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Abstract: Curcumin is a natural polyphenol derived from the plant Curcuma longa, commonly called turmeric. Extensive
research over past 50 years has indicated that this polyphenol is highly pleiotropic molecule capable of preventing and
treating various cancers. The anticancer potential of Curcumin is severely affected by its limited systemic and target tissue
bioavailability and rapid metabolism. In the present review article, we provide a summarized account of different drug de-
livery systems employed for tackling the problem of curcumin’s bioavailability such as liposomes, phospholipid com-
plexes and nanoparticles. Concomitantly we have reviewed the large volume of literature reports describing structural
modifications of Curcumin and the anticancer potential of its analogs. Some of the difluorocurcumin analogs allowing
longer circulation times and preferential accumulation in the pancreas seem to offer promising leads for conducting first
in-depth animal studies and subsequently clinical trials for the use of these analogs for prevention of tumor progression

and/or treatments of human malignancies.
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1. INTRODUCTION

Prior to our discussion on Curcumin and its analogs, we
would like to provide a brief survey on phytochemicals in
general because phytochemicals are becoming the novel
backbone of medicinal chemistry, and thus it is the subject of
this “Mini Reviews in Medicinal Chemistry”. The term
“phytochemicals” refers to a broad variety of biologically
active compounds produced by plants such as B-carotene,
ascorbic acid (vitamin C), folic acid, vitamin E and many
others that possess either antioxidant or hormone-like ac-
tions. They are found in fruits, vegetables, beans, grains, and
exudates of plants. Diets rich in fruits, vegetables or whole
grains have been shown to reduce the risk of certain cancers,
heart diseases, diabetes and other health disorders and hence
researchers are attempting to identify specific compounds in
these foods that may account for their beneficial effects in
humans. Since phytochemicals help prevent formation of
potential cancer-causing moieties, and by blocking their ac-
tion, they are viewed as chemopreventive agents against can-
cers [1]. Phytochemicals consist of several classes of chemi-
cal compounds having different structural scaffolds as dis-
cussed later in this article.

One of the important classes of phytochemicals consists
of polyphenols which are represented by a large subgroup of
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chemicals called flavonoids. These are found in a broad
range of fruits, grains, and vegetables especially in soybeans
and soy products, garbanzo beans, chickpeas, and licorice
which are capable of mimicking the actions of female estro-
genic hormones. Estrogen-like substances derived from these
plant sources are called phytoestrogens. They can compete
with endogenous estrogenic compounds and can block de-
velopment of hormone-dependent breast and prostate can-
cers. Whereas non-estrogenic polyphenols found in broccoli,
Brussels sprouts, cabbage, cauliflower and in tea leaves have
been shown to scavenge harmful free radicals arising out of
the metabolic activity, which can damage DNA, RNA and
several important proteins, resulting in the triggering of
some forms of cancers and other diseases. Similarly grapes,
eggplant, red cabbage and radishes also contain a group of
compounds called anthocyanidins which act as antioxidants
and may provide protection against some cancers and heart
diseases. Examples of this class of compounds are provided
by Quercetin found in apples, onion skin, tea, red wine, and
Ellagic acid found in raspberries, blackberries, cranberries,
strawberries and walnuts.

Another class of compounds possessing chemopreventive
potential against cancer includes Carotenoids which are the
coloring compounds present in carrots, yams, cantaloupe,
squash and apricots. Similarly tomatoes, red peppers, and
pink grapefruit contain a compound called Lycopene which
is a powerful antioxidant capable of scavenging out certain
reactive oxygen radicals. The phytochemicals lutein and ze-
axanthin found in spinach, kale, and turnip greens have also
been shown to reduce the risk of gastrointestinal cancers.

© 2010 Bentham Science Publishers Ltd.
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Allyl sulfides which are found in garlic and onions are
known to stimulate intracellular antioxidant enzymes provid-
ing natural defense to the cells from oxidative damages and
help strengthen the immune system [2]. In summary, many
of these phytochemicals are now available as single dietary
supplements, although no one knows if a single supplement
is as beneficial as the foods from which they are derived. In
the United States, dietary supplements are regulated differ-
ently than drugs. Epidemiologically it has been well-
established that populations consuming diets rich in specific
phytochemicals have lower rates of certain cancers and heart
diseases. For example, relatively low rates of breast and en-
dometrial cancers in some Asian countries are specific, at
least, in part due to dietary habits. This has provided impetus
to examine the effects of specific phytochemicals contained
in foods on human health and diseases [3].
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2. MAJOR BIOACTIVITIES OF PHYTOCHEMICALS

Phytochemicals are associated with the prevention and
treatment of at least four leading causes of health disorders
in the world, viz. cancer, diabetes, cardiovascular diseases
and hypertension [4]. They also influence various cellular
processes that help prevent cellular damages. The chemical
structures of phytochemicals are often used as ‘privileged
structures’ for creating their synthetic analogs which have
improved pharmacological activities through optimized
bioavailability and pharmacokinetic profiles. Some of the
common biological activities associated with certain groups
of phytochemicals are discussed in the following paragraphs
prior to our main discussion on Curcumin and its analog, and
the chemical structures of some of the major active phyto-
chemicals are shown in Fig. (1).
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Fig. (1). Chemical structures of active phytochemicals and their dietary sources.
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a. Anti-Diabetic Activity

Tea polyphenolics apart from their much cited antioxi-
dant activities have been reported to inhibit a-amylase, su-
crose and glucose transport across the intestine by inhibiting
sodium glucose co-transporter-1 (S-GLUT-1) [5, 6]. The
manipulation of S-GLUT-1-mediated transport along with o-
amylase and a-glycosidase inhibitory activity by catechin
products from soybeans and tannic acid as well as chlorgenic
acid from saponin make them interesting candidates in the
control and management of hyperglycemia [7].

