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PREFACE

Curcumin is a natural product with polyphenolic structure. It is used in
therapeutic remedies alone or in combination with other natural substances.
Many researchers are investigating it because of its biological activities such
as: anti-inflammatory, anti-cancer, anti-protozoal, anti-viral, anti-bacterial and
has been found to be effective for treatment of Alzheimer, depression,
headaches, fibromyalgia, leprosy, fever, menstrual problems, water retention,
worms and kidney problems etc. It is an active ingredient in dietary spice,
turmeric. It has reactive functional groups: a diketone moiety and two phenolic
groups. Despite its unique biological activities, it suffers from some
shortcomings which include: gastrointestinal problems, poor bioavailability
due to its poor absorption, short half-life, poor solubility in aqueous solutions,
rapid systemic elimination and antithrombotic activity which can interfere
with blood clotting. The first chapter of this book reviews the different
delivery systems used for incorporation of curcumin and its derivatives,
release kinetics and up to date in vivo results. Chapter two discusses curcumin
nano and microencapsulation and its implications on clinical uses. Chapter
three studies the effect of curcumin in nasal epithelial cells. The last two
chapters studies the epigenetic changes induced by curcumin and its congeners
and the potential of utilizing these changes in the treatment of different
diseases; and examines differential absorption of curcuminoids between free
and liposomed curcumin formulations.

Chapter 1 - Curcumin exhibits anti-inflammatory, anti-diabetic, anti-
cancer, anti-bacterial, anti-Alzheimer, antimicrobial and antimalarial activities
etc. However, its poor water solubility and instability has resulted in its poor
bioavailability. To enhance its bioavailability, it is incorporated into several
drug delivery systems. This review will focus on the different delivery systems
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used for incorporation of curcumin and its derivatives, release kinetics and up
to date in vivo results.

Chapter 2 - Encapsulation techniques have been widely applied to a
diverse array of bioactive substances in order to improve stability,
bioavailability and hydrophilicity and also to avoid side effects caused by high
dosages required by some drugs. In the case of curcumin, its hydrophobic
character and low stability in alkaline conditions, thermal treatment, light,
metallic ions, ascorbic acid and others turn it into a natural candidate for
encapsulation. Researches over the last decades have demonstrated that
curcumin encapsulation is feasible being carried out by techniques such as
nanoprecipitation, micellization, emulsification and miniemulsification
followed by solvent removal, crosslinking reaction. However, attention must
be paid when choosing the encapsulant matrix because it directly affects
encapsulation efficiency and also due to the existence of specific interactions
with the chemical structure of curcumin. Some examples are synthetic and bio-
based amorphous or semi-crystalline polymers, hydrogels, solid lipids micro
or nano carriers, ionic complexation matrices and. In the case of nanosized
capsules, colloidal stability is also an issue because agglomeration leads to a
decrease in overall specific surface area and slow release rates. Regarding
capsules size, although microscale often led to increase in bioavailability,
specific clinical uses such as cancer treatment require nanosized capsules due
to the phagocytosis mechanism. However, microcapsules remain as a low cost,
easy to scale up methodology to encapsulate curcumin. Recent studies focus
on characterizing the resulting material to assure curcumin is properly
encapsulated and homogeneously distributed along the matrix. Also, gains in
bioavailability and pharmacological effects must be extensively demonstrated
as to compensate the increased complexity of the encapsulation techniques.

Chapter 3 - The airway epithelium, particularly the nasal epithelium, is the
first line of defense against respiratory viral infections. Airway epithelial
barriers are regulated predominantly by apical intercellular junctions, referred
to as tight junctions. Respiratory syncytial virus (RSV) is a negative-stranded
RNA virus of the genus Pneumovirus, family Paramyxoviridae; it is the major
cause of bronchitis, asthma, and severe lower respiratory tract diseases in
infants and young children. In human nasal epithelial cells (HNECs), the
replication and budding of RSV, and subsequent epithelial responses including
the release of proinflammatory cytokines and enhancement of tight junctions,
are partially regulated by the nuclear factor-kappa B (NF-kB) pathway. On the
other hand, the effects of curcumin are believed to be caused partially by the
inhibition of NF-«kB activity through a blockage of its entry into the nucleus.
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Curcumin is also a potent inhibitor of proteasomes, cyclooxygenase (COX)-2,
lipoxygenase, ornithine decarboxylase, c-Jun N-terminal kinase, and protein
kinase C. The authors’ data show that curcumin prevents the replication and
budding of RSV, and subsequent epithelial responses, without causing
cytotoxicity. Moreover, the increase of epithelial barrier function caused by
infection with RSV was enhanced by curcumin. Curcumin has various
pharmacologic effects as an inhibitor of NF-kB, elF-2a dephosphorylation, the
proteasome, and COX-2. RSV-infected HNECs treated with the elF-2a
dephosphorylation blocker salubrinal, the proteasome inhibitor MG132, or
COX-2 inhibitors (such as curcumin) prevented the replication of RSV and
subsequent epithelial responses. Treatment with salubrinal and MG132 also
enhanced the upregulation of tight junction molecules induced by infection
with RSV. These results suggest that curcumin can prevent the replication of
RSV and subsequent epithelial responses without causing cytotoxicity, and
may be an effective therapy for severe RSV-associated lower respiratory tract
diseases in infants and young children.

Chapter 4 - The role of epigenetic changes in health and disease is well
established. Recent discoveries of the role of epigenetic modifications in the
development and progression of different diseases like cancer, diabetes,
chronic kidney disease and neurodegeneration urged the parallel development
of drugs that modulate these modifications. DNA methyltransferase inhibitors
and histone deacetylase inhibitors were the first categories of drugs tested in
clinical trials as epigenetic modifiers and FDA-approved for treatment of
different tumors. Nutraceuticals like genistein, epigallocatechin-3-gallate and
curcumin demonstrated activity as epigenetic modifiers and a long list of other
nutraceuticals is waiting validation of their activity. Curcumin, a hydrophobic
polyphenol derived from the rhizome of the herb Curcuma longa (turmeric),
exhibits a wide spectrum of pharmacological activities. Curcumin
demonstrated anti-inflammatory, antimicrobial, antiviral, antioxidant and
antitumor activity in several studies. Curcumin is safe when administered at
high doses; however, its low bioavailability due to poor absorption and rapid
metabolism is a major drawback. Different formulation based approaches were
adopted to overcome its low bioavailability like liposomal curcumin and
curcumin nanoparticles. Additionally, several structural analogues were also
synthesized to improve the solubility and bioavailability of curcumin.
Curcumin and its congeners were shown to induce epigenetic changes in
tumor cells. Curcumin modulated histone acetylation by inhibiting histone
deacetylase (HDAC) and histone acetyltransferase (HAT) enzymes in tumor
cells. Curcumin modulated microRNAs (miRNAs) expression in tumor cells
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and demonstrated a controversial DNA hypomethylating effect. In this review,
the epigenetic changes induced by curcumin and its congeners and the
potential of utilizing these changes in the treatment of different diseases will
be discussed.

Chapter 5 - Curcumin is a polyphenolic compound derived from turmeric,
an old Indian dietary spice. Curcumin extracts possess diverse
pharmacological  effects including anti-inflammatory, antioxidant,
antiproliferative and antiangiogenic activities and have been very appreciated
by traditional Asian medicine for a long time. In spite of this relevance, the
pharmacological use of curcumin is limited due to poor water-solubility and
low oral bioavailability. One of the main strategies to avoid this limitation is
the encapsulation of curcumin extracts in lipid-based nano-delivery systems
such as phospholipid complexes, micelles or liposomes that increase
permeability by interacting with cell membrane components. In this work, the
individual ~ absorption  of  curcumin, demethoxycurcumin ~ and
bisdemethoxycurcumin was studied by comparing the behavior of free (water
dispersion) and liposomed formulations using an in situ rat absorption model.
The results show differences in the absorption rates for the curcuminoids in the
water dispersion in correlation with their hydrophobicity, having the
demethoxy derivatives a higher intestinal permeability compared to curcumin.
In contrast, using the liposomed formulation no differences in the absorption
were observed for the curcuminoids, probably revealing that the absorption is
driven by the incorporation/fusion of the liposomes in the intestinal cell
membrane. In spite of the lower absorption rate coefficient observed for the
curcuminoids in the liposomed formulation compared to the free formulation,
only the liposomed formulation led to significant quantities of curcumin
metabolites in rat plasma, probably due to the highest concentration of
curcuminoids achieved in the gut. These results show that, besides their
biological activity, the preferential absorption of curcuminoids depending on
their polarity has to be considered for therapeutical use of curcumin.
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Chapter 1

AN OVERVIEW OF NANO-BASED
FORMULATIONS OF CURCUMIN
AND ITS DERIVATIVES

B. A. Aderibigbe”, T. Naki and A. Mugogodi

Department of Chemistry, University of Fort Hare, Alice Campus,
Eastern Cape, South Africa

ABSTRACT

Curcumin exhibits anti-inflammatory, anti-diabetic, anti-cancer, anti-
bacterial, anti-Alzheimer, antimicrobial and antimalarial activities etc.
However, its poor water solubility and instability has resulted in its poor
bioavailability. To enhance its bioavailability, it is incorporated into
several drug delivery systems. This review will focus on the different
delivery systems used for incorporation of curcumin and its derivatives,
release kinetics and up to date in vivo results.

