lead to the generation of the highly reactive hydroxyl radical.
These chemical reactions disrupt mitochondrial redox ho-
meostasis and induce mitochondrial-mediated apoptosis in
various tumor cell types [65-68]. Similar results have been
described for 2-methoxy-4-(2-propenyl)-phenol (eugenol)
[69] or 2-(3,4- dihydroxyphenyl)-3,5,7-trihydroxy-4H-
chromen-4-one (quercetin) [57]. Moridani et al., reported a
correlation between polyphenol toxicity and their lipophilic-
ity (log P) in addition to phenoxy radical formation marked
by the electronic Hammett parameter (c+) and the OH ho-
molytic bond dissociation energy [70]. Current evidence
points to the coumarin ring as a modulator of the free hy-
droxyl groups to induce pro-oxidant effects.

Despite the numerous studies, the mechanisms underly-
ing the beneficial effect of coumarins in cancer still remain
to be fully elucidated. Our studies provided a clear relation-
ship between ROS generation and the pro-apoptotic activity
of hydroxycoumarins [49]. It is well established that ROS
may stimulate and inhibit distinct signaling pathways, being
the net result of ROS generation highly dependent upon the
nature of the oxidative stressor and its cellular location [71].
Several researchers focused on different intracellular path-
ways in an attempt to elucidate the mechanisms triggered by
coumarins in cancer cells. It is possible that exposure to se-
lected coumarins might bring about significant cellular
stress, resulting in a modulation of different intracellular
pathways leading to cell death. However, whether other
mechanisms are involved in the response it is presently un-
known.

We recently reported that following 24 h treatment,
DHMC (6) induces selective apoptosis in leukemic cells
through the activation of the JINKs pathway and inhibition of
the ERK1/2 pathway without contribution of the p38-MAP
kinase cascade, members of the mitogen-activated protein
kinases superfamily (MAPK). In addition cells exposed to
DHMC for 18 h showed inhibition of the PI3K/Akt pathway,
an important survival pathway in leukemic cells. Further-
more, down-regulation of c-myc protooncogene and induc-
tion of the cell cycle inhibitor p21"A™C""! through a p53
independent mechanism was also observed. In these cells
NAC pre-treatment delayed c-Myc and p21"AF/“""* expres-
sion, suggesting that these cellular pathways may be regu-
lated by DHMC-induced oxidative stress [46]. Nevertheless,
Goel et al., showed that DHMC (6) caused apoptosis in hu-
man non-small cell lung carcinoma cells providing evidence
that DHMC (6) induces apoptosis through a ROS independ-
ent mechanism by downregulation of Bcl-xl, Bax, p21, p53,
Cox-2, ERK/MAPK and upregulation of c-Myc [45].

A recent study indicates that esculetin (1) enhances arse-
nic trioxide-induced apoptosis in U-937 promonocytic leu-
kemia cells, but the response is reduced by NAC pre-
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treatment. The authors propose that esculetin modulates
MEK/ERK and JNK pathways and decreases intracellular
reduced-glutathione levels, leading to a higher oxidative
stress which would enhance arsenic trioxide-induced apopto-
sis [72]. A similar mechanism was observed in 3T3-L1 adi-
pocytes [39]. On the other hand, in human renal carcinoma
cells 6-nitro-7-hydroxycoumarin (2) induces apopotosis by
sustained activation of p38-MAPK whereas 7-hydroxyco-
umarin (11) by activation of ERK1/2 without affecting p38-
MAPK or JNK cascades [41, 73].

In the present review we described several studies where
coumarin compounds bearing polar groups modulate mem-
bers of the mitogen-activated protein kinase family. The un-
derlying mechanism of coumarin-induced changes in the
activation of MAPK cascades remains presently unknown
but it is likely that coumarins may act upstream MAPK cas-
cades. In this sense, it was reported that the anti-inflam-
matory and anti-cancer properties displayed by various cou-
marin derivatives result from an allosteric MEK1 inhibition,
blocking ERK1/2 phosphorylation with no changes in total
ERK1/2 levels. These novel MEK1 inhibitors are 7-
aminocarbonyloxy-coumarins (named G8935 and GC63)
(Fig. 3). Those coumarins were successfully docked into the
allosteric site of the MEKZ1 structure, showing that G8935
overlaps with PD3180088, a known MEK inhibitor. The
carbamate moiety at C7 position, the carbonyl oxygen from
the coumarin ring and the benzyl group at C3 seem to be
essential requirements for the activity of these coumarins as
MEK1 inhibitors [74]. As the coumarins bearing an ortho
cathecol group mentioned as inducers of apoptosis in the
present review, do not share the structural requirements de-
scribed by Han et al., they are likely to cause oxidative stress
leading to the inhibition of survival cascades such as ERKs
and PI3K/Akt, as previously described for other cellular
types [75, 76].