b. Cardiovascular Activity

Naturally occurring sulfur-containing compounds of the
allium family have been shown to modulate plasma choles-
terol and atherosclerosis and thereby lowering the risk of
cardiovascular diseases. These substances are found espe-
cially in garlic, onions and leeks respectively. Garlic con-
tains several biologically active compounds, the most active
ones being Diallyl disulfide and Allicin. Garlic has also been
reported to inhibit platelet aggregation, decrease coagulation
time, and lower blood pressure. In large quantities, however,
garlic can cause certain side effects, such as anemia or some
allergic manifestations [8].

c. Anticancer Activity

While several dietary phytochemicals are recommended
for prevention of carcinogenesis, their mechanisms of ac-
tions are as yet not well understood. Aggarwal et al. have
recently reviewed the cell signaling pathways in cancers that
are disrupted by agents isolated from natural origins includ-
ing Curcumin (Turmeric), Resveratrol (Red Grapes), Genis-
tein (Soybean), Capsaicin (Red Chili) and many others [9].
Consequently there is a resurgence of interest in plant-
derived medications based on new screening methodologies
and understanding of indigenous healing practices. Examples
of drug molecules finding place in clinics has recently
emerged, which are based on natural products including anti-
tumor agents like Taxol from Yew, Campothecin from
leaves of Camptotheca acuminata and Etoposide from podo-
phyllotoxin [9].

The dietary agents are excellent sources of fibers, vita-
mins, and minerals as well as suppliers of structure building
components to polyphenols, terpenes, alkaloids, and steroids
that provide substantial health benefits beyond basic nutri-
tion. The active principles of these dietary phytochemicals
are believed to act on numerous pathways and molecular
targets that lead to prevent transformation, hyperprolifera-
tion, and initiation of the processes of carcinogenesis includ-
ing angiogenesis and metastasis. However, due to multitude
of processes affected by these phytochemicals, researchers
are still facing a challenging task in trying to determine
which phytochemicals are responsible for preventing a spe-
cific disease or disorder. Some of the links between individ-
ual phytochemicals and cancer risk as revealed from the in
vitro studies are very compelling and make a very strong
case for further research [10].

Presently individual phytochemicals are being evaluated
for their safety and effectiveness in regard to disease preven-
tion. Obviously, like any other newly discovered chemical
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there is a need for further investigations for potential health
benefits and possible health risks. Optimal levels of phyto-
chemicals useful for beneficial effects have yet to be fully
determined. In addition, individual recommendations in
terms of requirements for different genders, age groups and
body types also require further study. Among various dietary
chemopreventive agents, turmeric powder or its extract are
broadly used as therapeutic preparations in Indian System of
medicine, viz. Ayurved [11]. A paste made from the pow-
dered turmeric rhizomes mixed with slaked lime and applied
locally is an ancient household remedy for sprains, muscular
pain and inflamed joints. Turmeric powder is the most com-
mon constituent of Indian spices used for food coloring as
well as aroma while the main active principle responsible for
its potent biological activity has been found to be Curcumin

[1].

In the present review we now provide an account of
chemical and biological properties of Curcumin analogs
along with the major limitations in using Curcumin as thera-
peutic agent which led to the preparation of new synthetic
analogs. This was done with the help of their structure-
activity correlation, structural chemistry of all synthetic ana-
logs described in the literature up to august 2009 and mo-
lecular modeling of these analogs in the COX-2 cavity, for
the first time, as documented by our laboratory because Cur-
cumin has previously been documented to target Cox-2 and
thereby inhibiting the enzymatic production of PGE; as dis-
cussed below.

3. CHEMICAL PROPERTIES OF CURCUMINOIDS

Curcumin (diferuloylmethane, 1; Scheme 1) is the active
phenolic compound extracted from the rhizome of the plant
Curcuma longa Linn (Family:Zingiberaceae) grown in tropi-
cal Southeast Asia [12-14]. It is a tropical plant native to
southern and southeastern tropical Asia and is a perennial
herb belonging to the ginger family. The plant is recognized
by various names in different countries like Kurkum Uqdah
safra (in Arabia), Toormerik or Turmerig (in Armenia), Cur-
cuma or Safran des Indes ( in France), Kurkuma (in Ger-
many) and kurkumy (in Russia), respectively [15], The com-
pound has been used as a spice and coloring agent in Indian
cuisine. The medicinal use of this plant has been docu-
mented in Ayurvedic medicine, a traditional indian system of
medicine, for over 6000 years. Broad investigations over the
last five decades have indicated that Curcumin has potential
utility in the prevention and therapeutic treatment of various
diseases which includes respiratory conditions, inflamma-
tion, liver disorders, diabetic wounds, cough and certain tu-
mors, Recent investigations have provided evidence that
Curcumin can also prevent a variety of carcinogen-induced
cancers in rodents in addition to suppressing the mutagenic
effects of various chemical carcinogens such as tobacco,
cigarette smoke condensates, benzo (o) pyrene, 1, 2-
dimethyl-benz(a)anthracene(DMBA) and aflatoxin Bl re-
spectively [16-35].

The compound was isolated first in 1815 and its chemical
structure was determined by Rougghley and Whitting in
1973 [15]. It is obtained through extraction of the rhizomes
and isolation through chromatographic separations [15].
Chemically its molecular formula is C21H2006 with a mo-
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lecular weight of 368.37 g/mol. It is hydrophobic in nature,
practically insoluble in water and ether but soluble in etha-
nol, dimethylsulfoxide, and acetone and has a melting point
of 183 °C. Spectrophotometrically, the maximum absorption
(Amax) of Curcumin in methanol occurs at 430 nm and in
acetone at 415-420 nm [15]. Curcuma spp. contains Tur-
merin, essential oils, and curcuminoids, including Curcumin.
Commercial product available in the market contains three
major components, viz. 77% Curcumin (diferuloylmethane),
18% demethoxycurcumin and 5% bismethoxycurcumin
which together are referred as curcuminoids as shown in Fig.
(2); but some product may contain higher percentage of Cur-
cumin in different parts of the world.