INTRODUCTION

Curcumin is a natural product with polyphenolic structure [1]. It is used in
therapeutic remedies alone or in combination with other natural substances [2].
Many researchers are investigating it because of its biological activities

! Corresponding author: email: blessingaderibigbe@gmail.com.
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(Figure 1) such as: anti-inflammatory, anti-cancer, anti-protozoal, anti-viral,
anti-bacterial and has been found to be effective for treatment of Alzheimer,
depression, headaches, fibromyalgia, leprosy, fever, menstrual problems,
water retention, worms, and kidney problems etc., [3]. It is an active ingredient
in dietary spice, turmeric. It has reactive functional groups: a diketone moiety
and two phenolic groups [4]. Despite its unique biological activities, it suffers
from some shortcomings which include: gastrointestinal problems, poor
bioavailability due to its poor absorption, short half-life, poor solubility in
aqueous solutions, rapid systemic elimination and antithrombotic activity
which can interfere with blood clotting, [5, 6]. And because of the
aforementioned shortcomings, several researchers are investigating how to
improve its bioavailability by incorporating it into several drug delivery
systems.

The current trends in curcumin research is focused on the development of
effective delivery systems that will increase its stability, hydrophilicity,
bioavailability as well as targeted delivery with enhanced therapeutic effects.

In recent years, there has been an unprecedented growth in the
applications of nanotechnology in drug delivery. Application of
nanotechnologies in medicine involves disease diagnosis, targeted drug
delivery and molecular imaging [7]. One unique advantage of the application
of nanotechnology in drug delivery is targeted delivery whereby the drug is
delivered at the target tissue/organ with improved therapeutic effects.
Presently, different nanoformulation of drugs are being evaluated by various
researchers such as: nanoemulsions, nanomicelles, nanoliposomes,
nanoparticles, nanocarriers, nanotubes etc. Nanoformulations that are used in
drug delivery exhibit several advantages such as: increases the surface area of
the drug molecule, enhances water solubility, bioavailabilty and targeted
delivery mechanism of the incorporated drug and can be used for combination
therapy where two or more drugs are incorporated onto a single drug delivery
system. They also increase the half-life and reduces toxic adverse effects of
drugs, resulting in improved pharmacokinetic profile and therapeutic efficacy
[8-11].

This review will be focused on the different delivery systems used for
incorporation of curcumin and its derivatives, their release kinetics and up to
date in vivo results.
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Figure 1. Biomedical applications of curcumin.

NANOLIPOSOMES

Nanoliposomes are made of bilayered phospholipid membranes with an
aqueous interior [12]. They are nanosized vesicles used to deliver low
molecular weight drugs. One outstanding feature of nanoliposomes is that they
do not undergo rapid degradation and clearance by liver macrophages [12].
They are very useful for targeted drug delivery [13]. Their leaky vascular
structure is unique in accumulating and releasing the drug in the tumor over an
extended period of time [14]. Mourtas et al. 2014, formulated nanoliposomes
of curcumin derivatives to target amyloid deposits in Alzheimer disease in the
brain. The formulation exhibited high affinity for the amyloid deposits on
post-mortem brains samples of Alzheimer diseased patients. The formulation
was reported to be a potential therapeutic agent for treatment and diagnosis of
Alzheimer disease [15]. Lazer et al., also designed nanoliposomes conjugated
with curcumin which was exposed at the surface. They were reported to be
potential formulation for diagnosis and targeted delivery system for treatment
of Alzheimer disease [16]. Shin et al., reported chitosan-coated curcumin
nanoliposomes prepared by ethanol injection method. Their physicochemical
properties were compared with the properties of those prepared by dry thin
film method. The encapsulation efficiency, mucoadhesive property of the
chitosan-coated curcumin nanoliposomes prepared by ethanol injection
method was found to be better than those prepared by dry thin film method.
These observations suggested that the method of preparation of curcumin-
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nanoliposomes can influence the adsorption of curcumin in the gastrointestinal
tract [17]. Hasan et al., reported encapsulation of curcumin onto
nanoliposomes to achieve an improved bioavailability. The liposomes that
were composed of salmon's lecithin improved curcumin bioavailability when
compared to those composed of rapeseed and soya lecithins. Liposomal
encapsulation of curcumin enhanced the cellular effects of curcumin [18].
Taylor et al., investigated the effects of various types of nanoliposomes on the
aggregation of the amyloid-p;.4> (AP1.42) peptide. In vitro studies showed that
nanoliposomes with curcumin derivative inhibited the formation of fibrillar
and/or oligomeric AP. Suggesting their potential application for treatment of
Alzheimer disease [19]. Chen et al., encapsulated curcumin onto
nanoliposomes and they exhibited enhanced physicochemical properties than
the free curcumin [20].

Nanomicelles

Polymeric micelles are nanoscale assemblies of amphiphilic polymers that
are composed of the core for drug encapsulation and the shell [21].
Encapsulation of hydrophobic compounds into polymeric micelles have been
reported to enhance the solubility of the compound and is useful for
intravenous applications [22]. They can prolong circulation time in vivo and
enhance the cellular uptake. They can target tumors by enhanced permeability
and retention effect, resulting in delivery of anticancer drugs with improved
antitumor effects [23]. There are some research reports on the encapsulation of
curcumin onto nanomicelles. Gao et al., reported the encapsulation of
curcumin to biodegradable monomethoxy poly(ethylene glycol)poly(lactide)
copolymer micelles [24]. The micelles encapsulated with curcumin released
curcumin over an extended period of time. They exhibited cell growth
inhibition and induction of cell apoptosis more than the free curcumin. In vivo
analysis on colon cancer mouse model suggested that the micelle encapsulate
with curcumin exhibited greater inhibitory effect on colon tumor growth than
the free curcumin. These findings suggested that the incorporation of curcumin
onto micelles has great potential in colon cancer therapy. Taurin et al.,
prepared styrene-co-maleic acid micelles encapsulating 5, 10 or 15% curcumin
derivative by weight/weight ratio [25]. Cytotoxicity analysis was performed
against triple negative breast cancer cell lines. The micelles encapsulated with
curcumin derivative exhibited an enhanced cytotoxicity profile when
compared to the free curcumin. Giilgiir et al., designed sterically stabilized
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micelles encapsulated with curcumin to target and hinder breast cancer [26]. In
vitro cytotoxicity analysis of the micelles on MCF-7 breast cancer cells
showed an enhanced anticancer activity than the free curcumin. The micelles
were also able to target the resistant breast cancer cells with a higher efficacy
than the free curcumin. Tripodo et al., evaluated nanomicelles, composed of
inulin and vitamin E encapsulated with curcumin [27]. The release of
curcumin from the micelles followed a controlled release profile and the
nanomicelles were able to penetrate cellular membrane. These further
confirmed that nanomicelles are potential nanocarriers for enhancing
therapeutic properties of hydrophobic drugs such as curcumin. Kershawani et
al., encapsulated curcumin derivative to nanomicelles prepared from
hyaluronic conjugate of copoly(styrene maleic acid) [28]. The anticancer
activity of curcumin loaded nanomicelles was evaluated against MiaPaCa-2
and AsPC-1 human pancreatic cancer cells and the cell killing was dose
dependent. The result suggested that nanomicelles are potential drug delivery
systems for treatment of pancreatic cancers. There is also a report on the
formulation of curcumin in polyethylene glycol (PEG)-derivatized FTS-based
nanomicellar system. The formulation exhibited enhanced -cytotoxicity
towards several cancer cell lines. Intravenous application of curcumin-loaded
micelle resulted in an effective inhibition of tumor growth in a syngeneic
mouse breast cancer model [29].

CARBON NANOTUBES

Carbon nanotubes are allotropes of carbons and they are currently
investigated as drug delivery systems. They exhibit properties that make them
useful for drug delivery such as: high surface area, ability to adsorb
therapeutic molecules, rich electronic polyaromatic structure and outstanding
stability [30]. They have been found to deliver drugs by penetrating into the
cells while the drug incorporated onto it remains intact [31]. These findings
have open doors to application of carbon nanotubes as drug delivery systems.
Functionalized single-walled carbon nanotubes (SWCNTs) have been used for
drug delivery of curcumin to splenic lymphocytes. The functionalized
SWCNTs loaded with curcumin exhibited enhanced cell proliferation
inhibition efficacy when compared to the free curcumin. Curcumin loaded
onto functionalized SWCNTs exhibited good dispersion in water [32].
Functionalized SWCNTs loaded with curcumin-loaded was also evaluated for
possible application in cancer therapy. It was found to inhibit PC-3 cell growth
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suggesting that they are potential delivery system for cancer therapy [33]. In
another research report prepared for U.S. Army Medical Research and
Materiel Command Fort Detrick, Maryland, SWCNT was loaded with
curcumin. Its cytotoxic effect against selected cancer cell lines were evaluated.
Its cytotoxic effect was prominent in metastatic breast cancer cell line MDA-
231 but other cancer cell lines used i.e., non-metastatic cell lines T47D and
MCEF-7 for the study required higher concentration of curcumin encapsulation
to the SWCNT [34].

