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Abstract: Cancer is a multifactorial disease that requires treatments able to target multiple
intracellular components and signaling pathways. The natural compound, curcumin, was
already described as a promising anticancer agent due to its multipotent properties and huge
amount of molecular targets in vitro. Its translation to the clinic is, however, limited by its
reduced solubility and bioavailability in patients. In order to overcome these
pharmacokinetic deficits of curcumin, several strategies, such as the design of synthetic
analogs, the combination with specific adjuvants or nano-formulations, have been
developed. By taking into account the risk-benefit profile of drug combinations, as well as
the knowledge about curcumin’s structure-activity relationship, a new concept for the
combination of curcumin with scaffolds from different natural products or components has
emerged. The concept of a hybrid curcumin molecule is based on the incorporation or
combination of curcumin with specific antibodies, adjuvants or other natural products
already used or not in conventional chemotherapy, in one single molecule. The high diversity
of such conjugations enhances the selectivity and inherent biological activities and
properties, as well as the efficacy of the parental compound, with particular emphasis on
improving the efficacy of curcumin for future clinical treatments.
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1. Introduction

Research on potential anticancer drugs started in the early 1900s [1] and rapidly included
investigations on natural products. By embedding experiences from the past Ayurveda and traditional
Chinese medicines [2], which were based on the principle of a multi-component therapy that involves
synergistic interactions giving rise to a therapeutic effect [2—5], and by exploiting modern systems and
molecular biology, pointing out the network complexity and pathway redundancy that are implicated in
living systems and resistance to treatment, it appeared clear to consider multicomponent therapeutics for
the treatment of complex diseases [6—8]. With this in mind, the drug discovery paradigm was originally
based on a “one target, one disease” approach, but subsequently shifted to the “multi-target paradigm”
in order to develop agents able to modulate multiple targets simultaneously [9,10]. This new concept
opens new horizons for the exploration of natural sources with the perspectives of safety and efficacy,
as well as the improved compliance of patients [11]. Thus, over the past 50 years, various quests for
natural compounds exhibiting anticancer potential allowed the discovery of several natural compound
families, such as anthracyclines (doxorubicin, daunorubicin), vinca alkaloids (vincristine, vinblastine),
epipodophyllotoxin lignans, camptothecin derivatives (topotecan) and taxanes (paclitaxel), considered
as the backbone of conventional chemotherapy [12]. Besides these, other compounds were isolated from
the diet (fruits and vegetables), such as curcumin, resveratrol, epigallocatechin-3-gallate (EGCG) or
emodin [13,14], and marine organisms (e.g., Arabinosylcytosine (Ara-C), aplidin, squalamine) [15,16]
and characterized for their multi-target anticancer potential [17].

This review focuses on the multi-target dietary natural compound, curcumin, which exhibits much
biological and medicinal value, but is limited in its future clinical use due to its low bioavailability. We
will summarize here some standard strategies to overcome this weakness, including the design of
synthetic analogs, the combination with specific adjuvants and nano-formulations. Furthermore, we will
give more details about a promising approach leading to the development of hybrid curcumin molecules
considered as multifunctional compounds.

2. Curcumin

Curcumin or diferuloylmethane (Figure 1) is a yellow spice that is used in curry. It is extracted from
the rhizome of the plant, Curcuma longa, and has been used for centuries in Ayurvedic, Chinese and
Hindu traditional medicines as a potent anti-inflammatory agent. Research over the last 50 years
established that curcumin appears both as a preventive and therapeutic agent able to reverse, inhibit or
prevent the development of cancer by inhibiting specific molecular signaling pathways involved in
carcinogenesis, as reported in in vitro [18-22], in vivo and in clinical studies [23-26].
Studies performed in vitro pointed out that this natural compound appears as an interesting
epigenetic modulator [27,28] that possesses anti-oxidant [13,29,30], anti-inflammatory [31-33],
anti-proliferative [34,35] and anti-angiogenic [36,37] properties in the micromolar concentration range
in several cancer cell types. Curcumin’s structure-activity relationship was established by the
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comparison of the bioactivity of curcumin and its naturally occurring analogs, including its demethoxy
derivatives (demethoxycurcumin and bisdemethoxycurcumin) and its active hydrogenated metabolites
(tetrahydrocurcumin, hexahydrocurcumin and octahydrocurcumin) (Figure 1) [38—40], but also by the
synthesis of curcumin analogs [41-43]. It became clear that the high anti-inflammatory and anti-tumor
potentials of curcuminoids are related to their low level of hydrogenation and high level of
methoxylation, but also to the high level of unsaturation of the diketone moiety [44]. The radical
scavenging potential of the curcuminoids was linked to the number of ortho-methoxy substitutions and
to the level of hydrogenation of the heptadiene moiety of curcumin [30,45]. Indeed, glycosylation of
curcumin’s aromatic ring makes this compound more water soluble with a greater kinetic stability and a
good therapeutic index [46].