Bisdemethoxycurcumin (5%)

Fig. (2). Chemical constituents of Curcuma longa.

Curcumin is a bis-o,B-unsaturated B-diketone and exists
in equilibrium with its enol tautomer (Fig. 3). The bis-keto
form predominates in acidic and neutral aqueous solutions as
well as in the cell membrane due to the heptadienone linkage
between two methoxyphenol rings containing a highly acti-
vated carbon atom [36]. The C-H bonds on this carbon are
very weak due to delocalization of the unpaired electron on
the adjacent oxygens. Between pH 3-7 Curcumin acts as a
potent H-atom donor [36] while above pH 8 the enolate form
of the heptadienone chain predominates and the compound
acts mainly as an electron donor similar to many phenolic
antioxidants [36]. The major metabolic product of Curcumin
has been shown to be trans-6-(4’-hydroxy-3’-methoxy-
phenyl) 2,4-dioxo-5-hexenal while vanillin, ferulic acid and
feruloyl methane were identified as minor degradation prod-
ucts. The pharmacokinetic data has shown that Curcumin
undergoes efficient first-pass and some degree of intestinal
metabolism leading to glucuronidation and sulfation as
shown in Fig. (4) which may explain its poor systemic
bioavailability upon oral administration. Clinically it has
been shown that a daily oral dose of 3.6 g of Curcumin re-
sults in pharmacologically efficacious levels in colorectal
tissue, with negligible distribution of the parent drug in he-
patic tissue or other tissues of the gastrointestinal tract [37].
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4. STRUCTURE OF CURCUMIN ANALOGS AND
DRUG DELIVERY SYSTEMS

As discussed earlier that the motivation for building Cur-
cumin analogs is based upon three main considerations.
First, animal studies have shown that Curcumin is rapidly
metabolized and conjugated in the liver and excreted in the
feces. As a result its systemic bioavailability is limited. For
example, when an intravenous dose of 40 mg/kg Curcumin is
administered to rats the compound undergoes complete
plasma clearance at the end of one hour post-dosing. An oral
dose of 500 mg/kg to rats shows peak plasma concentration
of only 1.8 ng/mL with the major metabolites identified be-
ing Curcumin sulfate and Curcumin glucuronide, respec-
tively [38]. These reports indicate two problems that need to
be addressed for making the scientific rationale for the syn-
thesis of novel Curcumin analog, which include its limited
bioavailability and rapid metabolism. The former problem is
generally tackled through formulation of Curcumin using
different drug delivery systems such as liposomes, micelles,
phospholipid complexes and nanoparticles. However, the
problem of slowing down the metabolism of Curcumin has
been addressed marginally. For example, concomitant ad-
ministration of (20 mg) Piperine, which is the alkaloid of
black pepper with Curcumin (2gm) has shown to increase
serum concentration of Curcumin 20-fold which is attributed
to inhibition of glucuronidation and intestinal metabolism by
the alkaloid [28]. Many attempts in improving the systemic
as well as tissue bioavailability of Curcumin with improved
retention time have largely been unsuccessful.

There is another aspect which has not been paid much
attention. In case of Curcumin, numerous studies have estab-
lished that Curcumin is a highly pleiotropic molecule capa-
ble of interacting with various signaling intermediates in-
volved in cancer cascades. However, there have been no
attempts to tailor the application of Curcumin to some spe-
cific cancer types through structural modification which may
be a desirable goal in the future. In the following discussion,
we first provide the account of drug formulations of Curcu-
min aimed at increasing its bioavailability before embarking
upon the detailed description on various structural analogs of
Curcumin that have been reported in the literature including
our attempts, which can be claimed as success in improving
the systemic and tissue kinetics and bioavailability of a po-
tent analog of Curcumin [39, 40].

5. DRUG DELIVERY SYSTEMS

In an animal experiment using Sprague-Dawley (SD)
rats, pharmacokinetic parameters showed that liposome-
encapsulated Curcumin possessed high bioavailability dem-
onstrating a faster rate and better absorption of Curcumin but
the retention time was not improved substantially [37]. Oral
liposome-encapsulated Curcumin gave higher Cp. and
shorter T values, indicating enhanced gastrointestinal ab-
sorption. Moreover, the plasma antioxidant activity after oral
administration of liposome-encapsulated Curcumin was sig-
nificantly higher than that of controls and there was a good
correlation between plasma Curcumin concentration and
plasma antioxidant activities [37]. The minimum effective
dose and optimal dosing schedule of liposomal Curcumin in
a xenograft mouse model of human pancreatic cancer have
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been investigated by Smith and co-workers [38]. The effects
of liposome-encapsulated Curcumin were also examined in
other cancers. The liposomal Curcumin has been found to
inhibit the growth of head and neck squamous cell carci-
noma in a dose-dependent manner through down-regulation
of NF-xB and targeting cyclin D1, COX-2, MMP-9, Bcl-2,
Bel-xL and Mcl-1 respectively [41]. Liposomal Curcumin
also suppressed pancreatic cancer growth in vivo in murine
xenograft models and inhibited tumor angiogenesis with
down-regulation of NF-kB signaling [28]. These results
demonstrate that liposomal Curcumin could be a more potent
agent for the treatment of various cancers due to its im-
proved bioavailability. However, the target tissue bioavail-
ability or toxicity of such preparations needs to be carried
out prior to any clinical investigation.