NANOEMULSION

Nanoemulsions are colloidal particulate system with size that ranges from
10 to 1,000 nm [35]. They are useful for drug delivery. There are three types
of nanoemulsion namely [35]: oil in water nanoemulsion, water in oil
nanoemulsion and bi-continuous nanoemulsions. They offer several
advantages such as [35-37]: enhances bioavailability of drugs, they are non-
toxic, have large surface area for greater drug loading, solubilizes lipophilic
drug and are useful for taste masking.

Ganta and Amiji, reported the preparation of flaxseed oil containing
nanoemulsion formulation encapsulated with paclitaxel and curcumin [38]. In
vitro analysis was performed on wild-type SKOV3 and drug resistant
SKOV3tr human ovarian adenocarcinoma cells. The results showed that the
encapsulated drugs were effectively delivered intracellular in both SKOV3 and
SKOV31y cells. Combination of paclitaxel and curcumin administered in the
nanoemulsion formulations was reported to be very effective in improving the
cytotoxicity in wild-type and resistant cells by promoting the apoptotic
response. These findings suggested that nanoemulsion of curcumin in
combination with paclitaxel has significant potential application for treatment
of ovarian cancer. Ahmed et al., investigated the bioaccessibility of lipid-based
formulations (i.e., oil-in-water, long, medium, and short chain triacylglycerols
nanoemulsions) containing curcumin [39]. An in vitro study was performed on
simulating small intestine conditions and the bioaccessibility of curcumin
decreased in the order of medium chain triacylglycerols nanoemulsion > long
chain triacylglycerols nanoemulsion > short chain triacylglycerols
nanoemulsion. The nanoemulsions were physically stable than the
conventional emulsion. Sari et al., reported encapsulation of curcumin onto
medium chain triglyceride oil droplets of nanoemulsion prepared by
ultrasonification [40]. In vitro release kinetics of curcumin from the
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nanoemulsion indicated its stability in pepsin digestion. Donsi et al., fabricated
nanoemulsions based on natural food ingredients (i.e., resveratrol and
curcumin). Curcumin was encapsulated in a stable solid fat nanoemulsions
using stearic acid as lipid phase. The encapsulation improved the dispersion of
the bioactive agents and their bioavailability [41]. Rachmawati et al.,
developed tablet containing curcumin nanoemulsion for oral delivery. Tablet
containing nanoemulsion had good physical characteristics and was found to
maintain its particle size when dispersed in water [42]. Rachmawati et al., also
reported the development of curcumin based nanoemulsions for transdermal
delivery [43]. It was prepared by self-nanoemulsification method followed by
in vitro study using a snake skin of Phyton reticulatus. The in vitro results
suggested that the nanoemulsion is a potential drug delivery system for
inflammatory pain management. Yu and Huang, developed organogel-based
nanoemulsion for oral delivery of curcumin [44]. In vitro analysis of the
nanoemulsion on Caco-2 cell showed that the digestion-diffusion was the
mechanism of release of the nanoemulsion. In vivo studies on mice further
confirmed the enhanced bioavailability of the curcumin when compared to the
free curcumin.

There is a recent newspaper report on curcumin [45]. The nanodrug is a
non-ionic polymer nanoemulsion containing curcumin. Clinical studies
showed that the nanodrug was successful on a number of cancer patients. In
vivo work showed that nanodrug is effective on cancer cells. The nanodrug is
now in the second phase for treatment of people with resistant breast and
gastrointestinal cancer. The nano drug is in different formulations such as oil,
semi-solid and water-soluble forms. There are also other research reports on
the nanoemulsion of curcumin with improved bioavailability [46, 47].

NANOSHELL

Nanoshells are drug delivery devices that are made up of inner core of
silica and an outer metallic layer. They have been reported to concentrate in
cancer lesion sites due to their sizes by enhanced permeation retention (EPR).
They are presently being investigated for treatment of cancer by targeted
delivery [48]. Zhu et al., prepared hollow structured superparamagnetic iron
oxide nanoshells encapsulated with curcumin [49]. The nanoshell-based
encapsulation of curcumin resulted in a stable aqueous dispersion of the
curcumin. In vitro release study of curcumin from the nanoshell was faster
than the free curcumin. These results suggested that the nanoshells are
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promising intracellular carrier for hydrophobic anticancer drugs. Braden and
Vishwanatha, invented biodegradable nanoshell [50] comprising poly-lactic-
co-glycolic acid biocompatible polymer in contact with an amphiphilic polyol
stabilizing agent; a spacer compound non-covalently sequestered in the
nanoshell wall and a targeting agent bound to the non-covalently sequestered
spacer compound resulting in the display of the targeting agent on the exterior
surface of the nanoshell. The nanoshell was loaded with curcumin and its
derivatives. These were found to be potential drug delivery systems for
bioactive agent which can be used in combination with a conventional
radioisotopes for controlled release of bioactive agents.

NANOPARTICLES

Nanoparticles offers several advantages when encapsulated with bioactive
agents. Some of the advantages are [51, 52]: they enhance the solubility of the
encapsulated bioactive agent, improve bioactive agents adhesion to biological
surfaces resulting in rapid onset of therapeutic action with improved
bioavailability, they have large surface area which can improve the loading
and delivery of bioactive agents to targeted cells and tissues, they reduce the
drug dose needed to achieve therapeutic benefit thereby lowering cost and side
effects associated with the drug and their size can enhance active drug
targeting.

Heo et al., developed cyclodextrin-conjugated gold nanoparticles which
formed inclusion complexes with curcumin [53]. The formulation significantly
hindered osteoclast formation of bone marrow-derived macrophages by
suppression of the receptor activator of nuclear factor-kBligand-induced
signalling pathway. In vivo analysis was performed on ovariectomy-induced
osteoporosis model which suggested that the formulation can enhance bone
density and prevent bone loss. Mulik et al., formulated apolipoprotein E3
mediated poly(butyl) cyanoacrylate nanoparticles containing curcumin with
enhanced cell uptake for treatment of Alzheimer disease [54]. The
nanoparticle containing curcumin was more photostable than the free
curcumin. In vitro cell culture study showed enhanced therapeutic efficacy of
nanoparticle against beta amyloid induced cytotoxicity in SH-SYSY
neuroblastoma cells than the free curcumin. Amano et al.,, prepared
nanoparticles to suppress macrophages. The diameter of the nanoparticles
containing curcumin ranged from 60 to 100 nm. They were useful for the
selective suppression of macrophages in vivo in mice [55]. Krausz et al.,
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synthesized curcumin nanoparticles which inhibited in vitro growth of
methicillin-resistant Staphylococcus aureus and Pseudomonas aeruginosa [56].
This inhibition was dose-dependent and it inhibited methicillin-resistant
Staphylococcus aureus growth with enhanced wound healing in an in vivo
murine wound model. Jambhrunkar et al.,, encapsulated curcumin in
mesoporous silica nanoparticles [57]. The encapsulation resulted in enhanced
solubility, cell cytotoxicity, drug release, and high cellular delivery efficiency
of curcumin than the free crucumin. Bhawana et al., prepared nanoparticles of
curcumin by wet-milling technique and the particle size distribution was in a
range of 2-40 nm [58]. They were dispersible in water and the aqueous
dispersion of nanocurcumin was much more effective against Staphylococcus
aureus, Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa,
Penicillium notatum, Aspergillus niger than the free curcumin. The
nanocurcumin exhibited enhanced inhibitory effects on the Gram-positive
bacteria than the Gram-negative bacteria. Furthermore, its antibacterial activity
was much better than the antifungal activity. The mechanism of antibacterial
action of curcumin nanoparticles was as a result of the penetrating effects of
the nanoparticles through the cell wall onto the bacteria cell resulting in cell
death. Anand et al., developed polymer-based nanoparticle from poly (lactide-
co-glycolide) and polyethylene glycol (PEG)-5000, a stabilizer [59]. The
cellular uptake of the nanoparticles was more efficient and more rapid than the
free curcumin. They were also able to induce apoptosis of leukemic cells and
suppressed proliferation of various tumor cell lines. Bisht et al., synthesized
polymeric nanoparticle encapsulated formulation of curcumin by micellar
aggregates of cross-linked and random copolymers of N-isopropylacrylamide,
N-vinyl-2-pyrrolidone and poly (ethyleneglycol) monoacrylate [60]. The
nanoparticles encapsulated with curcumin exhibited in vitro therapeutic
efficacy against human pancreatic cancer cell lines. The mechanisms of action
of the nanoparticles encapsulated with curcumin against the cancer cell lines
was by induction of cellular apoptosis, blockade of nuclear factor kappa B
(NFxB) activation and downregulation of steady state levels of multiple
proinflammatory cytokines (IL-6, IL-8, and TNFa). These findings further
confirmed the benefits of nanoformulation of curcumin. Lim et al. developed
nanoparticle-encapsulated curcumin active against medulloblastoma and
glioblastoma cells [61]. The curcumin nanoparticles inhibited malignant brain
tumor growth through the modulation of cell proliferation, survival and stem
cell phenotype. Ha et al., encapsulated curcumin nanoparticles onto copolymer
[62]. They exhibited enhanced cellular uptake on cancer cell lines i.e., HT29
and HeLa. Nanoparticles laced with curcumin was reported to enhance
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neurogenesis, opening doors to treatment of neurodegenerative disorders such
as Alzheimer's disease [63]. Curcumin-encapsulated nanoparticles induced
proliferation of the neural stem cells. There is also a report on solid lipid
nanoparticles of curcumin for the treatment of oral mucosal infection [64].
There was an enhanced uptake of curcumin in the mucosal tissue. The
nanoparticles exhibited high antimicrobial activity against Staphylococcus
aureus, Streptococcus mutans, Viridans streptococci, Escherichia coli,
Lactobacillus acidophilus and Candida albicans than the free curcumin. There
are other research reports on the potential medical applications of
nanoparticles of curcumin [65-71, 72].