Figure 1. Chemical structure of curcuminoids. Curcumin (A); Curcumin demethoxy
derivatives (demethoxycurcumin and bisdemethoxycurcumin) (B); Hydrogenated curcumin
metabolites (tetrahydrocurcumin, hexahydrocurcumin and octahydrocurcumin) (C).
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Unfortunately, even if curcumin is well tolerated by patients and prevents the formation of
xenografted tumors in rodents by acting on a variety of molecular targets involved in cancer
development [47], preclinical studies revealed that oral administration of 10 to 12 g of curcumin leads
to plasma concentrations of curcumin in patients that are in the nanomolar range (less than 50 nM) [47], due
to its poor solubility in aqueous medium and its short biological half-life, linked to rapid metabolism
and elimination by the liver [25,48]. So far, the poor pharmacodynamics of curcumin has been one of
the factors that has hampered its translation into clinical applications.

3. Strategies to Enhance Curcumin Bioavailability

Several delivery strategies with novel curcumin formulations have been explored to overcome low
oral bioavailability and so, also, research aimed at increasing the compound’s anticancer potential in
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patients through optimization of its absorption and serum concentration. Moreover, new formulations
should also improve metabolism and provide an excellent ratio between the desirable an undesirable side
effects [49-51]. Novel approaches included the combination with specific adjuvants and formulations
in micelles, liposomes, nanoparticles or phospholipid complexes, as well as the design of synthetic
analogs (Figure 2).

Figure 2. Strategies to overcome the low bioavailability and solubility of curcumin. These
strategies consist of the modification of the chemical structure of curcumin, in the
combination of curcumin with adjuvants, in liposomal or micellar nano-formulations of
curcumin and, more recently, in the design of hybrid molecules consisting of the conjugation
of curcumin with an adjuvant, antibodies or other natural compounds.
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3.1. Curcumin Analogs

The structure activity relationship (SAR) of curcumin was established based on the design and the
analysis of the SAR and anticancer effect of curcumin-derived molecules [38,41-43,52]. Structural
modifications of the curcumin scaffold were also elaborated in order to improve the low bioavailability
of curcumin by increasing its hydrophilicity, by facilitating its transmembrane passage and increasing
the delay of metabolism. Among the curcumin analogs designed so far, dimethylcurcumin appears as a
promising curcumin analog [53], as it exhibits a higher bioavailability in mice compared to the natural
compound with improved apoptotic properties in colorectal cancer cells [54], as well as potent
anti-inflammatory properties in both murine and human lymphocytes [55], such that it is preferentially
used in clinical studies. Similarly, symmetrical 1,5-diarylpentadienone curcumin analogs, whose
aromatic rings possess two alkoxy substitutes, were reported to exhibit 30-times higher growth
suppressive activity than curcumin without in vivo toxicity. These analogs decreased the expression
levels of oncoproteins, including B-catenin, Ki-Ras, cyclin D1 and ErbB-2, at concentrations much lower
than those required for curcumin in HCT116 colon cancer cells [56]. Many other curcumin analogs were
designed and evaluated for their impact on the nuclear factor-kB (NF-kB) signaling pathway, but their
bioavailability remains yet to be established [57-59].
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3.2. Combination with Specific Adjuvants

Another strategy to enhance curcumin oral bioavailability and plasma retention time consists of
blocking the metabolic sites of this molecule by the use of adjuvants able to counteract detoxification
enzymes implicated in curcumin metabolism.

The best described enhancer of curcumin bioavailability is piperine, a molecule isolated from black
pepper [60]. This compound acts on the ultrastructure of the intestinal brush border, which leads to
increased molecule absorption. Piperine is also described for its impact on cell metabolism through
inhibition of UDP glucuronosyltransferases (UGTs) and cytochrome p450s, as well as for its effect on
p-glycoprotein (Pgp), implicated in multidrug resistance (MDR) [61]. The concomitant administration
of piperine with curcumin in animals or human was effectively reported to increase the serum
concentration of curcumin by two thousand-times, due to extension of the absorption and bioavailability
of curcumin with no adverse effects [62].

The use of epigallocatechin-3-gallate (EGCG) as an adjuvant to curcumin was reported to enhance
curcumin bioavailability. Such a combination leads to a significant reduction of uterine leiomyosarcoma
SKN cell proliferation through the inhibition of protein kinase B (PKB)/AKT, mammalian target of
rapamycin (mTOR), S6 kinase (S6K) phosphorylation and through the induction of apoptosis at a much
lower curcumin concentration than the one required for curcumin alone [63].

3.3. Curcumin Nano-Formulations

Nano-formulations [64—66] aim to improve the delivery of the hydrophobic curcumin molecule via
liposomal, micellar or phospholipid complex formulations. Moreover, these nano-sized entities were
designed and investigated to improve bioavailability and systemic delivery.