Nanoparticulate formulation of Curcumin is another ap-
proach for improving the bioavailability of Curcumin for
enhancing treatment efficacy. A polymer-based nanoparticle
approach to improve bioavailability of Curcumin has been
designed and tested where the authors have found that
nanoparticle Curcumin exhibited very rapid and more effi-
cient cellular uptake than Curcumin [38]. Nanoparticle Cur-
cumin was more potent than Curcumin in inducing apoptosis
and suppressing proliferation of various cancer cells con-
comitant with down-regulation of NF-xB, cyclin D1, MMP-
9, and VEGF. Another report also showed that nanoparticle
encapsulation improved oral bioavailability of Curcumin by
at least 9 fold when compared to Curcumin [38]. Several
other forms of nanoparticle Curcumin including lipid-based
and polymer-based nanoparticle-encapsulated Curcumin
have shown enhanced bioavailability and improved anti-
cancer activities although none has shown substantial reten-
tion in the target tissues [28, 38, 42].

Although these formulations improve the bioavailability
of Curcumin, they fail to slow down the metabolism of Cur-
cumin processing and as a result they exhibited rapid plasma
clearance after one hour, which appears to limit the applica-
tion of these advances. Moreover, the toxicity profiles of
these formulations need to be investigated prior to assessing
their anticancer efficacy against human malignancies. Am-
bike and co-workers [43] have prepared solid dispersions of
Curcumin in different ratios with polyvinyl pyrrolidine
(PVP) by spray drying. Physical characterization by SEM,
IR, DSC, and XRPD studies, in comparison with corre-
sponding physical mixtures revealed the changes in solid
state during the formation of these dispersions and justified
the formation of high-energy amorphous phase. Dissolution
studies on Curcumin and its physical mixtures in 0.1N HCI
showed negligible release even after 90 min while solid dis-
persions showed complete dissolution within 30 min indicat-
ing improved bioavailability. However, the dispersions failed
to inhibit the activation of NF-xB by TNF-o limiting its
therapeutic utility.

Wang et al. have successfully prepared high-speed and
high-pressure homogenized O/W emulsions using medium
chain triacylglycerols (MCT) as oil and Tween 20 as emulsi-
fier, with mean droplet sizes ranging from 618.6 nm to 79.5
nm. The anti-inflammatory activity of Curcumin encapsu-
lated in such O/W emulsions was found to be enhanced in
the mouse ear inflammation model [44]. Shau et al. have
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synthesized a novel polymeric amphiphile, MPEG-PA, with
methoxy poly (ethylene glycol) (mPEG) as the hydrophilic
and palmitic acid (PA) as the hydrophobic segment. Fourier
transform infrared spectroscopy revealed that the conjuga-
tion was through an ester linkage, which is biodegradable.
Enzymes having esterase activity, such as lipase, can de-
grade the conjugate easily, as observed by in vitro studies.
This micellar formulation can be used as an enzyme-
triggered drug release carrier, as suggested by in vitro en-
zyme-catalyzed drug release studies using pure lipase and
HelLa cell lysate. The 1Cs values of free Curcumin vs. en-
capsulated Curcumin were found to be 14.32 and 15.58 uM
respectively [45].

6. STRUCTURAL ANALOGS OF CURCUMIN

Curcumin is a simple symmetrical B-diketone and
incorporates several functional groups. The two aromatic
rings containing phenolic groups are connected by two a, B-
unsaturated carbonyl groups. These carbonyl groups form a
diketone which exists in keto- and enol- tautomeric forms
where energetically more stable enol form exists in the solid
phase and in acidic solutions. It can be easily deprotonated
under mild alkaline condition to yield enolate moiety. Such
facile tautomeric conversions are suspected to contribute to
the rapid metabolism of Curcumin. The mechanism can be
blocked through Knoevenagel condensation of the active
methylenic group in Curcumin as suggested by Padhye and
co-workers [46]. In its unmodified form the a, B-unsaturated
carbonyls in Curcumin play the role of a good Michael
acceptor and can undergo nucleophilic additions under
biological conditions which may enhance its bioavailability.
Exploiting this strategy has yielded limited success in terms
of modulating Curcumin’s metabolism resulting in ill-
defined and unstable products. In Fig. (5), we have
summarized all possible sites used by various workers for
structural modifications reported in the literature and have
discussed their results in the following sections.

@

CH

HO OH

Fig. (5). Possible sties for modification in Curcumin.

a. Modification of Aryl Side Chain

Several Curcumin analogues 2 (Scheme 1) were synthe-
sized by Qui et al. with substitutions in side aryl rings with
furan motif. It has been reported that analogs with furan
moiety have excellent inhibitory effect on thioredoxin reduc-
tase (TrxR) enzyme, responsible for reduction of thioredoxin
in the presence of NADPH giving rise to free radicals. The
analogs with methoxy substitution on the furan ring showed
higher inhibitory activity with an 1Csq value of 1.6 uM [47].
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Jankun and co-workers have studied Curcumin analogs be-
longing to four different types: monophenyl analogs, hetero-
cyclic analogs, analogs bearing various substituents in the
side aryl rings and analogs with various linkers 3 (Scheme
1). When tested for cytotoxicity against androgen-dependent
LNCaP and androgen-independent PC-3 cells, ten analogs
were found to possess potent cytotoxicity against LNCaP
and PC-3 cells; seven were inhibitory against LNCaP, and
one solely against PC-3 [48]. These results clearly indicate
structural influences on the biological activity in case of
Curcumin analogs.