DENDRIMERS

Dendrimers are nanocarriers and they are composed of an interior core,
several interior layers and exterior multivalent surface that has functionalities
for possible drug anchoring [73]. Most dendrimers have molecular diameters
of less than 10 nm and this unique property makes them useful as biomimics
[74]. Their dendritic structure consists of a number of functional groups useful
for encapsulation of drug molecules, targeting moieties and solubilizing
groups [75]. The interior of dendrimers is also useful for encapsulation of
drugs [76]. They have been used for encapsulation of several types of drugs
[77-82]: anticancer drugs, antimicrobial, anti-malaria, antiviral, anti-
inflammatory etc. Wang et al., prepared poly(amidoamine) dendrimer to
encapsulate curcumin for drug delivery to cancer cells [83]. The dendrimer
encapsulated with curcumin exhibited higher anti-proliferative activity against
A549 cell lines than the free curcumin. The dendrimer also had a significant
effect on the generation of intracellular reactive oxygen species, the
mitochondrial membrane potential and cell apoptosis suggesting that
encapsulation of curcumin onto dendrimers enhances its anticancer effects.
Mollazade et al., investigated the anti-proliferative effect of PAMAM
encapsulated with curcumin on T47D breast cancer cell line [84]. While
PAMAM dendrimers encapsulated with curcumin decreased the IC50 for
proliferation and also increased the inhibitory effect on telomerase activity.
Abderrezak, et al., investigated the interaction of selected dendrimers with
different compositions with hydrophilic and hydrophobic drugs (i.e., cisplatin,
resveratrol, genistein and curcumin) [85]. Dendrimers encapsulated with
curcumin was found to be very stable at physiological pH. Song et al.,
developed linear-dendrimer methoxy-poly (ethylene glycol)-b-poly (e-
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caprolactone) copolymer encapsulated with curcumin [86]. In vitro release
cytotoxic activities against Hela and HT-29 cells showed enhanced anticancer
activity of the curcumin. Debnath et al., prepared dendrimer-curcumin
conjugate that exhibited enhanced water solubility and cytotoxic effects
against SKBr3 and BT549 breast cancer cells [87]. Yallapu et al., evaluated
the interaction of curcumin nanoformulations with cancer cells, serum
proteins, and human red blood cells so as to determine their clinical
application [88]. The significant binding capacity of dendrimer-curcumin to
plasma protein was observed.

NANOGELS

Nanogels are nanosized particles that are formed by physically or
chemically cross-linked polymer networks [89]. The exhibit good swelling
ability and they have been proven to deliver drugs in controlled, sustained and
targetable manner. They have unique feature such as [89]: their particle size
and surface properties can be manipulated to minimise rapid clearance by
phagocytic cells, resulting in passive and active drug targeting, controlled and
sustained drug release to the target site; they improve the therapeutic efficacy
and reduce side effects of drugs; they exhibit high drug loading capacity; they
are non-immunogenic; they are biocompatible and biodegradable. Their size
range is between 20-200 nm in diameter which makes them effective in
hindering rapid renal clearance [89]. Madhusudana et al., developed
interpenetrating polymeric network nanogels from gelatin by simple free
radical emulsion polymerization [90]. The curcumin-encapsulated nanogels
exhibited good bioavailability. The cytotoxicity test suggested that the
nanogels is pH sensitive and that they are potential delivery systems for
colorectal cancer drug delivery applications. Gongalves et al., developed self-
assembled nanogels obtained from dextrin for encapsulation of curcumin [91].
The in vitro release profile suggested that the nanogel are suitable carrier for
controlled release of curcumin. The curcumin-loaded nanogel exhibited
cytotoxic effects against HeLa cell lines. Wu et al., [92] developed
multifunctional hybrid nanogels for intracellular delivery of curcumin. In vivo
results proved that they are potential therapeutic agents for treatment of
cancers and other diseases. Wei et al., also reported hyaluronic acid based
nanogel-drug conjugates with improved anticancer activity [93]. They were
found to be effective for efficient targeting and suppression of drug-resistant
tumors.
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PoLYMER-DRUG CONJUGATES

The incorporation of bioactive agents to polymeric carrier usually result in
enhanced therapeutic effects of the bioactive agents such as increased
bioavailability, targeted drug delivery profile with reduced toxicity and
overcome resistance build-up [94]. Polymer-drug conjugate is composed of
five parts namely: the polymeric backbone, the drug, the spacer, the targeting
group and the solubilising group [94, 95]. The mechanism of action of
polymer-drug conjugates is influenced by its structural design such as [94, 96-
98]: flexible backbone must be non-toxic, biocompatible and consist of
solubilizing functionalities that will enhance its water solubility; molecular
weight should be below the renal excretion to prevent quick excretion from the
body; backbone should be biodegradable and susceptible to catabolic
processes for elimination of the polymer after drug release process; the carriers
should have reactive functionalities for polymer-drug conjugation which
should be sufficiently remote from the main chain to permit enzyme approach
and cleavage action that results in target drug release mechanism; there should
be targeting moieties to enhance drug targeting capability; linkers introduced
to the carrier should be stable in blood circulation ensuring that the polymeric
prodrug is inert during transport. There are research reports on their
applications, for treatment of diabetes, cancer, inflammation, viral infection,
bacterial infection etc.

Tang et al., reported polymer-drug conjugates with high molecular weight
encapsulated with curcumin [99]. The design of the backbone of the
conjugates resulted in high drug loading efficiency, fixed drug loading content,
enhanced stability of curcumin and water solubility. The polymer-drug
conjugates of curcumin were cytotoxic to cancer cells (i.e., SKOV-3,
OVCAR-3 ovarian cancers, and MCF-7). They exhibited enhanced cellular
uptake resulting in hydrolytic cleavage and release of curcumin. The
conjugates inhibited SKOV-3 cell cycle at G(0)/G(1) phase in vitro and
induced cell apoptosis partially through the caspase-3 dependent pathway.
Zhang et al., prepared polymer residue of hydrazone-containing pH responsive
polymeric conjugate micelles that induce significant cytotoxicity in HeLa cell
lines [100]. Yang et al., developed polymer-drug conjugate micelle to enhance
the delivery of curcumin [101]. Multiple curcumin molecules were conjugated
to poly(lactic acid) via tris(hydroxymethyl)aminomethane linker. The
conjugates were found to be in a range of <100 nm. The drug-encapsulated
conjugate micelles cellular uptake compartment of HepG2 cells was
significant. Nkazi et al., demonstrated the polymer-drug co-conjugation of
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curcumin and an analogue of ferrocene to a single polymeric carrier via
hydrazone linker [102]. The conjugates were found to be potential delivery
system for combination therapy. Manju and Sreenivasan, synthesized
polyvinylpyrrolidone—curcumin conjugates [103]. The drug conjugates were
self-assembled in aqueous solution to form nanosized micellar aggregates. The
conjugates were also cationic. The conjugates exhibited higher cytotoxic
effects than the free curcumin. In another research report by Aderibigbe et al.,
polyamidoamine conjugates containing curcumin and bisphosphonate were
synthesized by aqueous phase Michael addition reaction [104]. The in vitro
release studies of curcumin from the polyamidoamine was slower at pH 7.4
than at pH 5.8. The release profiles suggested that the conjugates are more
stable at pH 7.4 and hence, are potential sustained drug delivery systems for
combination therapy.

GRAPHENE OXIDE

Graphene oxide sheets are carbon based biomaterials and they are
hydrophilic and they exhibit reasonable colloidal dispersibility under
appropriate pH conditions [105]. The unique properties of graphene oxide that
makes it to be preferred over other carbon-based materials are good aqueous
dispersibility, low cost, absence of particles of toxic metal and colloidal
stability [106, 107]. They also have high therapeutic loading capacity, high
surface area, negative charge which establish electrostatic interactions with
positively charged (i.e., highly hydrophilic) polymers and a variety of
functional groups on its surface for possible surface bi-conjugation and
because of these aforementioned properties, they are applied in biomedical
field [106, 107]. In a research by Hatamie et al., curcumin-functionalized
reduced graphene oxide sheets with concentrations greater than 70 pg/mL
exhibited cytotoxic effects by inducing slight cell deaths, cell apoptosis and
cell morphological changes. The results showed that functionalized reduced
graphene oxide nanomaterials can be used effectively in drug delivery [108].
Some et al., incorporated curcumin onto graphene composites to produce
biocomposites with anticancer activity [109]. The drug loading increased with
increase in the number of oxygen-containing functional groups in graphene-
derivatives. A synergistic effect of curcumin loaded graphene composites was
very significant on cancer cell death of HCT 116 both in vitro and in vivo. The
graphene quantum dot-curcumin composites contained the highest amount of
curcumin nano-particles and exhibited the best anticancer activity compared to
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the other composites and the free curcumin. This finding suggested that the
quantum dot-curcumin composites are potential devices for synergistic
chemotherapy with superficial bioprobes for tumor imaging.