Micelles are conjugates of hydrophobic drugs and water-soluble polymers with an intrinsic
cell-specific binding capacity acting as target-specific drug carriers. Drug payload usually occupies the
micelle core. Several types of polymers were tested in order to improve intestinal absorption of curcumin
to enhance its bioavailability. Thus, multiple curcumin molecules were conjugated to different types of
polymers, such as poly(lactic) acid, via Tris and methoxy-poly(ethylene glycol) (PEG) [67-70] to the
C-6 carboxylate functionality of hydrophilic sodium alginate via an ester linkage [71] or to hyaluronic acid,
a naturally-occurring polysaccharide composed of N-acetyl-D-glucosamine and D-glucuronic acid that
presents a strong affinity with cell-specific surface markers, such as CD44 [72]. In both cases, the
resulting polymer-curcumin conjugate micelles were shown to enhance the aqueous solubility and
stability of curcumin, as well as its intracellular delivery and subsequent cytotoxicity in hepatocellular
carcinoma HepG2 cells or L-929 fibroblasts cells.

Liposomes are aggregates of hundreds of phospholipid molecules into a spherule, which
compartmentalizes bioactive compounds. Such a drug delivery system can improve the therapeutic
outcome by delivering the drugs to their site of action and by maintaining therapeutically relevant drug
levels for prolonged treatment periods [73]. Several studies evaluated the effect of liposome-encapsulated
curcumin or combinations of curcumin with conventional chemotherapeutic agents or even
chemopreventive agents from dietary origins.
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In vitro results show that liposomal curcumin induces similar effects as free curcumin on human
pancreatic carcinoma cell proliferation and nuclear factor kappa-light-chain enhancer of activated
B-cell (NF-kB) signaling at equimolar concentrations. Liposomal curcumin downregulated the NF-xB
pathway by consistently suppressing NF-kB binding to DNA, by decreasing the expression of
NF-kB-regulated genes, including cyclooxygenase-2 (COX-2) and interleukin (IL)-8, both implicated in
tumor growth and invasiveness, and subsequently induced apoptosis. /n vivo data demonstrated
improved bioavailability: liposomal curcumin suppressed pancreatic carcinoma growth in murine
xenograft models and inhibited tumor angiogenesis by decreasing the expression of CD31 (endothelial
cell marker), vascular endothelial growth factor (VEGF) and IL-8 [74]. Improved bioavailability and
bioactivity after encapsulation in liposomes were validated in other cellular models, such as MCF-7
breast cancer [75], HeLa and SiHa cervical cancer cells [76], head and neck squamous cell carcinoma
(HNSCC) CAL27 and UM-SCCI cell lines in vitro and in vivo [77].

Curcumin was then co-encapsulated in liposomes with conventional chemotherapeutic agents, such
as oxaliplatin [78], or with other dietary chemopreventive agents, such as resveratrol [79]. In both
instances, these formulations led to a synergistic effect in LoVo colorectal cancer cells and xenografts,
as well as in prostate cancer xenografted mice with reduced cancer growth and incidence.

Nano-formulations were also used to combine curcumin with conventional anticancer drugs.
Poly(D,L-lactide-co-glycolide acid) (PGLA) nanodrug formulations are gaining interest for
nanomedicine applications [80], as this approach helps to overcome the lack of specificity of anticancer
drug delivery and, thus, to protect neighboring normal healthy cells. With this in mind, curcumin was
conjugated to 5-fluorouracil (5FU) in polymeric magnetic nanoparticles encapsulated with poly(D,L-
lactide-co-glycolide) acid. This therapeutic nano-formulation exhibits a multimodal efficacy, as
curcumin and 5FU act synergistically by enhancing cellular uptake and accumulation, by inducing
destabilization of the cytoskeleton and loss of mitochondrial membrane potential, initiating early and
late apoptosis in MCF-7 breast cancer cells [81].

Failure of treatment with the conventional chemotherapeutic drug, doxorubicin, is linked to the
development of multidrug resistance mediated by Pgp. The design of poly(D,L-lactide-co-glycolide)
nanoparticles combining doxorubicin and curcumin benefits both compounds. On the one hand, it
improved the delivery of curcumin in K562 cancer cells, which contributes to the inhibition of the
development of drug resistance against doxorubicin. The overall result is the enhancement of the
antiproliferative activity of doxorubicin in K562 cells. In that case, curcumin not only facilitates the
retention of doxorubicin in the nucleus for a longer period of time, but also inhibits MDR1 and BCL-2
expression and, finally, leads to apoptosis [82,83].