In addition, coumarins are also involved in the inhibition
of other protein kinases, Yang et al., studied the effect of
five mono- and di- hydroxycoumarins [77] and found that
only daphnetin (9) inhibits the activity of serine/threonine-
specific protein kinases, such as EGF receptor tyrosine
kinase, protein kinase C (PKC) and cAMP-dependent protein
kinase (PKA), which are implicated in cell proliferation,
differentiation and death. In an attempt to establish a rela-
tionship between the structure and the inhibitory activity, it
was concluded that the hydroxylation at C8 would be a struc-
tural requirement for daphnetin to act as a protein kinase
inhibitor.

Other studies indicate that dihydroxycoumarins, such es-
culetin (1) and DHMC (6), or mono-hydroxycoumarins, such
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Fig. (3). Coumarin derivatives with MEKZ1 inhibitor activity.
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as scopoletin (5) and 7-hydroxycoumarin (11) inhibit cell
cycle progression in different cell lines by inducing arrest in
the G1 phase caused by an up-regulation of G1 associated
cyclin-dependant kinase inhibitor p21VA*/*1 3 downregu-
lation of cyclin D1, an up-regulation of p27 and hypophos-
phorylation of retinoblastoma protein [46, 73, 78-81]. These
findings support that blockade of G1 phase occurs following
hydroxycoumarin-treatment, which ultimately is necessary
for cell death. Considering that most used anti-neoplastic
drugs induces cell cycle blockade in the S or G2/M phase,
cancer therapy would be improved by combination of these
drugs with coumarins that block the G1 phase. In addition, it
has been reported that 7-hydroxycoumarin and coumarin
itself cause a reversible inhibition of ras- and myc-induced
neoplastic properties in transformed fibroblasts and in the
MTV-EJras cell line [82, 83].

The selective tumor cell-specific cytotoxicity of coumar-
ins has also been well documented [8, 42, 46, 48]. Finn et
al., showed the selective cytotoxicity of 6-nitro-7-hydroxy-
coumarin(2) and daphnetin (9) in human renal carcinoma
cells, relative to non-carcinoma proximal tubular cells [8].
Other studies demonstrate that 6-nitro-7-hydroxycoumarin
(2) and 3,6,8-trinitro-7-hydroxycoumarin (4) exibit high cy-
totoxicity in a melanoma cell line and reduce cytotoxicity in
a normal fibroblastic skin cell line [42]. In accordance, we
reported that DHMC (8) exerts significant less cytotoxic
effect in normal mononuclear cells after 24 h treatment than
in leukemic cells [46]. 7-Hydroxycoumarin (11) displays
anti-proliferative effects in malignant cell lines but not in
human peripheral blood mononuclear cells and human bone
marrow progenitor stem cells at concentrations lower than to
200 pg/ml [84]. Kawase et al., proposed that the tumor-
specific cytotoxicity of esculetin (1) can be further enhanced
by proper substitutions at 3- and/or 4-position(s) of the
molecule [48]. However, the underlying mechanisms of the
tumor-selectivity of coumarins are not well understood yet.
Interestingly, cell malignization is often accompanied by a
decrease in activity of antioxidant enzymes (superoxide dis-
mutase, catalase, glutathione peroxidase), which increases
the cell sensitivity to pro-oxidant compounds [85, 86].

In the last years the potential application of coumarins
with metal complexes as cyto-selective therapeutic agents for
cancer therapy gained growing interest. Complexes of cou-
marins with lanthanum(I1l), zirconium(1\V) or cerium(llI)
represent interesting metalorganic compounds with antitu-
mor activity in different cell lines [19, 87-90]. The cytotoxic-
ity of the lanthanum complex of bis-coumarins in the chronic
myeloid leukemia cell line is partly mediated by the stimula-
tion of programmed cell death whereas the inorganic salt
exerts a very weak cytotoxic effect [90]. Thati et al., demon-
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strated the anti-proliferative effects of a series of silver(l)
complexes of coumarin-3-carboxylic acid derivatives using
human-derived carcinoma cell lines. The authors concluded
that hydroxylation particularly at position 6 and complexa-
tion with silver are structural requirements for the execution
of apoptotic cell death [91, 92].