CONCLUSION

Curcumin exhibit various medicinal properties such as anticancer, anti-
inflammatory, anti-diabetic, anti-bacterial, anti-Alzheimer, antimicrobial and
antimalarial activities etc. However, its application is hampered by its poor
water solubility and bioavailability. As a results of these shortcomings, several
researchers are currently focused on the development of effective delivery
systems that will increase the hydrophilicity, stability, bioavailability and
control the delivery of curcumin to target site. The application of
nanotechnology to develop nanoformulations of curcumin have resulted in
enhanced water solubility, bioavailability and targeted delivery mechanism
and they have been found to be useful for combination therapy where other
drugs are incorporated together with curcumin. This has also increased the
half-life, reduced toxic adverse effects of curcumin resulting in improve
pharmacokinetic profile and therapeutic efficacy. However, most of the studies
were performed on animal models and cell lines. There is still a pressing need
to understand the effects of curcumin nanoformulations on humans.
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ABSTRACT

Encapsulation techniques have been widely applied to a diverse array
of bioactive substances in order to improve stability, bioavailability and
hydrophilicity and also to avoid side effects caused by high dosages
required by some drugs. In the case of curcumin, its hydrophobic
character and low stability in alkaline conditions, thermal treatment, light,
metallic ions, ascorbic acid and others turn it into a natural candidate for
encapsulation. Researches over the last decades have demonstrated that
curcumin encapsulation is feasible being carried out by techniques such
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as nanoprecipitation, micellization, emulsification and miniemulsification
followed by solvent removal, crosslinking reaction. However, attention
must be paid when choosing the encapsulant matrix because it directly
affects encapsulation efficiency and also due to the existence of specific
interactions with the chemical structure of curcumin. Some examples are
synthetic and bio-based amorphous or semi-crystalline polymers,
hydrogels, solid lipids micro or nano carriers, ionic complexation
matrices and. In the case of nanosized capsules, colloidal stability is also
an issue because agglomeration leads to a decrease in overall specific
surface area and slow release rates. Regarding capsules size, although
microscale often led to increase in bioavailability, specific clinical uses
such as cancer treatment require nanosized capsules due to the
phagocytosis mechanism. However, microcapsules remain as a low cost,
easy to scale up methodology to encapsulate curcumin. Recent studies
focus on characterizing the resulting material to assure curcumin is
properly encapsulated and homogeneously distributed along the matrix.
Also, gains in bioavailability and pharmacological effects must be
extensively demonstrated as to compensate the increased complexity of
the encapsulation techniques.

1. ENCAPSULATION TECHNIQUES

Encapsulation is well recognized as an efficient way to modify substances
at micro or nanoscale levels. There is a range of different techniques available
and the correct choice depends on a number of factors as encapsulated
substance-matrix interactions, use of harm solvents, hydrophilicity of
components and costs. In the case of curcumin, the most appropriate
techniques involves its dissolution in an appropriate solvent then removing it
in the presence of strong stirring or an antisolvent substance to generate micro
or nano sized particles. The most prominent curcumin encapsulation
procedures are described below.

Microemulsion

Microemulsion is used to improve water dispersibility of hydrophobic
compounds. Other claimed advantages of microemulsions are easy of
preparation, thermodynamic stability, high solubilizing capacity and
formulation flexibility regarding stabilizer, lipid carrier and the encapsulated
drug itself (Bergonzi, Hamdouch, Mazzacuva, Isacchi, & Bilia, 2014; Spernath
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& Aserin, 2006). However, proper formulation design generally requires
knowledge on phase equilibria (Lin, Lin, Chen, Yu, & Lee, 2009; Piao et al.,
2010). Encapsulation efficiency is demonstrated to be dose-dependent
(Bergonzi et al., 2014) although maximum loads are in general low which is a
disadvantage of microemulsion encapsulation.

Microemulsion is an alternative to transdermal delivery of curcumin when
no harm components are used such as alcohol-free formulations (Sintov,
2015). In-vitro skin penetration studies in rats were reported comparing four
systems: W/O microemulsion, micellar system, a surfactant-oil mixture and a
1% CUR solution in propylene carbonate. Results indicated that the
microemulsion nature played an important role in curcumin permeability since
it was statistically higher for W/O microemulsion and all four systems were
essentially composed by the same ingredients.

Curcumin microemulsion using terpene was successfully prepared by Liu,
Cheng and Hung (C.-H. Liu, Chang, & Hung, 2011). They observed that skin
permeation rates greatly increased when the limonene/water contents were
appropriately adjusted. The optimal formulation was able to retain 29.88 pg of
curcumin in porcine skin samples, which means that limonene microemulsion
loaded with curcumin is a promising tool for the percutaneous delivery of
curcumin.

Bergonzi and colleagues (2014) have used the microemulsion technique
aiming to improve the solubility and oral uptake of curcumin. The
encapsulation of curcumin in microemulsions did not affect these systems,
thus, the microemulsions resulted stable, with low tendency to aggregate. All
formulations provided considerable improvement in solubility of curcumin,
whose the best formulation presented 14.57 mg/ml of solubilization capacity
and a percentage of permeation through the artificial membrane of about 10%
of curcumin after 6 h and about 70% after 24 h.

Emulsion and Microemulsion Polymerization

Emulsion polymerization is the most common method to prepare polymer
lattices with high solid content and fast reaction rate. In microemulsion
polymerization, the particles are generated in a thermodynamically stable
microemulsion phase containing swollen micelles. This process is based on
homogeneous or micellar nucleation. On the other hand, miniemulsion
polymerization is known to progress via monomer droplet nucleation without
mass transport. Generaly, miniemulsion polymerization is used for
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encapsulation of hydrophobic functional molecules and its preparation requires
a high-pressure shear process using an ultrasonicator or a high-presure
homogenizer (Sasaki et al., 2015).

Duan and co-workers (2010) have prepared curcumin-loaded
chitosan/poly(butyl cyanoacrylate) nanoparticles using the emulsion
polymerization technique. They obtained particles with spherical shape,
average size of 200 nm and 90.04% of encapsulation efficiency. In in vitro
studies, curcumin nanoparticles have shown comparable therapeutic efficacy
to free curcumin against hepatocellular cancer cells and proapoptotic effects.
Regarding to in vivo studies, curcumin nanoparticles suppressed
hepatocellular carcinoma growth and inhibited tumor angiogenesis.

In another study, Duan and co-workers (2012) have used the emulsion
polymerization technique to co-encapsulate doxorubicin and curcumin in
poly(butyl cyanoacrylate) nanoparticles. This time the authors obtained
particles with 133 nm in diameter and entrapment efficiencies of 49.98% and
94.52% to doxorubicin and curcumin, respectively. According to them, the
dual-agent loaded in nanoparticles system had the similar cytotoxicity to co-
administration of two single-agent loaded in nanoparticles. Besides, the
simultaneous administration of anticancer compound (doxorubicin) and
chemosensitizer (curcumin) achieved the highest reversal efficacy.

Emulsification/Solvent Evaporation

In this method, the dissolution of encapsulant (usually a preformed
polymer) and curcumin is carried out using a suitable non-polar solvent like
chloroform or dichloromethane and then the solution is emulsified into
nanometric droplets in water with the aid of high HLB surfactants. The
emulsification step also requires a high throughput energy device (ultrasound
probe or high shear homogenizer) or mechanical stirring. After this, the
solvent is evaporated overnight or under reduced pressure leading to the
precipitation of the curcumin-loaded polymer submicrometric particles (Asua,
2002). Mechanical stirring leads to micrometric particles while high energy
dispersers result in nanometric particles (Leimann et al., 2013). This technique
is well suitable to encapsulate curcumin due to its high hydrophobic behavior.

Tsai and colleagues (2011) have used emulsification/solvent evaporation
technique to prepare Curcumin-loaded PLGA nanoparticles. The mean particle
size was 158 nm with 46.6% of entrapment efficiency. The oral bioavailability
of encapsulated curcumin was 22-fold higher than free curcumin. Supporting
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the oral study, excretion results have shown that absorption of curcumin was
significantly increased by nano-formulation, which indicates that PLGA
nanoparticles could potentially be applied to increase bioavailability of other
hydrophobic polyphenols.

Chereddy and colleagues (2013) also have produced curcumin-loaded
PLGA nanoparticles. The authors found that PLGA nanoparticles were able to
protected curcumin from light degradation, enhanced water solubility and
sustained a release of curcumin over a period of 8 days. Histology studies
confirmed that curcumin-loaded PLGA nanoparticles exhibited higher anti-
inflammatory potential, re-epithelialization and granulation tissue formation.
In conclusion, PLGA nanoparticles containing curcumin could be used to
healing of wounds.