3.4. Concept of “Hybrid Molecules™

The “hybrid molecules” concept emerged from combination therapies, consisting of the administration of
a cocktail of drugs, traditionally used by clinicians to treat unresponsive patients [84—86]. The
multicomponent therapeutic strategy aims at combining two drugs acting by different mechanisms.
Again, the aims are reduced side effects when used at their optimal dose, the design of chemical entities
with improved efficacy and triggering less resistance [2,6,8]. By taking into account the knowledge
about the pharmacological, structural and molecular interaction profiles of anticancer
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drugs [7,87,88], hybrid molecules, also called multifunctional or conjugated drugs, are designed by
chemical hybridization, wherein two or more drugs having different activities can be co-formulated
by connection through a stable or metabolizable linker, allowing simultaneous delivery [6,89,90].
The overall strategy is adopted to allow synergy and to improve the pharmacokinetic and
pharmacodynamic profiles of the combined compounds, so that each component of the hybrid
counterbalances the other’s side effects. This approach allows one to improve drug bioavailability and
transport across membranes of cell organelles, but also to protect active substances from enzymatic
degradation. By using hybrid molecules, the risk of drug-drug interactions can be minimized and
potential drug resistance avoided [4,91-94]. Depending on their linker, hybrid molecules are classified
into four groups (Figure 3): (i) “conjugates” in which hybrids are composed of pharmacophores that are
separated by a distinct metabolically-stable linker group that is found in either of the individual drugs;
(11) “cleavage conjugates” present a linker designed to be metabolized, in order to allow the release of
the two drugs, which interact independently with each target; (iii) the size of the linker can be decreased
until the scaffolds are touching, so that hybrids appear as “fused” hybrid molecules;
(iv) however, hybrids are most commonly designed as “merged hybrids”, where scaffolds are merged
by taking advantage of the common structural features of the starting compounds to generate smaller
and simpler molecules [9,95].

Figure 3. Different approaches for the design of hybrid molecules. The linkers used to
connect two pharmacophores can vary and allow defining different types of hybrid
molecules: conjugate hybrid, cleavage hybrid, fused hybrid and merged hybrid. (Cu,
curcumin; A, molecule; X, common pharmacophore).
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Mother Nature is a huge source of natural compounds providing scaffolds that can be combined, such
that potent hybrids emerge as a novel drug discovery approach. Such hybrid molecules based on natural
products can be generated naturally or synthetically, by combining entire or partial natural
scaffolds [96,97]. Resulting hybrids can present similar or different mechanisms of action or can even
target specific organs [89]. Natural product hybrids, comprising chalcones, coumarins, stilbenes and
other scaffolds, were mainly applied in drug discovery against cancer and neurodegenerative disorder
(Alzheimer’s disease, AD) [98—105]. Selected molecules were already reported in a number of U.S.
patents [91]. Among them, a patent filed in 2011 highlighted that the hybrid, combining the two dietary
compounds, curcumin and [-ionone, can be used as a bifunctional antiandrogen and
multi-targeting agent in both hormone-sensitive (LNCAP) and hormone-independent (22Rv1) prostate
cancer cells by inhibiting androgen receptor (AR) signaling and IxB kinases [106]. Such hybrids present
also potent dose-dependent cytotoxic activities in circumventing resistance to the current antiandrogens
used in clinics. More recently, methylated curcumin-resveratrol hybrid molecules, which improve
curcumin bioavailability and bioactivity, were also approved by U.S. patent for the treatment of
cancer [107]. Such curcumin-resveratrol hybrids are also under investigation for approval by the
European patent office as a novel drug for the treatment of Alzheimer’s disease [108].

Patent application and approval of curcumin hybrid molecules, as well as the well-described
bioactivity of curcumin underline the importance of such formulations in the field of drug discovery for
the treatment of incurable diseases. We will give hereafter an overview of the different formulations of
curcumin as hybrids or conjugates, their impact on curcumin bioavailability, as well as their
multifunctional properties on cancer, neurodegenerative disorder and HIV.

4. Multifunctional Curcumin Molecules in the War against Cancer
4.1. Curcumin Conjugated with Piperine and Amino Acids

Based on previous studies, it was highlighted that the combination of piperine (1-piperoyl piperidine)
and curcumin enhances bioavailability by reducing the rapid metabolism in the liver and intestinal wall.
It was published that the inhibition of hepatic and intestinal glucuronidation, both in rats and humans,
was observed, without adverse effects [62]. Moreover, bioconjugates, associating curcumin with ligands
that further target internalization, were designed and described.

Piperine and glycine appeared as the most widely used curcumin ligands, as glycine attenuates the
increase of intracellular calcium. With this in mind, Mishra ef al. synthetized different curcumin
derivatives conjugated to glycine and piperic acid, designed as 4,4'-di-(O-glycinoyl) curcumin and
4,4'-di-(O-piperoyl) curcumin (Figure 4), and tested them for their differential and redox regulatory
activities in AK-5 rat histiocytoma cells. They pointed out that these dipiperoyl and diglycinoyl
derivatives present high apoptotic activity through the downregulation of Bcl-2 and cleavage of
pro-caspase-3 at low concentrations and that this downregulation correlates with the generation of ROS
without altering GSH levels [109]. The same curcumin conjugates were tested for their impact on the
nuclear E6 protein of human papillomavirus type 16 (HPV-16 E6), known to target pS3 and pRb tumor
suppressors for ubiquitin degradation, as HPV is the major protein participating actively in the
development of oral and cervical cancers [110]. Results obtained by docking analysis revealed that
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curcumin and its conjugate bind to different active sites on HPV-16 E6 protein, which represent ideal
targets for restoring the tumor suppressor function of p53 and, thus, allowing the apoptosis of infected
cells. However, in this instance, the curcumin-piperoyl conjugate is less effective than curcumin alone
for HPV-16 inhibition [111]. Improved results on HPV-16 could be expected in vitro and in vivo with
the 4,4'-O-dipiperoyl ester of curcumin by taking into account its well-described anticancer potential
observed in AK-5 rat histiocytoma cells.