Differentiation Inducer Agents

Another potentially less toxic approach to treat cancer
employs certain chemicals to induce differentiation of neo-
plastic cells. This approach fostered the concept of treating
tumors by forcing malignant cells to undergo terminal differ-
entiation instead of being killed through cytotoxicity. It is
based on the assumption that many neoplastic cell types ex-
hibit reversible defects in differentiation, which upon appro-
priate treatment, resulting in tumor reprogramming and a
concomitant loss in proliferative capacity and induction of
terminal differentiation [93, 94].

Several coumarin derivatives induce differentiation of
human neoplastic cells. Daphnetin (9) exerts potent anti-
proliferative and differentiation effects in a human renal cell
carcinoma line [95]. Furthermore, esculetin (1) and 4-
methylesculetin (8) differenciate HL-60 cells to mature
monocyte/macrophage cells [96]. It was also shown that es-
culetin (1) significantly enhanced retinoic acid or DMSO-
induced differentiation in HL-60 cells [97].

We reported that two pure trioxygenated coumarins, 5-
methoxy-6,7-methylenedioxycoumarin  (C-1) and 5-(3-
methyl-2-butenyloxy)-6,7-methylenedioxy coumarin (C-2)
isolated from Pterocaulon polystachyum, have anti-
proliferative and differentiation properties in U-937 cells
(Fig. 4) [98]. These promising findings prompted us to in-
vestigate the anti-leukemia activity of a broader range of
related polyoxygenated coumarins. Thus related natural and
synthetic coumarins, including a variety of 5-substituted-6,7-
methylenedioxycoumarins easily obtained by newly devel-
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oped synthetic methods, were evaluated to identify the key
structural requirements to induce differentiation in leukemic
cells [99-102]. We found that the treatment with 5-(2-
hydroxy-3-methoxy-3-methylbutoxy)-6,7-methylenedioxy-
coumarin (D-2) and 5-(2,3-dihydroxy-3-methylbutoxy)-6,7-
methylenedioxycoumarin (D-3) inhibit cell growth and in-
duce the differentiation of U-937 cells after 48 h treatment
(Fig. 4). These results provide fruther insights into the corre-
lation between some structural properties of polyoxygenated
coumarins and their in vitro leukemic differentiation activity,
showing that only 5-substituted-6,7-methylenedioxycoum-
arins display anti-proliferative and differentiation activity.
Derivatives lacking an alkoxy group at position 5 or the 6,7-
methylenedioxy arrangement fail to induce U-937 cell dif-
ferentiation [102]. It is important to note that if the meth-
ylendioxy substituent is replaced by a furan group, the result-
ing 3,2-g-furanocoumarin loses the differentiation activity on
leukemia cells and exhibits relevant applications in photo-
chemotherapy for the treatment of psoriasis and other derma-
tological diseases [103-105].

The mechanisms underlying the effect of 6,7-
methylenedioxycoumarins in leukemic cell proliferation and
differentiation are presently unknown. Coumarins such as
esculetin (1) act as a differentiation agent by modulating 5-
lipoxygenase metabolism [97]. Finn et al., showed that p38-
MAPK mediates the effect of daphnetin (9) in human renal
cell carcinoma [95], although it has been described that
daphnetin (9) can also inhibit EGF receptor tyrosine kinase,
PKC and PKA activities, which have a relevant role in the
control of cell proliferation, differentiation and metabolism
[77]. The key molecular target of this group of compounds
has to be identified in order to facilitate the development of
new pharmacological tools with potential differentiation ac-
tivity for the management of cancer. This may be useful to
improve combined therapies, especially because they often
have few side effects.