Yoon and co-workers (2015) have used the emulsification/solvent
evaporation technique to prepare poly(p,L-latic acid)-glycerol containing
curcumin. They obtained particles with mean diameter of approximately 200
nm. The in vitro anti-tumor efficacy of curcumin nanoparticles was
comparable to that of a solution of curcumin, but in vivo studies have shown
that curcumin nanoparticles allowed the prolonged circulation of the drug in
the blood stream and improved anticancer activity after intravenous injection.

Nanoprecipitation

Nanoprecipitation (or solvent displacement) method consists in the
dispersion of hydrophobic droplets in non-solvent. Generaly, the hydrophobic
solute (polymer or lipid molecule) is dissolved into a polar organic solvent like
acetone, ethanol our tetrahydrofuran. Then, this solution is dripped to a large
amount of a non-solvent (generally water) of the solute, under stirring. The
mixed binary solution becomes a non-solvent for the hydrophobic molecules
and the system evolves phase separation, leading to the formation of particles
of the hydrophobic solute. This method doesn’t require precursor emulsion,
differing from emulsion-based methods, which makes it a faster option
(Lepeltier, Bourgaux, & Couvreur, 2014).

Shaikh et al., (2009a) have encapsulated curcumin in PLGA by the
nanoprecipitation technique. The nanoparticles showed spherical shape with
particle size of 264 nm. In vivo studies have shown that curcumin encapsulated
obtained at least 9-fold increase in oral bioavailability when compared to
curcumin administrated with piperine as absorption enhancer. Zein
nanoparticles were successful prepared by Patel et al., (Patel, Hu, Tiwari, &
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Velikov, 2010). The authors obtained spherical shape particles with average
particle size around 100 — 150 nm. The UV irradiation study confirmed
enhanced photostability of curcumin into the nanoparticles. Besides, the
particles presented good colloidal stability at differents pHs. The
nanoprecipitation technique was used by Yallapu et al., (2014) to evaluate the
role of nanoencapsulated curcumin in prostate cancer. Their results have
demonstrated that PLGA nanoparticles containing curcumin efficiently inhibit
growth of prostate cancer cells in vitro and in vivo.

Supercritical Anti-Solvent Precipitation (SAS)

Supercritical anti-solvent precipitation uses CO, as the anti-solvent. It
diffuses into the organic solvent, generating an expansion of the volume, a
decrease in solvent density and a decrease in solvent power. The quick
diffusion provides a uniform and high degree of supersaturation, which
promotes the formation of nanoparticles whose size and morphology can be
controlled. It is an attractive method for nanoparticle formation for bioactive
and pharmaceutical compounds due the absence of residual solvent, mild
operating temperatures and a narrow particle size distribution (Joye &
McClements, 2013).

Anwar et al., (2015) have applied the SAS methodology to encapsulate
curcumin. The authors have found that SAS was able to provide a significant
increase in solubility and dissolution profile of curcumin. Nevertheless, rats’
plasma analysis demonstrated that oral bioavailability of SAS nanoparticles
containing curcumin have increased approximately 11.6-fold as compared to
native curcumin.

Zabihi et al., (2014) evaluated the influence of process parameters on
preparation of SAS nanocapsules containing curcumin. They have observed
that the size and loading of the particles can be significantly enhanced by
increasing ultrasound power, fluidizing potential in turn and high anti-solvent
flow rate.

Solid Lipid Nanocarriers (SLN)

Solid lipid nanocarriers was successfully developed in the early 1990s as
alternative materials to polymers for parenteral nutrition. The technique for
obtaining it is identical to oil in water emulsion, but the lipid has to be in solid
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shape. There are several techniques for SLN fabrication, including high
pressure homogenization and emulsification-evaporation, but also numerous
dispersion techniques such as ultrasonication and high speed stirring, as well
as spray drying, microemulsion-based methods and various precipitation
techniques (Bazylinska, Pucek, Sowa, Matczak-Jon, & Wilk, 2014).
According to Gastaldi et al. (2014), the main advantages of SLN are good
biocompatibility, relevant drug loading capability, absence of organic solvents,
ease of scaling up and long time stability (around 3 yars).

Sun et al. (2013) have prepared curcumin-loaded SLN by high-pressure
homogenization using different solid lipids. Most of the particles were
observed to be distributed between 150 and 200 nm. Besides, in vitro release
studies in 0.1 M phosphate buffer solution have demonstrated that 90% of free
curcumin was rapidly degraded whiting 10 minutes. On the other hand,
curcumin SLN remained stable, 60% of the curcumin could be detected after
12 hours, which prove that this encapsulation technique was able to improve
the chemical stability of curcumin.

In order to enhance the oral bioavailability of curcumin, Kakkar et al.,
(2011) have produced NLS using a microemulsification technique. The
particles produced had spherical shape with an average particle size of 134.6
nm and total drug content of 92.33%. No significant variation in particle size
and curcumin content of curcumin SLN was observed after a period of 12
months at 5°C. In vivo pharmacokinetics performed after oral administration
demonstrated that curcumin SLN has improved the content of curcumin in
plasma rats as compared to free curcumin.

Wang et al., (2013) have prepared SLN containing curcumin using stearic
acid as solid lipid. The particles have shown size ranged from 20 to 80 nm.
Besides, curcumin SLN enhanced the targeting of curcumin to lung and tumor,
being able to increase the inhibition efficiency of curcumin from 19.5% to
69.3%, which indicates that curcumin SLN provide a novel method for
medical application on lung cancer treatment.

Liposome Encapsulation

Liposome encapsulation was also evaluated in order to allow intravenous
administration and to overcome the problem of poor bioavailability of free
curcumin. Common liposome constituents are 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), l-a-dimyristoylphosphatidylglycerol (DMPG) and
cholesterol. Curcumin-loaded liposome production usually involves the
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following steps: dissolving curcumin and the lipids in a common solvent (tert-
butanol chloroform, methanol, DMSO or a combination of them); and
sterilization of such solution by filtration) (Chen et al., 2009; Li, Ahmed, &
Mehta, 2007; Li, Braiteh, & Kurzrock, 2005). Due to the nature of the double
wall vesicles, liposomal curcumin is less prone to degrade than free curcumin
when in unfavorable conditions (pH 7.4, phosphate buffer solution). However,
no significant difference was detected in plasma or whole blood media (Chen
et al., 2009).

In a study conducted by Shi and co-workers (2012), the role of liposomal
curcumin in radiation pneumonitis and lung carcinoma was avaliated. The
combined treatment with liposomal curcumin and radiotherapy increased
intratumoral apoptosis and significantly enhanced inhibition of tumou grouth.
In this sense, the authors suggest that the systemic administration of liposomal
curcumin is safe and need to be investigated for further clinical applications.

Chen and colleagues (Chen et al., 2009) have performed in vitro study of
liposomal curcumin. They confirmed that liposomal curcumin presented
higher stability than free curcumin in phosphate buffer solution, but liposomal
and free curcumin had similar stability in human blood and plasma. Thus, the
liposomal curcumin may be useful for intravenous administration to improve
bioavailability and efficacy of curcumin.

Spray Drying

Spray drying encapsulation technique is typically used for the preparation
of dry, stable food additives and flavor for food industry. Usually, modified
starch, maltodextrin, gum and other substances are hydrated to be used as the
wall material. For encapsulation, the core material is homogenized with the
wall material and this mixture is fed into a spray dryer and atomized with a
nozzle or spinning wheel. The water is evaporated due to the contact with the
hot air and then the capsules are collected after they fall to the bottom of the
drier. Typically, this technique provides spherical shape particles with a mean
size range of 10 — 100 um. The main advantages of spray drying encapsulation
technique are continuous operation, economy, flexibility and production of
particles with good quality (Z. Fang & Bhandari, 2010).

Paramera and co-workers (Paramera, Konteles, & Karathanos, 2011) have
used the spray drying technique to encapsulate curcumin in modified starch.
The authors obtained low value of encapsulation efficiency (around 56%).
They claim that curcumin and modified starch are hydrogen bonded, thus the
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low encapsulation capacity of modified starch is probably due to its low
degree of substitution (<3%). Therefore, to obtain successful emulsification
with hydrophobic components is necessary to substitute the starch. However,
modified starch particles was able to drastically increase curcumin solubility in
simulated gastric fluid.

Aiming to enhance the solubility of curcumin, Liu et al., (2016) have
microencapsulated curcumin in whey protein isolate (WPI) using the spray
drying technique. The complexation was possible due to hydrophobic
interactions between curcumin and nonpolar region of WPI. The obtained
microparticles displayed high curcumin retention rates (>95%) and increased
solubility of 11,355-fold compared to the raw curcumin cristals. Besides, the
microparticles dried at different inlet temperatures showed very similar radical
scavenging activities, demonstrating that the drying temperature did not affect
the antioxidant activity of curcumin.

Inclusion Encapsulation

Molecular inclusion is an encapsulation technique that generally uses
cyclodextrins as the encapsulating material. Cyclodextrins are a group of
natural cyclic oligosaccharides derived from starch. It presents a cylinder-
shaped structure where the external part of the molecule is hydrophilic
whereas the internal part is hydrophobic. This structure guarantees
cyclodextrins a satisfactory medium for encapsulation of less polar molecules
into the internal cavity through hydrophobic interactions (FANG;
BHANDARI, 2010).