Since the presence of hydroxyl groups at ortho-position
on the aromatic rings and B-diketone motif were considered
as crucial functionalities for the antioxidant potential of Cur-
cumin, Venketshwarlu and co-workers have introduced buty-
lated hydroxyanisole (BHA) groups 4 (Scheme 1) in the side
chains which, however, did not improve metabolic profiles
yielding monoarylated compound 5 (Scheme 1) which was
slightly better antioxidant compound in comparison to Cur-
cumin [49]. Ligeret et al. have studied effects of Curcumin
analogs 6 and 7 (Scheme 1) on mitochondrial Permeability
Transition Pore (PTP) [50]. It was found that Curcumin in-
duces apoptosis in tumor cells by increasing the permeability
of the mitochondrial membrane where phenol and methoxy
groups were essential to promote PTP opening. Compound
10 (Scheme 1) was able to induce apoptosis through reduc-
tion of Fe** to Fe?* leading to pore opening which was con-
firmed by the release of cytochrome C as assessed by West-
ern blot analysis. It was found to be a potent antioxidant as
determined by DPPH assay with 1Csq value of 18uM. The
crystal structure of Curcumin analog 8 (Scheme 1) which is
4-[7-(4-acetoxy-3-methoxyphenyl) 3,  5-dioxoheptyl-2-
methoxy phenyl ester has been reported by Lozada et al.
[51].

The derivative has monoclinic unit cell dimensions. The
two terminal groups are identical but the inherent symmetry
of the molecule is distorted by a rotation of —101.0(5)° about
the C,-C; bond. The molecule is stabilized by the formation
of intramolecular hydrogen bonding between the enolate
hydroxyl group and the ketonic carbonyl. The molecules in
the crystal are packed at the normal VVan der Waals distances.
Gafner has carried out the biological evaluation of two Cur-
cumin analogs 9 and 10 (Scheme 1) in the chemoprevention
model system consisting of LPS-induced COX-2 and iNOS
gene expression-dependent skin cancers revealing that sub-
stitution pattern on aromatic moiety is crucial for activity
and cyclization, which leads to decrease in the activity dras-
tically as compared to Curcumin wherein these compounds
exhibit ICsq values of 5.5 and 23.5 respectively [52]. Ferrari
et al. have carried out glycosylation of the aromatic rings in
Curcumin which provides more water-soluble compounds
with greater kinetic stability which is a desired feature for
drug bioavailability 11 (Scheme 1). NMR data show that the
ability of Curcumin to coordinate metal ion (in particular Ga
(111)) is maintained in the synthesized products. Although the
binding of glucose to Curcumin in this analog reduces the
cytotoxicity of these derivatives towards cisplatin (cDDP)-
sensitive and -resistant human ovarian carcinoma cell lines,
although the compounds displayed good selectivity and they
were much less toxic against non-tumorigenic Vero cells
[53].

Padhye et al.

Du and co-workers have synthesized tetrahydroxycurcu-
min compounds where the central diketo function was re-
placed by cyclohexanone, cyclopentanone and piperidine
motif 12 (Scheme 1) which show potent inhibitory effects on
aldose reductase enzyme leading to PPAR activation which,
in turn, inhibited cell proliferation with 1Cs, values in the
range 2.6 to 4.9uM, respectively [54]. Mizushina have found
the analog, monoacetylcurcumin ([1E, 4Z, 6E]-7-(4"-
acetoxy-3"-methoxyphenyl)-5-hydroxy-1-(4'-hydroxy-3'-
methoxyphenyl)hepta-1,4,6-trien-3-on), 13 (Scheme 1) to be
more potent inhibitor than Curcumin for meiosis with an 1Cs
value 3.9uM [55].

Another synthetic Curcumin analog, viz. dimethoxycur-
cumin, was found to be more potent than Curcumin in inhib-
iting cell proliferation and inducing apoptosis in human
HCT116 colon cancer cells [56]. Other Curcumin analogs
such as tetrahydrocurcumin (THC) and salicylic Curcumin
(SC) 14 (Scheme 1) also showed anti-angiogenic activity
upon intraperitoneal administration against B16F10 mela-
noma cells by reducing the number of tumor directed capil-
laries on the ventral side of C57BL/6 mice. They also down-
regulated the expression of angiogenesis-associated genes,
VEGF and MMP-9 [57]. However, none of these analogs
have been reported to be better in terms of systemic or tissue
bioavailability.

In order to find more selective COX-1 inhibitors, a series
of novel curcumin analogs were synthesized and evaluated
for their ability to inhibit COX-1 by measuring COX-1,
COX-2, and PGE;. It was found that the most potent Curcu-
min analog was (1E,6E)-1,7-di-(2,3,4-trimethoxyphenyl)-
1,6-heptadien-3,5-dione 15 (Scheme 1) with 1Cs, value of
0.06 uM [58]. Davis and coworkers have synthesized fifteen
2,6-Bis(benzylidene)-4-phenylcyclohexanones 16 (Scheme
1) class of Curcumin analogs which were tested for in vitro
cytotoxicity towards B16 and L1210 murine cancer cell lines
using MTT assay. Significant activity was observed for two
analogs with 1Csy value in the range of 0.35 to 1.16uM.
Structure-activity correlations suggested that large electron-
withdrawing substituents placed at the meta-position of the
arylidene aryl rings enhance antitumor potencies. The most
potent compounds had virtually no effects on microtubules at
concentrations up to 40 uM suggesting that tubulin inhibition
is not the principal mechanism for their activities [59]. Chen
and co workers have studied the antioxidant properties of
several Curcumin analogs of 1,6-heptadiene-3,5-dione class
17 (Scheme 1) against free radical initiated peroxidation of
human low density lipoprotein (LDL) [60]. Youssef has syn-
thesized four new piperidine derivatives of Curcumin 18
(Scheme 1) which exhibited more potent activities than Cur-
cumin against breast and skin cancers possibly due to
piperidine’s modulation of liver metabolism as pointed out
earlier [61]; however none has reported any systemic or tis-
sue bioavailability results.