C-2
5-(3-methyl-2-butenyloxy)-
6,7-methylenedioxy coumarin

OH
HO
o)
T
0 o) o)
D-3

5-(2,3-dihydroxy-3-methylbutoxy)-
6,7-methylenedioxycoumarin

Fig. (4). 5-oxygenated-6,7-methylenedioxycoumarins with differentiation activity in human leukemic cells.
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Hormone-Dependent Tumor Inhibitors

Briefly, we will mention a group of tricyclic coumarins
designed as part of a programme to identify potent non-
estrogenic steroid sulfatase inhibitors. Comprehensive re-
views on steroid sulphatase inhibitors have been recently
published [106, 107]. The development of inhibitors for the
production of 5-androstenediol and estrone from sulfated
precursors represents a new therapeutic approach for the
treatment of hormone-dependent breast cancer. Studies with
diverse tricyclic coumarin sulfamates tested for their ability
to inhibit estrone sulfatase activity (E1-STS) showed that
COUMATE (4-methylcoumarin-7-O-sulfamate) acts an E1-
STS inhibitor in MCF-7 cells. 667 COUMATE (6-o0xo-
8,9,10,11-tetrahydro-7H-cyclohepta-[c] [1] benzopyran-3-O-
sulphamate), not only inhibits STS activity but it also inhib-
its carbonic anhydrase Il activity and behaves as a weaker
aromatase inhibitor [108-111]. Encouraging results from a
phase | trial show that 667 COUMATE (STX64) is a potent
and well-tolerated STS inhibitor. It inhibits STS activity in
peripheral blood lymphocytes and breast tumor cells, leading
to a significant decrease in the serum concentration of ster-
oids with estrogenic properties [112]. It has been suggested
that STS inhibitors may also have a role in the treatment of
other hormone-dependent cancers including those of the en-
dometrium, ovary and prostate [106]. In vivo studies showed
that coumarin itself strongly inhibits the growth of prostate
tumours and DMBA-induced mammary carcinomas in rat. In
addition, it also reduces the number of lung and lymph node
metastases formed by the R3327-MatLu prostate tumor [113-
115]. Nevertheless, the mechanisms of the antineoplastic and
antimetastatic effects of coumarins in vivo have not been
fully elucidated.

Multidrug Resistance Reversal Agents

Multidrug resistance (MDR) is a major complication in
cancer therapy. One of the main causes of failure in cancer
chemotherapy is the over-expression of P-glycoprotein
(Pgp), an ATP-driven membrane exporter of hydrophobic
xenobiotics, including anticancer agents. Therefore, modula-
tion of Pgp has gained a great interest lately in cancer re-
search [116, 117].

Several furanocoumarins, such as bergamottin (5-[(3,7-
dimethyl-2,6-octadienyl)oxy]-furanocoumarin) and their
derivatives have been reported as inhibitors of Pgp activity
[118, 119].

Furthermore, (x)-praeruptorin A (PA) [()-3"-angeloyl-
4’-acetoxy-cis-khellactone], a naturally occurring 7,8-
pyranocoumarin abundantly found in Peucedanum praerup-
torum Dunn., suppresses Pgp expression and reverses Pgp-
MDR in KB V1 cells [120]. In an attempt to develop novel
Pgp inhibitors, a number of PA derivatives were synthesized
and a SAR study performed. DMDCK [(+/-)-3 -0,4 '-O-
bis(3,4-dimethoxycinnamoyl)-cis-khellactone)] (Fig. 5A),
bearing two 3’,4’-dimethoxycinnamoyl groups, resulted the
most effective Pgp inhibitor of the series. DMDCK is not a
transport substrate of Pgp but it is an effective inhibitor of
Pgp-mediated transport, suggesting a non-competitive mode
of inhibition [121]. A pharmacophore group search was per-
formed using the verapamil-based template as a model for
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Pgp substrates or inhibitors. This model involves two essen-
tial hydrophobic planes, three optional hydrogen bond (HB)
acceptor points and one optional HB donor point. Both
stereoisomers of DMDCK had four functional groups (two
hydrophobic points and two HB acceptor points) simultane-
ously involved in the interaction with Pgp, implying a higher
binding affinity and Pgp modulating activity. Results of the
pharmacophore search provide an explanation on structural
bases for MDR reversing activity of these pyranocoumarins
derivatives [121, 122]. Furthermore, pyranocoumarins are as
effective as verapamil, a calcium voltage channel blocker, in
enhancing doxorubicin accumulation. PA was also reported
to act as a calcium channel blocker, but further studies are
needed to gain insight into the mechanism of pyranocoumar-
ins [123, 124].