Figure 4. Chemical structure of curcumin hybrid compounds with anticancer properties.
LHRH, luteinizing hormone releasing hormone.
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In another approach, curcumin was also conjugated with glycine, glutamic acid, valine and
demethylenated piperic acid. These amino acids were used as carrier proteins that prevent the metabolic
degradation of curcumin. The anticancer properties of these curcumin bioconjugates were assessed in
HeLa and KB cells. Among all of the ligands selected for their capacity to enhance curcumin
bioavailability, the curcumin glutamoyl derivative appeared to be the most effective compound when
tested for antiproliferative potential. Demethylenated piperic acid, in which the methylenedioxy ring was
opened, appeared as the most active compared to the curcumin-piperic acid conjugate. The generation
of free radicals and subsequent impairment of the cellular anti-oxidant defense were described as early
events leading to cell death by apoptosis of the tested cancer cell models treated with these
conjugates [112].

Conjugates of curcumin with piperic acid (CDP) were synthetized by esterifying the 4 and 4' phenolic
hydroxyls, which are the metabolic sites for sulfation and glucuronidation, in order to delay the
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metabolic rate of degradation of curcumin and subsequently enhance its bioavailability. Piperine helps
to overcome the efflux of the hydrophobic curcumin molecule by multidrug resistance Pgp. As for the
natural curcumin molecule, di-O-piperoyl curcumin (CDP) and di-O-glycinoyl curcumin (CDG)
conjugate were shown to present a high anticancer potential in vitro in MCF-7 and MDA-MB-231 breast
cancer cells, in which they decrease cell viability and induce changes of nuclear morphology in a
micromolar concentration range. Moreover, CDP was described to induce cell death by the production
of ROS via the mitochondrial apoptotic pathway through permeabilization of the mitochondrial
membrane, leading to the release of cytochrome c, apoptosis inducing factor (AIF), small-molecule
second mitochondria-derived activator of caspases (Smac) and other apoptogenic proteins, such as
Bcl-2 and Bcel-xL, through the inhibition of nuclear translocation of transcription factor NF-xkB and,
finally, through chromatin condensation and fragmentation. In conclusion, this designed conjugate of
curcumin does not affect the anti-tumor efficacy of the natural compound, while it enhances its
bioavailability by modulating efflux mechanisms. Such results promise an enhanced pharmacokinetic
profile for further in vivo applications [113].

Kumar et al. published molecular docking studies related to the effect of curcumin conjugated to
amino acids on the activation of the signal transducer and activator of transcription (STAT)3
transcription factor, known to promote the expression of genes involved in cell growth, proliferation and
survival [114]. They pointed out that residues, including LYS-591, ARG-609, SER-611, GLU-612,
SER-613 and SER-636 VAL-637, should play an important role in the binding of curcumin-amino acid
conjugates with the Src homology (SH2) domain of the STAT3a monomer. Moreover, the authors
showed that the curcumin-proline conjugate (1,7-bis(4-O-L-prolinoyl-3-methoxyphenyl)-1,4,6-
heptatriene-5-0l-3-one) was the most potent inhibitor of STAT3 dimerization among all conjugates
tested [115].

4.2. [DLys6]-LHRH-Curcumin Conjugate

Gonadotropin-releasing hormone (GnRH), also called luteinizing hormone releasing hormone
(LHRH), and its relative receptor (GnRHR, LHRHR) are overexpressed in different types of cancer and
present a limited expression in normal tissues. They take part in the autocrine/paracrine regulatory
system of cell proliferation of several human malignant solid tumors, such as pancreatic or gynecological
cancers [116—-119]. GnRH is a neurohormone that stimulates the synthesis and secretion of the
gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH). GnRHRs are
generally characterized in terms of binding affinity for GnRH analogs, which allows insight into the role
of GnRHR in tumor growth, progression and vascularization [117]. Their activation is known to trigger
strong antitumor activity. This opens the way to the search for GnRH analogs able to target these GnRHR
receptors in different tumor cell models and, subsequently, to specifically deliver anticancer drugs to tumors.
Novel therapeutic strategies consisting of the design of specific hybrids, in which a highly-specific GnRH
analog ([DLys6]GnRH) was linked to specific cytotoxic compounds traditionally used in clinics (cisplatin,
doxorubicin), to phytochemicals well characterized for their anticancer properties (curcumin) or linked
to nanocarrier-based delivery system, were thus developed [117].

Curcumin was conjugated to the synthetic GnRH agonist, [DLys®]-LHRH. The effect of this hybrid
was evaluated on MIAPaCa-2, BxPC-3 and Panc-1 pancreatic cancer cells in vitro and in vivo. This
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hybrid was shown to inhibit pancreatic cancer cell proliferation and to induce apoptotic cell death
mediated by caspase-3 and PARP (poly(ADP-ribose) polymerase) cleavage with an equal efficacy to
free curcumin at equimolar concentrations in vitro. Interestingly, this conjugate presents improved water
solubility compared to free curcumin, which allows its intravenous administration. Therefore, this
approach could be interesting for future in vivo applications and translation into clinical use.