b. Modification of Conjugated Double Bond

Arbiser et al. have reported Curcumin analogs without
the conjugated double bond 19 (Scheme 1) which do not
exhibit any cytotoxic effects against breast cancer cells indi-
cating the importance of conjugated double bond for anti-
cancer activity of the analogs [71].
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c. Modification of Active Methylene Group

In order to modulate metabolism of Curcumin, Padhye
and coworkers initially synthesized arylhydroxy Knoeve-
nagel condensates of Curcumin and their thiosemicarbazone
derivatives along with corresponding copper (1) complexes
[62]. When these were evaluated for their NF-xB inhibitory
activities, only dihydroxyaryl Knoevenagel condensate 20
(Scheme 1) showed moderate inhibition at 10pM concentra-
tion. Interestingly, while the thiosemicarbazone derivatives
21a (Scheme 1) of these Knoevenagel condensates were in-
active, their corresponding copper complexes showed potent
NF-xB inhibitory activities 21b (Scheme 1) [46]. This ob-
servation resembles Ping Dou’s results on the polyhydroxy
flavonoid ligands and their copper conjugates [63]. The cop-
per complexes had 1:1 metal to ligand stoichiometric, dis-
torted square planar geometries and reversible redox couple.
In further studies Padhye and Sarkar developed the bioisos-
teric Difluoro Knoevenagel condensates 22 (Scheme 1) of
Curcumin which showed potent growth inhibition and apop-
tosis induction in pancreatic cancer cell lines [40]. The com-
pounds also inhibited activities of rabbit 20S proteasome and
cellular 26S proteasome, leading to inhibition of cell prolif-
eration and the induction of apoptosis. The most active com-
pound from this series was CDF which was evaluated for
pharmacokinetics and tissue distribution studies in mice
compared to Curcumin with equal oral dosing. Pharmacoki-
netic parameters revealed that CDF had better retention
through modulation of metabolism and that the concentration
of CDF in the pancreas tissue was 10-fold higher compared
to Curcumin [40]. These observations suggested that the
bioavailability of CDF was much superior compared to Cur-
cumin indicating that CDF could be a clinically useful agent,
and thus further research on CDF is an active area in our
laboratory.

Another Curcumin analog with modification at the active
methylene group 23 (Scheme 1) is also found to be signifi-
cantly effective as a free radical scavenger. This compound
exhibited comparable anti-androgenic activity on androgen-
dependent prostate cancer cells. Curcumin has been known
to show inhibitory effects in both androgen-dependent and
independent prostate cancers. It was found to down-regulate
the transactivation and expression of AR and AR-related
molecules such as AP-1 and NF-xB, respectively, and inhib-
ited colony formation of prostate cancer cells [64]. Moreo-
ver, some analogs 24 and 25 (Scheme 1) also possess potent
anti-androgenic activities, and have been found to be supe-
rior to hydroxyflutamide 26 (Scheme 1) which is the cur-
rently available anti-androgenic agent for the treatment of
prostate cancer [65].

d. Modifications of Diketo Functionality

Shibata et al. have synthesized new analog GO-Y030
[(LE, 4E)-1,5-bis-(3,5(-bismethoxymethoxyphenyl) penta-
1,4-dien-3-one] 27 (Scheme 1) which showed 30-fold greater
growth suppression in vitro for colorectal cancer cell lines
SW480, HT-29 and HCT116 via molecular mechanisms
similar to Curcumin [66]. The bioavailability of this analog
was examined by in vivo studies using a mouse model har-
boring the germ-line mutation of Apc, Apc (580D/+). The
Apc (580D/+) mice had a very limited survival time with an
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intestinal obstruction due to polyps. The average tumor
number in mice fed with GO-Y030 was reduced to 61.2%
compared to those fed on basal diet with significantly pro-
longed lifespan (213 days) against those fed with the basal
diet (166.5 days). The chemopreventive effect of GO-Y030
was also better than that of Curcumin (median survival time
=191 days). Degradation of accumulated B-catenin was
found to be one of the major mechanisms of chemopreven-
tion in colorectal carcinogenesis in case of Curcumin. It was
demonstrated that the number of B-catenin-positive adenoma
cells in Apc (580D/+) mice fed GO-Y030 was also reduced
[66].

Other Curcumin analogs, FLLL11 and FLLL12, also
inhibited phosphorylation of STAT3 in breast and prostate
cancer cells [67]. In addition, these analogs exhibited more
potent activities than Curcumin on the down-regulation of
STAT3, Akt, and HER-2/neu, as well as the inhibition of
cancer cell growth and migration [68]. GO-Y030, FLLL11,
and FLLL12 27 also induced apoptosis through increased
cleavage of PARP and caspase-3 in pancreatic and colorectal
cancer cells, suggesting their potential use as chemopreven-
tive and therapeutic agents for various cancers [69, 70].
However, further pre-clinical animal experiments and toxic-
ity studies are needed in order to understand whether these
analogs could have any value for the treatment of human
malignancies.

The question of whether the activity of Curcumin is
based upon its scaffold or whether it results from the Mi-
chael acceptor properties due to o, B-unsaturated diketone
moiety central to its structure remains unsolved and there are
experimental evidences supporting both. Recently, Curcumin
analogs such as pyrazole and isoxazole 28 (Scheme 1) has
been synthesized and evaluated for their anticancer activity.
Both the analogs were found to possess enhanced anti-tumor
potency against MCF-7 and MDR-transfected MCF-7 breast
cancer cells [71, 72]. Furthermore, they reduced the expres-
sion levels of Bcl-2, Bel-X, and COX-2 in the breast cancer
cells. These results suggest that these analogs could be effec-
tive anticancer agents for the treatment of hormone-
independent MDR breast cancer [72]. In another report, elec-
tron-rich pyrazole and isoxazole analogs were synthesized
and evaluated against two hormone-dependent and inde-
pendent breast cancer cell lines [71]. All these analogs
showed lower ICs, values in the sub-micromolar range,
which were ten to fifty times lower than those for Curcumin
[71, 73]; however none was reported for their systemic or
tissue bioavailability.