Jahed and colleagues (2014) have investigated the solubility enhancement
of curcumin through complaxation by f-cyclodextrin. The results have shown
that curcumin solubility increased linearly with increasing PB-cyclodextrin
concentration. Besides, Nuclear Magnetic Resonance spectroscopy revealed
the hydrophobic interactions between the cavity of B-cyclodextrin and the
aromatic rings of curcumin.

Mangolim and co-workers (2014) evaluated three different methodologies
to complex curcumin with B-cyclodextrin: co-precipitation, freeze-drying and
solvent evaporation.  According to them, the co-precipitation method
presented the best result of inclusion efficiency (74%). Besides, this
formulation was able to increase the solubility of the curcumin 31-fold and
keep it stable to pH variations and storage at -15 and 40C. The authors have
applied curcumin B-cyclodextrin complex in vanilla ice cream, which results
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in a good sensorial acceptance. In this sense, the use of complex is viable in
food industry.

Yallapu and contributors (YALLAPU; JAGGI; CHAUHAN, 2010) have
complexed curcumin in B-cyclodextrin by using a solvent evaporation
technique. Their formulation demonstrated greater potent therapeutic efficacy
in prostate cancer cells compared to free curcumin, which means that it can be
an effective curcumin formulation for prostate cancer therapy.

Lipid-core Nanocapsules (LNC)

Lipid-core nanocapsules (LNC) are a class of nanocapsules in which the
oil core is formed by a dispersion of a liquid lipid and a solid lipid. A
polymeric wall surrounds the oil core and the interface particle/water is
stabilized with surfactant. The main advantages of this colloidal system are
capacity to stabilize photolabile substances, control drug release, icrease
cerebral biodistribution of different substances and improve effectiveness
(CORADINI et al., 2014).

Zanotto-Filho and colleagues (2013) produced LNC containing curcuming
by interfacial deposition of preformed polymer using PCL as polymeric wall.
Curcumin LNC showed mean size of 196 nm and 100% of encapsulation
efficiency. The encapsulated curcumin had important effects in rats bearing
gliomas being able to decrease the tumor size and malignance and prolonged
animal survival when compared to same dose of non-encapsulated curcumin.
Those data suggest that encapsulation of curcumin in NLC is an option to
improve its pharmacological efficacy in gliomas’ treatment.

Friedrich and co-workers (2015) also have used the interfacial deposition
of preformed polymer to obtain LNC containing curcumin and resveratrol. The
proposal of this study was to investigate the effect of co-delivery by LNC
upon topical application on excised human skin. The authors observed that
curcumin allows the penetration of resveratrol (less lipophilic) across the
major skin barrier into viable epidermis and dermis. This occurs because
curcumin is able to interact with the lipid bilayers of the stratum corneum,
facilitating the passage of resveratrol. Based on these results, curcumin LNC
presents a great potential as carrier system for delivery of low water soluble
compounds such as resveratrol and curcumin for local applications to human
skin.
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2. NANO AND MICROENCAPSULATION AS A STRATEGY
TO ENHANCE CURCUMIN BIOAVAILABILITY

The pharmacokinetics and pharmacodynamics of curcumin have been
widely investigated. Although it has been proven efficient in many cases (anti-
inflammatory, anti-cancer, antioxidant, antimicrobial, etc) and safe (curcumin
is safe even at doses as high as 12 g/Kg) (Lao et al., 2006), curcumin has not
yet been approved as a therapeutic agent. The major problem for this is
probably its poor oral bioavailability, since oral delivery is still the most
important and frequently used application route for drug administration.

Curcumin poor bioavailability is a consequence of three main aspects:
1) poor absorption; 2) rapid metabolism and 3) rapid excretion (Goel,
Kunnumakkara, & Aggarwal, 2008b). The first study on curcumin uptake,
metabolism and excretion was from Wahlstrom & Blennow (1978) using
Sprague-Dawley rats. They found that when curcumin was administrated
orally in a dose of 1 g/kg, it was excreted in the faeces to about 75%, while
negligible amounts of curcumin appeared in the urine. Measurements of blood
plasma levels and biliary excretion showed that curcumin was poorly absorbed
from the gut. In fact, other studies confirm the poor absorption of curcumin in
rats and in humans. All of them relate negligible serum levels of curcumin
(Ravindranath & Chandrasekhara 1980; Ravindranath & Chandrasekhara,
1981; Pan et al., 1999; Anand et al., 2007). When given orally at a dose of
2g/Kg to humans, it was observed extremely low or undetectable serum levels
of curcumin (0,006 + 0,005 pg/mL at 1 h) (Shoba et al., 1998).

Once it is absorbed, curcumin is rapidly and extensively metabolized.
Metabolism of curcumin occurs in intestine and liver and includes sulfation,
glucuronidation and reduction (Pan et al., 1999). In rats, the major curcumin
metabolites are glucuronides and sulfate conjugates. Traces of dihydroferulic
acid and ferulic acid are also found. In humans, gastrointestinal tract
contributes substantially to the glucuronidation of curcuminoids, which may
have important implications for their pharmacokinetic fate in vivo (Hoehle,
Pfeiffer, & Metzler, 2007). The chemical structure of the major curcumin
metabolites are shown in Figure 1.

Curcumin is also rapidly eliminated. Yang et al., (2007) showed that after
curcumin (500 mg/kg, p.o.) administration, the maximum concentration
(Cmax) and the time to reach maximum concentration (Tmax) were 0.06 +
0.01 pg/ml and 41.7 + 5.4 min, respectively. The elimination half-life, after



36  Jéssica T. P. Silva, Anderson C. da Silva, Bruno A. da Rocha et al.

oral administration, was 28.1 = 5.6 min. These authors claim that the oral
bioavailability of curcumin was about 1%.
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Figure 1. Structure of curcumin and its major metabolites following oral
administration. Adaptation from Siviero et al., 2015.

Some of the possible ways to overcome curcumin poor bioavailability are
based on encapsulation techniques. The encapsulation of curcumin with
biomaterials such as chitosan, PLGA (poly(lactic-co-glycolic acid)) and PLLA
(poly(l-lactic acid)) to increase the cellular delivery of curcumin has been
studied by different authors. For example, it was already shown that PLGA
nanoparticles (CUR-PLGA-NPs) improve the oral bioavailability of curcumin



Curcumin Nano and Microencapsulation and Its Implications ... 37

in rats (Xie et al., 2011). After oral administration of CUR-PLGA-NPs the
relative bioavailability was 5.6-fold higher compared with that of native
curcumin. Similarly, curcumin loaded PLGA nanoparticles prepared by
emulsion—diffusion—evaporation method presented oral bioavailability at least
9-fold higher when compared to curcumin administered with piperine, a
known inhibitor of hepatic and intestinal glucuronidation (Shaikh, Ankola,
Beniwal, Singh, & Kumar, 2009b).

Curcumin can also be nanoencapsulated using poly(l-lactic acid) (PLLA)
using the miniemulsification-solvent evaporation technique (Silva-Buzanello
et al., 2015). Curcumin-loaded PLLA nanoparticles (CUR-PLLA-NPs)
showed greater biological effectiveness since dosages 8-fold smaller produced
an inhibitory effect in the inflammatory process similar to that of free
curcumin (Rocha et al., 2014). This result suggests higher bioavailability of
CUR-PLLA-NPs, however, plasmatic concentrations of curcumin were not
investigated.

Encapsulation of curcumin in the lauroyl sulphated chitosan (LSCS-CUR)
also caused a great improvement on its bioavailability. In this system it was
observed the attachment of LSCS-CUR particles to the gastrointestinal
mucosa. As a result of this, the in vivo pharmacokinetics study showed that
LSCS-CUR was better absorbed than free curcumin. Also, a single dose of
LSCS-CUR particles sustained curcumin levels in the blood for 7 days
(Shelma & Sharma, 2013).

Liposomes are excellent drug delivery systems since they can carry both
hydrophilic and hydrophobic molecules. Liposomal encapsulation of curcumin
can also enhance gastrointestinal absorption. Takahashi et al., (2009) produced
liposome-encapsulated curcumin (LEC), prepared from commercially
available lecithin grades. High bioavailability of curcumin was evident in the
case of oral LEC since a faster rate and better absorption of curcumin were
observed as compared to the other forms. These results indicated that
curcumin enhanced the gastrointestinal absorption by liposome encapsulation.
Other studies showed that liposomal encapsulated curcumin causes also an
augmentation on cellular anti-cancer effect of the drug (Li et al., 2014; Hasan
etal., 2014).

Micelles and phospholipid complexes can improve gastrointestinal
absorption of drugs, resulting in improved bioavailability. Suresh & Srinivasan
(2007) produced curcumin mixed micelles prepared with a mixture of
phosphatidyl choline and sodium deoxycholate. Micellar curcumin was found
to increase intestinal absorption using an in vitro model of everted rat
intestinal sacs. It was observed that curcumin absorption in this model
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increased from 48.7% to 56.1% when the same was present in micelles.
Recently, lipopolysaccharide based nanocarriers were used to encapsulate
curcumin and revealed 130-fold increase in oral bioavailability of curcumin.
This system had also increased anti-cancer efficacy compared with pure
curcumin (Chaurasia et al., 2015).