A 3D-quantitative structure-activity relationship was per-
formed to evaluate the ability of a series of natural and syn-
thetic coumarins to reduce the Pgp-mediated drug efflux of
daunorubicin in human leukemic cells (K562/R7) overex-
pressing Pgp. The inhibitory activity was enchanced by the
substitution at position 4 with a phenyl group, as supported
by a 3D-QSAR analysis showing that a hydrophobic bulk
group is favorable in that position of the nucleus. The impor-
tance of some substituents particularly dihydrofuranic moie-
ties at positions C7—C8, which confers favorable electrostatic
and steric effects for the activity, was also demonstrated.
Acyclic substituents (i.e., acyl, prenyl and 2-hydroxy-3-
methylbut-3-enyl residues) at position 6 or 8 only produce
slight variations in the inhibitory activity of Pgp [125]. In
other SAR study using 10 analogues of 4-phenyl coumarin,
the authors confirmed the structural requirement in the aro-
matic ring of the [a-(hydroxyisopropyl) dihydrofuran] sub-
structure with a positive effect due to steric considerations.
They further described that the presence of methoxy groups
at positions 5 and 7 also impacts on the Pgp inhibition (Fig.
5C) [126]. In addition, the substitution of the lactonic ring by
a hydrophobic moiety, like a 3-a,a-dimethylallyl group, also
increases the inhibitory activity [127]. This SAR study con-
firms previous results reported for cnidiadin (Fig. 5B), a
furanocoumarin with a [a,B-di(hydroxyisopropyl)-dihydro-
furan] group at positions C7-C8, which exhibits an anti-
MDR activity in the MDCK-MDR1 cell line [128]. It should
be noted that cnidiadin was evaluated with umbelliferone
(112), esculin (12), esculetin (1), angelicin (13) and psoralen
(14) and it was the only tested coumarin to competitiverly
inhibit the binding and efflux of drugs by Pgp in the MDCK-
MDR1 cell line.

A SAR study with 44 coumarin compounds was carried
out by Kawase et al., to identify the basic features of cou-
marin structures responsible for the MDR reversal activity.
The most active compound was 6-hydroxy-3-(2-hydroxy-
ethyl)-4-methyl-7-methoxycoumarin which was equally po-
tent as the MDR modulator verapamil but failed to display
toxicity in normal cells, suggesting that the presence of the
2-hydroxyethyl group is favorable for the activity [129].

Preliminary observations suggest that the activity is
largely influenced by modifications of the substitution pat-
tern, particularly by the presence of hydrophobic bulk resi-
dues in the coumarin nucleus. Coumarin derivatives may
become novel MDR reversal agents given their ability to
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specifically inhibit Pgp in the absence of toxicity in normal
cells.

DEFINING THE CLINICAL COURSE OF COU-
MARIN COMPOUNDS

There are several drugs in the market belonging to the
coumarin family, mainly oral anticoagulants used for more
than 50 years in the treatment of thromboembolic diseases
[130, 131]. Other marketed coumarins include novobiocin,
licensed for the treatment of human infections as supported
by several clinical trials[132-134] and Venalot® Depot
(Shaper & Brummer; Germany) that is used for the therapy
of severe non-organic venous complaints [61].

Over two decades ago in vivo studies about the potential
use of coumarins in cancer treatment were initiated. The
treatment of patients suffering from locally advanced or me-
tastatic renal cell carcinoma with coumarin (100 mg orally)
and cimetidine induce a 6-33% of response rate (complete or
partial remissions) according to the different schedules in
clinical trials [135-137]. Patients showed no symptomatic
organ dysfunction or toxicity. Other pilot studies were de-
signed to evaluate the effect of coumarin and cimetidine in
patients with melanoma, but unfortunately these drugs failed
to exhibit any beneficial effect in this population. However a
multicentre prospectively randomized double blind placebo-
controlled trial showed that a daily oral dose of 50 mg cou-
marin prevented early recurrence of malignant melanoma. A
significant reduction in the recurrence values without toxic
effects associated with coumarin treatment was observed in
these patients [138-140]. A multicenter trial including pa-
tients with metastatic hormone naive or hormone refractory
prostatic carcinoma that received 3 g coumarin daily showed
that partial responses occurred in 8% of the patients and tox-
icity was limited to asymptomatic hepatic transaminases
elevation in three patients and nausea and vomiting in four
patients [141].