A monoketo compound EF24, 29 (Scheme 1) developed
from Curcumin, showed potent anticancer activity through
down-regulation of NF-xB signaling [74]. The compound
induced apoptotic cell death in lung, breast, ovarian, and
cervical cancer cells with ten time higher potency than that
of Curcumin. It inhibited phosphorylation and degradation of
1xB and blocked the nuclear translocation of NF-xB, leading
to inhibition of NF-xB activation. It also induced cell cycle
arrest and apoptosis by means of a redox-dependent mecha-
nism in MDA-MB-231 human breast cancer cells and DU-
145 human prostate cancer cells [74]. Treatment of MDA-
MB231 breast and PC3 prostate cancer cells with EF24 led
to inhibition of HIF-1alpha protein levels and, consequently,
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inhibition of HIF transcriptional activity. This inhibition oc-
curred in a VHL-dependent but proteasome-independent
manner. While Curcumin inhibited HIF-lalpha gene tran-
scription, EF24 exerted its activity by inhibiting HIF-1alpha
post-transcriptionally which suggests that although two
compounds are structurally similar but they exert their ef-
fects through mechanistically through distinct pathways.
Another cellular effect that further differentiates the two
compounds was the ability of EF24 but not Curcumin to in-
duce microtubule stabilization in cells. EF24 had no stabiliz-
ing effect on tubulin polymerization as judged from in vitro
assay using purified bovine brain tubulin, suggesting that the
EF24-induced cytoskeletal disruption in cells may be the
result of upstream signaling events rather than EF24’s ability
for direct binding to tubulin [75, 76].

Monoketo analogs of Curcumin with a 3, 5, or 7-carbon
spacers have been compared with Curcumin for their abili-
ties to inhibit the TNF-a-induced activation of NF-xB
wherein the analogs with the 5-carbon spacer have been es-
pecially found to be active for the inhibition of NF-xB [77].
Ohori et al. have synthesized symmetrical 1, 5-
diarylpentadienone as Curcumin analogs whose aromatic
rings possess an alkoxy substitution at each of the C-3 and
C-5 positions 30 (Scheme 1). After examining their effects
on the cancer-related genes usually affected by Curcumin, it
was found that some of these analogs can induce down-
regulation of B-catenin, Ki-ras, cyclin D1, c-Myc, and ErbB-
2, respectively [78]. The dienone cyclopropoxy Curcumin
analogs 31 when tested in mice bearing Ehrlich Ascites Tu-
mor (EAT) in vivo have revealed that these analogs increase
the life span of mice bearing EAT with significant reduction
in the micro vessel density in the peritoneum walls of mice
with concomitant reduction in the ascites volume in this
animal model using the synthesized analog 31 (1a and 4a);
(Scheme 1) among many, which was found to be especially
more potent for angiogenesis assay [79].

In order to determine which part of Curcumin molecule is
critical for its chemoprotective potential, Donkova-Kostova
and coworkers have examined its ability for inducing Phase
2 detoxification enzymes in murine hepatoma cells. For this
purpose two groups of compounds were studied including
classical Michael acceptors (such as Curcumin) and related
R-diketones such as dibenzoylmethane which lack direct Mi-
chael reactivity. It was concluded that the presence of hy-
droxyl groups at ortho-position on the aromatic rings and R-
diketone functionality are crucial for the induction of Phase
2 enzymes, which inhibit production of highly reactive car-
cinogens in the body leading to tumor initiation [80].

Robinson et al. have reported evaluation of aromatic
enone and dienone analogs 32 and 33 (Scheme 1) of Curcu-
min. These compounds were screened for anti-angiogenic
properties in vitro by Sluzhba Vneshney Razvedki (SVR)
assay and were found to inhibit cell proliferation. Aromatic
enone and aromatic dienone analogs of curcumin are excel-
lent anti-angiogenic compounds, having inhibition patterns
equivalent or better than the parent Curcumin molecule [81].
Substitution of electronegative groups at either or both of the
rings seems to enhance their activity through stereo elec-
tronic effects and conformational flexibility. Shim, et al.
have found that isoxazole and pyrazole derivatives 28
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(Scheme 1) also interfere with the cell cycle progression of
colon cancer cells by antagonizing the Ca**/Calmodulin
function which was confirmed by IR, NMR and Mass spec-
trometric analysis [82]. Selvam et al. have examined anti-
oxidant and cyclooxygenase inhibitory activities of these
analogs 28 (Scheme 1) [83] but none has been investigated
for their systemic and tissue bioavailability.

e. Modification of Adjacent Carbon

Snyder and co-workers have prepared glutathione conju-
gates 34 (Scheme 1) of curcumin named as EF-24-GSH with
enhanced water solubility. However, anticancer potential of
the new analog remains more or less similar to that of parent
molecule [33].