The [DLys®]-LHRH-curcumin conjugate (Figure 4) was then reported to prevent the growth of
MIAPaCa-2 pancreatic cancer cell xenografts in nude mice compared to free curcumin, free
[DLys®]-LHRH or vehicle used alone. In conclusion, by its specific targeting of tumor cells, its solubility
and its impact on cancer cell proliferation in vitro and in vivo, the [DLys®]-LHRH-curcumin hybrid
appears attractive for further investigations and opens the way for the development of other GnRH
analog-based nutraceutic hybrids [120].

4.3. Curcumin Conjugates with Antiandrogens

Curcumin was also conjugated to clinically used antiandrogens, such as flutamide and bicalutamide,
in order to mitigate the side effects of these drugs while inhibiting the proliferation of androgen-dependent
(LNCaP) and -independent (PC-3) prostate cancer cell models (Figure 4). Both conjugates demonstrated
more potent antiproliferative effects than the tested antiandrogen alone and strongly inhibited actin-based
pseudopodia formation, known to be highly implicated in cell migration and tumor metastasis.
The mechanisms of action of curcumin and curcumin conjugates are linked to their intracellular
distribution. Curcumin, which mainly accumulates in cell nuclei, inhibits cell cycle progression by
targeting the functional proteins in the nuclear region, whereas its conjugates, which mainly localize in
the cytosol, induce irregular nuclear division, which leads to cell death by apoptosis [121].

4.4. Curcumin Immunoconjugates

The use of recombinant antibodies for cancer therapy and diagnosis is a well-accepted strategy. Most
antibodies are designed to target cytokines (like TNFa) or growth factors (like vascular endothelial
growth factor, VEGF) in order to disrupt corresponding tumorigenic molecular pathways [122—124].
Recent approaches associate such antibodies with natural compounds to further improve the
biomolecular activities of natural compounds by selectively targeting them to cancer cells.

In the complex field of cancers expressing ectopically human chronic gonadotropin (hCGp), poor
prognosis and adverse survival are encountered [125], so that research teams engineered a recombinant
chimeric antibody (cPiPP) exhibiting high affinity for hCGB/hCG and conjugated it to curcumin. It
appeared that the antibody by itself does not impair MOLT-4 and U937 cell growth, whereas the novel
curcumin conjugate appeared lethal to these cells. Moreover, such curcumin immunoconjugates were
shown to kill specifically tumor cells bearing the CD33 marker expressed by acute myeloid leukemia
(AML) cells in patients synthetizing and expressing hCGf on the cellular membrane. Such conjugates
do not bind nor affect peripheral blood mononuclear cells (PBMCs) of normal healthy donors. These
results underline the fact that conjugation of curcumin to such antibodies improves the transport of this
natural molecule to tumor target cells in aqueous medium due to an important increase of its solubility,
with a good differential toxicity [126].
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4.5. Curcumin and Thalidomide

Based on the fact that curcumin overcomes chemoresistance and sensitizes multiple myeloma cells
to thalidomide and bortezomib by downregulating NF-kB and NF-xB-regulated genes [127], recent
studies focused on the design and biological characterization of hybrid compounds associating curcumin
with these two molecules [128]. Five hybrids were designed by taking into account that the phenolic
oxygen of curcumin can be modified without significant modification of its biological activity. These
hybrids result from the addition of an ester linkage between both compounds, from the replacement of
one of the 4-hydroxy-3-methoxy-phenyl rings of curcumin by the phthalimide moiety of thalidomide,
from the incorporation of the structural features of both compounds through a benzylidene connection
at the methylene position between the carbonyls of curcumin, or from the removal of the 4-hydroxy-3-
methoxy-phenyl ring, or from the production of a mono-ketone. These hybrids were tested on MM1S,
RPMI18226 and U266 human multiple myeloma (MM) cells to evaluate their impact on cell viability
and proliferation. Results showed that the 4-hydroxy-3-methoxy-phenyl ring is essential for the
antiproliferative activity of these hybrids, as the two thalidomide hybrids, presented in Figure 4, were
the only ones to appear more effective than curcumin alone or combined with thalidomide. Curcumin
and these two curcumin-thalidomide-based hybrids generated higher levels of ROS after treatment
compared to curcumin alone. This ROS production was shown to trigger cell cycle arrest in the S-phase,
leading to subsequent induction of MM cell death by apoptosis. Moreover, these two curcumin hybrids
were reported to inhibit tumor necrosis factor alpha (TNFa)-induced activation of NF-«kB. In conclusion,
these newly-synthetized hybrid compounds exhibit all of the properties of curcumin and thalidomide,
but with improved biological activities.