In a phase | trial, a tricylic coumarin-based sulfamate
(667 Coumate), that irreversibly inhibits steroid sulfatase
(STS) activity was evaluated in postmenopausal women with
breast cancer. Four patients showed evidence of stable dis-
ease for 2 to 7 months and decreased serum concentration of
estrone, estradiol, androstenediol, and DHEA. The drug was
well tolerated with only minor adverse effects [112]. It was
shown that the coumarin antibiotic novobiocin potentiates
the activity of etoposide (\VVP-16) in vitro by increasing intra-
cellular accumulation of VP-16. Therefore, a clinical trial
was carried out in patients with refractary cancer treated with
VP-16 combined with novobiocin. Novobiocin (7 g/m?/day)
failed to augment the toxicity of VP-16 and the dose-limiting
toxicities consisted of neutropenic fever and reversible hy-
perbilirubinemia. Nausea, which was a limiting side effect in
other trials using novobiocin, was well controlled by the ad-
ministration of serotonergic antiemetics. Diarrhea was com-
mon but mild in most patients [142].

In summary, most pharmacological studies involve
mainly coumarin itself as an anti-neoplastic drug. In some
trials, a positive outcome following coumarin treatment was
observed. However, it is important to point out that treat-
ments were generally well tolerated over a wide range of oral
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coumarin doses, from 50 mg to 7 g daily according to the
protocol design. Self-limited side effects included insomnia,
nausea, vomiting, diarrhea, and asymptomatic abnormal ele-
vations of serum hepatic transaminases. These side effects
disappeared when coumarin therapy was stopped and there
was no record of significant hepatic, hematologic or renal
toxicity during the trials [143].

As coumarin compounds are relatively non-toxic and
they can be combined with other chemotherapeutic or bio-
logical agents to improve their efficacy, further investiga-
tions with coumarin derivatives are important to eventually
develop new drugs for the treatment of cancer.

FUTURE PERSPECTIVES

In a very interesting review, Duefias-Gonzélez et al. arise
the metaphor of drug discovery and development process as
the tale The Prince and the Pauper by Mark Twain [144]. In
accordance, we support the idea that it is not just princely,
(interpreting as high cost) new drugs that can help to treat
diseases that maybe that pauper (interpreting as low cost)
drugs developed, could bear the same potential for efficacy.
Classical drug discovery involves target discovery and vali-
dation, lead identification by high-throughput screening, and
lead optimization by medicinal chemistry. Pre-clinical fol-
low-up evaluation includes analysis in animal models of
compound efficacy, pharmacology, toxicology, specificity
and drug interaction studies, hence, the majority of the newer
drug lead are simply cost-prohibitive by researchers at non-
profit academic organizations [145]. This relevant issue led
to reflect upon alternatives for drug development strategy, as
named drug repositioning, drug repurposing, or indication
switch. The repositioning term refers to the exploitation of
established drugs that have already been approved for the
treatment of certain diseases and expand their therapeutical
indication to other human pathologies.

Based on the pharmacovigilance data of the prescribed
coumarin derivatives, their presence in the diet and herbal
medicines, their low toxicity against normal cells and selec-
tively for neoplastic cells, we firmly believe that the poten-
tial of coumarin compounds as chemotherapeutic agents
needs to be further investigated. Although some coumarin
compounds seem to be privileged structures for at least some
biological activities, there remains the challenge to design
and synthesize molecules with high specific affinity for other
pharmacologically important targets or to characterize their
mechanism of action to become available therapeutics drugs.
This review highlights the progress that has been made in the
development of coumarin scaffolds for anti-cancer drug
discovery.

Several molecules with a coumarin framework were re-
ported to have multiple biological activities (Fig. 6). These
studies strongly support that the biological activity and
therapeutic applications of coumarins rely on their chemical
structure, namely, the pattern of substitution on the aromatic
ring.

We would like to convey the concept of crosstalk from
biology to the drug design process in medicinal chemistry.
At least for coumarin molecules, some pharmacophoric
groups can bring about several biological effects. Current
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findings suggest that certain structural features, such as the
neighboring dihydroxy functionality in simple coumarins,
are not only important for their promoting ROS scavenging
action but also for their anti-inflammatory and pro-apoptotic
activity in cancer cells. It is clear that the redox properties of
these molecules may lead to several effects in vivo and in
some situations turn into side effects. As it was previously
discussed, certain substituents at position 4 and 3 in the
coumarin nucleus are structural requirements for the antico-
agulant activity, so this should be considered when introduc-
ing modifications in the pyrone ring to avoid side-effects.

This comprehensive review focused on the current litera-
ture on the structure-activity relationship of coumarin deriva-
tives. This knowledge is crucial for the understanding of
their pharmacological properties, mechanism of action and
potential future therapeutic applications of these compounds
as anti-cancer agents. Further studies will certainly reveal
new aspects of coumarins that may eventually result in the
design and development of promising coumarin clinical can-
didates in the near future.
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