7. MOLECULAR MODELING OF CURCUMIN ANA-
LOGS IN COX-2

Numerous studies have established that Curcumin is a
pleiotropic molecule capable of interacting with numerous
molecular targets involved in inflammation. It has also been
proven that pro-inflammatory states are linked to tumor
promotion [84, 85]. Consequently, Curcumin’s strong anti-
inflammatory effects can be better understood through its
modulatory response by down-regulation of the enzymes,
viz. cyclooxygenase-2 (COX-2), lipooxygenase (LOX) and
inducible nitric oxide synthase (iNOS), respectively, and all
of these enzymes give rise to generation of several inflam-
matory factors such as cytokines, leukotrienes, prostagland-
ins, tumor necrosis factor-alpha (TNF-alpha) and many oth-
ers. The COX-2 and iNOS inhibition are likely accomplished
via Curcumin’s suppression of NF-xB, which is a ubiquitous
transcription factor involved in the regulation of inflamma-
tion, cellular proliferation, transformation and tumorigenesis.
Curcumin is thought to suppress NF-xB activation and pro-
inflammatory gene expression by blocking phosphorylation
of inhibitory factor I-kappa B kinase (IxB). Suppression of
NF-xB activation subsequently down-regulates COX-2 and
iNOS expression thereby inhibiting the inflammatory proc-
esses and tumorigenesis.

In order to evaluate the efficacy of various Curcumin
analogs described earlier we have docked 15 of them into
COX-2 cavity using Auto Dock 3.05 software for the first
time. The crystal structure of COX-2 protein was obtained
from PDB ID (6COX). The active site of the enzyme was
defined to include residues ALA562, GLU 346, GLN 350
within 6.5 A° radius to any of the inhibitor atoms. The Auto
Dock 3.05 program is an automated docking program, which
was used to dock all fifteen Curcumin analogs as well as
parent Curcumin molecule in the active site of the COX-2
enzyme. For each compound, the most stable docking model
was selected based upon conformation of best score pre-
dicted by the Auto Dock scoring function. The compounds
were energy minimized with a MMFF94 force field till the
gradient convergence value of 0.05 kcal/mol was reached
using distance dependence dielectric function (e = 4r). Vari-
ous Curcumin analogs were found to dock into the active site
of COX-2 enzyme. In case of difluorocurcumin analog, our
novel compound CDF, did not introduce any major steric
changes compared to the parent Curcumin molecule except
allowing more hydrogen bonding interactions (Fig. 6 and
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14
Fig. (6). Binding of Curcumin analogs into the active site of COX-2.

Scheme 1). The binding energies of the Curcumin analogs
were in the range of -5.69 to -9.79 kcal/mol compared to the
binding energy of parent Curcumin being -5.71 kcal /mol.

The lower interaction energy observed for the difluoro-
curcumin analog CDF rationalizes the tighter binding of this
compound in the active site of COX-2 than other analogs. In
our docking experiments, Curcumin showed only one H-
bonding interaction with ALA582. On the other hand the
most potent difluoro-curcumin analog CDF exhibits 4 H-
bonding interactions involving residues GLU346, ALA582,
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CDF

SER353 and HIS351, respectively. Curcumin analogs 10, 11,
14 and 15 (Scheme 1) did not exhibit H-bond interactions
[40]. Favorable van der Waals interactions between styryl
carbon atoms and the hydrophobic residues such as GLU
346(3.01A°), SER 353(3.13A°) and between methoxy group
of CDF and HIS 351, ALA 582 residues contribute to stabi-
lization of the ligand-enzyme complexes of this analog. Ob-
viously detailed QSAR analysis is required to understand the
structural features that may be playing crucial role in the
anti-inflammatory characteristics of Curcumin analogs, and
their subsequent influence on the anti-tumor properties.
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Scheme 1. Chemical structures of Curcumin analogs referred within the current review.

(A) Modification of aryl side chain 1-18; (B) Modification of conjugated double bond 19; (C) Modification of active methylene group 20-26;
(D) Modification of diketo functionality 27-33; (E) Modification of adjacent carbon 34.
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However, our recent results are very encouraging together
with our data on the systemic and target tissue bioavailability
especially in the pancreas, which could indeed be greatly
useful for the prevention and/or treatment of human pancre-
atic cancer for which there is no curative therapy at the pre-
sent time. We are hopeful that our Curcumin analog CDF
could be a novel agent for the treatment of human malignan-
cies in the near future.

8. PERSPECTIVES ON CURCUMIN ANALOGS

Due to limited bioavailability and retention in the target
tissue, which is primarily due to rapid plasma clearance and
conjugation, the therapeutic usefulness of Curcumin has
been somewhat limited especially for tumors other than gas-
trointestinal tissues. Consequently a large number of studies
have been carried out employing a variety of drug delivery
systems for Curcumin, which although somewhat successful
in improving its aqueous solubility but these emerging evi-
dence did not address the problem of its rapid metabolism.
On the other hand, a large number of studies dealing with
structural modifications of Curcumin have provided many
insights into the structural peculiarities of Curcumin required
for its antioxidant, anti-inflammatory, anticancer and anti-
angiogenic activities but failed to document target tissue
bioavailability. The key structural positions for the antican-
cer activities include the side aryl rings, conjugated double
bonds, the central diketo function and modification of active
methylene group. Among these, the substituents on active
methylene group seem to hold the key for modulating the
metabolic rates of Curcumin. The difluorocurcumin
Knoevenagel condensate reported recently by our group [40]
has shown that CDF was metabolically stable allowing
longer circulation times in the biological system. Since these
newly synthesized analogs especially CDF as documented in
our recent studies show preferential target tissue accumula-
tion in pancreas, it may pave the way for specific targeting of
CDF in pancreatic tumors, which of course need further in-
depth investigations. This finding clearly opens the possibil-
ity of using pleiotropic agent such as Curcumin-derived syn-
thetic analogs for specific targeting; although as stated above
further-in-depth experimental investigation along with ani-
mal studies, and eventual clinical trials are needed in order to
fully evaluate these new Curcumin analogs and their novel
formulations for the prevention and/or treatment of human
malignancies.
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