4.6. Curcumin-Diaminothiazole Hybrids

Among pharmacologically-active compounds from marine organisms, alkaloids appear as a family
of highly-active cytotoxic compounds; however, only a few of them have so far reached the clinical
stage, due to their limited supply in nature, their complex structural features and the difficulty of
synthetizing them economically. Based on the common presence of highly cytotoxic indole derivatives,
including topsentins among these marine alkaloids, different thiazole analogs of topsentin were synthetized.
Juneja et al. designed diaminoindoloylthiazoles (DIT) and diaminocinnamoylthiazoles (DCT1-2) as novel
curcumin-diaminothiazole hybrids. DITs are topsentin analogs in which the indolylimidazole group has
been replaced with a 2,4-diaminothiazole unit, whereas DCTs are compounds in which the indoloyl unit
in diaminoindoloylthiazole has been substituted with a cinnamoyl group, generating thusly a
diarylheptanoid curcumin hybrid (Figure 4). Results showed that both diaminothiazoles inhibited cell
growth and induced apoptotic cell death of HeLa human cervical adenocarcinoma cells through intrinsic
pathways implicating caspases-3 and -9, by reducing the mitochondrial membrane potential and activating
caspases. Even if curcumin-diaminothiazole hybrids appeared active, they were less effective than
diaminoindoloylthiazoles (DIT), as they required the highest concentrations to induce a similar level of
cell death in HeLa cells by the mitochondrial apoptotic pathway. However, DCT1 appeared as the most
effective inhibitor of TNFa-induced NF-kB activation compared to DIT or curcumin alone [129].
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4.7. Oxovanadium (IV) Curcumin Complexes

Curcumin is mainly described as a chemopreventive or chemotherapeutic compound, but less often
presented as a potential photosensitizer. In fact, curcumin could be used in photodynamic therapy (PDT)
due to the fact that this fluorescent pigment absorbs around 455 nm and emits between 500 and
578 nm [130,131]. PDT is a treatment strategy based on the administration of photosensitizing drugs
(PS), which can, upon illumination, interact with light and intracellular oxygen to generate ROS. This
type of cancer therapy shows side effects (e.g., skin photosensitization) that could be abrogated by the
use of biocompatible transition-metal complexes, such as ferrocene-conjugated oxovanadium (IV)
complexes. Oxovanadium (IV) complexes are also characterized as photoactivatable compounds able to
photocleave DNA upon exposure to near-infrared light and to induce cancer cell apoptosis through the
intrinsic mitochondrial pathway [132].

The strategy of complexation of curcumin to an oxovanadium (IV) moiety was shown to enhance the
photocytotoxicity upon exposition to visible light. The emission property of curcumin can be used to
follow the intracellular localization of this complex. Finally, the hydrolytically unstable curcumin can
be stabilized by binding to an oxovanadium (IV) moiety [131,133,134].

4.8. Binding of Curcumin to f-Lactoglobulin

Binding of curcumin to B-lactoglobulin is linked to the hydrophobic interaction of the polyphenolic
rings of curcumin with the hydrophobic pockets of B-lactoglobulin. This leads to an alteration of the
B-lactoglobulin conformation with a major reduction of the B-sheet and an increase, in turn, of the
structure, causing a partial protein structural destabilization. B-lactoglobulin acts thus as a carrier to
transport polyphenols in vitro [135]. This type of interaction was shown to increase the bioavailability
of curcumin and to improve its antioxidant activity, usually related to its phenolic hydrogen atoms [136].

4.9. Limitations of the Hybrid Approach

In some instances, depending on the associated molecules, hybrid molecules do not potentialize the
anticancer effect of drugs when applied alone. This was the case when curcumin was conjugated to
compounds, such as 3a- and 3-methoxyserrat-14-en-213-ol and paclitaxel.

The evaluation of the effect of 3a- and 3p-methoxyserrat-14-en-21f-ol-curcumin conjugates on
Epstein-Barr virus early antigen activation (EBV-EA) induced by 12-O-tetradecanoylphorbol-13-acetate
(TPA) revealed that such curcumin conjugates exhibited dose-dependent inhibitory activities; however,
their cytotoxic potential against Raji cells appeared moderate in vitro by comparison with the results
obtained for quercetin conjugates designed with the same triterpenoids [137]. Similarly, the conjugation,
through an ester linkage, of curcumin to paclitaxel, a natural chemotherapeutic drug already used in the
clinic, did not improve either the antioxidant or the cytotoxic properties of paclitaxel [138], whereas its
conjugation with camptothecin resulted in a five-fold increase of cytotoxicity against human prostate
carcinoma PC-3 cells and in decreased side effects on normal cells compared to the original paclitaxel
molecule [139]. Such observations underline the fact that the hybrid molecule concept does not always
improve the efficacy of the conjugated molecules.
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S. Curcumin Hybrids Used for the Treatment of Other Multipotent Diseases

The design of hybrid curcumin molecules was also applied for the discovery of new drugs for the
treatment of other multipotent diseases, such as HIV and neurodegenerative disorders.

It appeared that in the case of 3a-methoxyserrat-14-en-21B-ol and 3B-methoxyserrat-14-en-21-ol-
curcumin conjugates, as for their moderate efficacy against cancer cells in vitro, these conjugates did
not exhibit significant anti-HIV activity compared to kojic acid conjugates, as shown by the evaluation
of their impact on anti-HIV-1 reverse transcriptase activity in infected C8166-CCRS cells, a human
CD4+ T-lymphocyte cell line [140].

However, based on the well-described effectiveness, mechanisms of action and limitations of
curcumin in neurodegenerative diseases [141,142], the concept of hybrid curcumin molecules was also
considered for the treatment of Alzheimer’s disease. AD is a progressive multifactorial neurodegenerative
disorder in which several factors, such as aggregation of f-amyloid (A) in the brain or oxidative stress,
play important roles in the pathogenesis process. The current symptomatic treatment of AD consists of
the use of four acetylcholinesterase inhibitors, such as rivastigmine. Curcumin is also described for its
neuroprotective functions, due to its effect on AP, and its anti-inflammatory, anti-oxidant and metal
chelating properties related to its ortho-methoxy phenol moiety [142,143].

In order to improve the treatment of AD, several bivalent multifunctional AP oligomerization
inhibitors were designed. On the one hand, the ortho-methoxy phenol moiety from curcumin was
incorporated in the structure of rivastigmine, a compound exhibiting a modest positive effect on memory
and cognitive functions. The resulting hybrid appeared to be a more potent acetylcholinesterase inhibitor
than rivastigmine alone, while the AP aggregation inhibitory activity was attributed to curcumin [144].
Similarly, multifunctional compounds containing curcumin and cholesterol appeared as potential
bivalent multifunctional AP oligomerization inhibitors. Moreover, these assays underlined the fact that
the length and the attachment position of the spacer that links curcumin and cholesterol are important
structural determinants for their biological activities [145]. Another kind of hybrid,
5-(4-hydroxyphenyl)-3-oxo-pentanoic acid [2-(5methoxy-1H-indol-3-yl)-ethyl]-amide, resulting from
the association of curcumin and melatonin, was reported to show significant neuroprotective effects that
correlate with its antioxidant potential and to its interactions with A oligomers within the mitochondria,
but exhibited no effect on AP aggregation, at nanomolar concentration ranges in MC65AD cells [146]
(Figure 5).

Figure 5. Chemical structure of curcumin hybrid compound applied in Alzheimer’s disease.
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The neuroprotective natural compound, curcumin, could also be combined with cyclohexyl bisphenol
A to generate the CNB-001 [4-((1E)-2-(5-(4-hydroxy-3-methoxystyryl-)-1-phenyl-1H-pyrazoyl-3-
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yl)vinyl)-2-methoxy-phenol)] hybrid molecule [147]. Even CNB-001 decreases the GSH and ATP level;
its neuroprotective effect is not related to oxidative stress or mitochondrial toxicity, but to its cytostatic
potential. This hybrid compound was also shown to produce some adverse effects at high concentrations.
However, it presents significant preclinical efficacy, both in vitro and in vivo, and appeared thusly as a
safe neurotropic and neuroprotective lead compound for the treatment of stroke in a therapeutic safety
window of concentration.

In the case of men suffering from diabetes, erectile dysfunction is often observed. Studies performed in
diabetes-induced rats pointed out that treatments with water soluble curcumin protein conjugates
enhanced erectile function with increased efficiency and prolonged duration of action compared to pure
curcumin. This kind of curcumin hybrid led to a significant elevation of intracavernosal pressure (ICP),
cyclic guanosine monophosphate (cGMP) hemoxygenase-1 (HO-1) and neuronal NOS (nNOS), as well
as a decrease of nuclear transcription factor-erythroid2 (Nrf2), NF-xB, p38 and iNOS [148,149].

Finally, it appeared that curcumin hybrids conjugating curcumin with amino acids not only exhibit
antiproliferative potential, but could also present antimicrobial activity [112]. In that case, monoesters
of curcumin presented better antimicrobial activity than their corresponding diesters, emphasizing the
role of free phenolic groups.

On the other hand, the efficacy of curcumin hybrid molecules in the previously described multipotent
diseases could thus provide additional insights into novel molecule dimers to be conjugated and tested
for their potential translation into disease treatment.

6. Conclusions

The major obstacle for an efficient clinical use of curcumin in the treatment of multifactorial diseases,
such as cancer and Alzheimer’s disease, is linked to its low bioavailability. Strategies, such as curcumin
nano-formulations, the synthesis of specific analogs or combinations with other components hold some
promise. However, the concept of hybrid synthesis appeared the most promising. Unlike the principle
of drug combination for cancer treatment, the biological activity of hybrid compounds basically results
from a single molecule in which two or more active compounds, with specific mechanisms of action and
biological targets, are gathered through covalent chemical bonds. The design of such multifactorial
compounds is based on the computation of knowledge about compounds’ SAR, network complexity and
signaling pathways implicated in the targeted diseases. Taking into account all of these advances in the
field of drug discovery, it has become evident that developing hybrid curcumin compounds will lead to
increased in vivo bioactivities and could also potentiate the efficacy of conventional chemotherapeutic
drugs and overcome the drug resistance process in patients. Some technical challenges will have to be
overcome before hybrid drugs succeed in the clinical settings, but the considerable promise of this novel
concept generates hope for patients.
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