Microemulsion is also a useful technique to enhance water dispensability
of hydrophobic molecules. Using this method, Bergonzi et al., (2014) have
shown that an oil/water microemulsion system of curcumin improves its oral
absorption. In this study the optimal formulation consisted of 3.3 g/100 g of
vitamin E, 53.8 g/100 g of Tween 20, 6.6 g/100 g of ethanol and water
(36.3 g/100 g). This formulation enhanced permeation in an in vitro model
using parallel artificial membrane permeability assay (PAMPA).

Taking into account all the studies of encapsulation described here, it is
plausible to say that the effect in improving oral bioavailability of curcumin
may be associated with five main aspects: 1) improved water solubility,
2) higher release rate in the intestinal juice, 3) enhanced absorption, 4)
increased residence time in the intestinal cavity and 5) diminished intestinal
metabolism.

3. EFFECT OF NANOENCAPSULATED CURCUMIN
ON NEURODEGENERATIVE DISEASES

Alzheimer Disease

The success of improved healthcare over the past years is a direct
consequence of demographic aging. Today, human life expectancy is longer,
resulting in a huge proportion of elderly people. However, it was been well
documented that the cases of dementias is increasing in senile but modern
society (Villaflores, Chen, Chen, Yeh, & Wu, 2012).

Alzheimer’s disease (AD) is a neurodegenerative disease, which has huge
impact on society. This neuropathology has been found for more than 100
years but it is still incurable due to the incomplete understanding of its
pathogenesis (FANG et al., 2014). Nowadays, millions of people are affected
by AD. It is predicted that we are going to have big societal and economic
impact if no efficient therapeutic and early-diagnosis approaches become
available (Brambilla et al., 2011).
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The brain of an AD patient is characterized by a strong loss of neurons
and synapses in the cerebral cortex and certain subcortical regions. This results
in atrophy of the affected regions, degeneration in the temporal lobe, parietal
lobe, parts of frontal cortex, cingulated gyrus and mainly hippocampus
(Andrieux & Couvreur, 2013). The exact sequence of synaptic dysfunction,
neuronal loss and biochemical cascade of events are still unknown (Ray &
Lahiri, 2009).

There are two characteristic events that cause AD: deposition of the
amyloid beta (AP) peptide in the intercellular space; and formation of
intraneuronal tangle owing to hyperphosphorylation of axonal Tau protein
(Ray & Lahiri, 2009). AP presents high aggregability, which results in a very
toxic aggregate. It is widely believed that the fundamental treatment for AD
should dissociate AP aggregate (Endo, Nikaido, Nakadate, Ise, & Konno,
2014). However, there are evidences indicating that oxidative damage may
contribute to AD pathogenesis before AP accumulation in the brain
(Elmegeed, Ahmed, Hashash, Abd-Elhalim, El-Kady, 2015).

According to Fang et al. (2014), the mechanism of the anti-AD property of
curcumin is due to its ability of increasing the brain clearance of Af. In
addition, the antioxidant and the immune-stimulating properties of curcumin
may help to control this disease.

Xiong et al. (2011) have examined the effects of curcumin on the
generation of AP and the mechanism by which curcumin inhibits the
production of AP. The results showed that curcumin treatment produced a
concentration and time-dependent reduction in the levels of AP in vitro,
meanwhile it was unclear which element of the amyloidogenic pathway was
directly targeted.

In vivo studies conducted by Ishrat et al. (2009) aimed to test the effect of
curcumin in cognitive deficit. Results have shown that the curcumin
supplementation significantly influenced cognitive deficits in rats, besides
increasing antioxidant and other substances in the hippocampus and cerebral
cortex.

The therapeutic efficacy of curcumin is restricted due its rapid systemic
elimination. To increase the retention time of this compound in the body,
various techniques have been proposed. One of them is its encapsulation in
biopolymers (Tsai, Chien, Lin, & Tsai, 2011). According to Taylor et al.
(2011), such attachment could help to increase the bioavailability of curcumin
and, possibly, increase its binding affinity for AP peptides which affects the
aggregation process.
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Facing this problem, many researchers have employed nanotechnology to
overcome these limitations of pure curcumin and the effects of its
nanoparticles formulations have been promising (Hoppe et al., 2013;
Gendelman et al., 2015).

To design a new nanomedicine for AD it is necessary to consider the
physiopathology of the disease and to adapt the nanocarriers to this new
therapeutic field (Andrieux & Couvreur, 2013). The prerequisites for
successful brain targeting by nanocarrier material to treat neurodegenerative
disease are blood compatibility, blood stability and BBB epithelial surface
adhesion (Sarvaiya & Agrawal, 2014).

Blood Brain Barrier (BBB) is a tightly protective reticulum surrounding
the brain to restrict substances in the blood from entering the brain, such as
harmful blood-borne substances and microorganisms. However, it poses an
impassable obstacle when attempting to deliver drugs. Only small molecules
with high lipid solubility and low molecular weight can cross this specialized
barrier into the brain (SAHNI et al., 2011; TSAI et al., 2011). Andrieux e
Couvreur (2013) claim that the strategy to cross the BBB seems to target
specific transporters expressed at the surface of brain endothelial cells like
transferrin or low-density lipoprotein (LDL) receptors.

Kakkar et al. (2013) evaluated the bioavailability of free curcumin and
curcumin solid lipid nanoparticles (SLNs) in rats plasma and brain. Regarding
to oral administration, the value of nanoencapsulated curcumin in rats plasma
was 8.135 times greater than free curcumin. The results obtained by
intravenous administration have demonstrated that the ratio of encapsulated
curcumin in brain was 30 times higher than the value of plasma. This study
gives us a proof of the protective effect by encapsulating the drug inside the
lipid core, thus protecting the drug from physiological and enzymatic
degradation, and elimination from the system.

Aiming to improve the antioxidant effects of two polyphenols, curcumin
and resveratrol, Coradini et al. (2014) developed lipid-core nanocapsules
(NLC) containing the combination of both polyphenols by precipitation of
preformed polymer method, using poly(e-caprolactone) (PCL). Co-
encapsulation did not influence nanotechnological characteristics.
Furthermore, in vitro tests have shown that the antioxidant activity of
polyphenols was enhanced by nanoencapsulation and the nanocapsules
exhibited controlled release profile, which means that this is a promising
technique to improve the performance of medicines used to prevent and treat
diseases associated with oxidative stress.
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Hoppe et al. (2013) evaluated the effects of free and nanoencapsulated
curcumin on cognitive impairments in rats. The nanoparticles were obtained
by interfacial deposition of preformed polymer, using PCL as biodegradable
polymer. The authors have observed that treatment with a low dose of
nanoencapsulated curcumin (2.5 mg/Kg/day) significantly improved the
cognitive damage induced by AP injection. Non-encapsulated curcumin just
presented significant effects on cognitive damage at a high dose of 50
mg/Kg/day. This study suggests an improvement in the in vivo performance of
the curcumin by its nanoencapsulation, showing a therapeutic alternative in the
treatment of neurodegenerative diseases such as AD.

Taylor et al. (2011) developed and evaluated various formulations of
nanoliposomes associated with curcumin on the aggregation of AP. All
nanoliposomes with curcumin or curcumin derivative where able to inhibit the
formation of oligomeric and/or fibrillar Af in vitro.

Curcumin-conjugated nanoliposomes with curcumin exposed at the
surface were prepared by Lazar et al. (2013) in order to evaluate its action on
AB. Authors found that nanoliposomes strongly labeled AP deposits in post-
mortem brain tissue of AD patients and mice, indicating that curcumin-
conjugated nanolipossomes could find application in the diagnosis and
targeted drug delivery in AD.

Poly(latic-co-glycolic acid) (PLGA) nanoparticles with curcumin were
prepared by the high-pressure emulsification-solvent evaporation technique by
Tsai et al. (2011). In distribution studies, curcumin could be detected in rats
liver, heart, spleen, lung, kidney and brain. The half-life of curcumin were
significantly increased with curcumin encapsulated in nanoparticles from 2.32
to 19.9 in the cerebral cortex and from 7.56 to 16.7 in the hippocampus.

Mathew et al. (2012) have coupled PLGA nanoparticles with Tet-1
peptide, which has the affinity to neurons and possess retrograde
transportation properties. Their results have shown that curcumin encapsulated
on these nanoparticles are able to destroy amyloid aggregates, exhibit
antioxidative property and are non-cytotoxic, proving it to be a potential
therapeutic tool against Alzheimer disease.

In this regard, curcumin nanoscale systems are extremely promising to
treat neurodegenerative disease like Alzheimer due its safe, effective and
targeted-site-specific delivery.



42 Jéssica T. P. Silva, Anderson C. da Silva, Bruno A. da Rocha et al.

Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disorder, age associated,
caused by a progressive loss of dopaminergic neurons of the substantia nigra
(Jagatha, Mythri, Vali, & Bharath, 2008). The main symptoms are tremor,
muscle rigidity, disturbances of balance and bradykinesia (Liu, Yu, Li, Ross,
& Smith, 2011). It is the second most common neurodegenerative disease
worldwide, affecting approximately 1% of people over age 60 and rising to
over 4% by age 85 (Taylor, Main, & Crack, 2013).

The motor symptoms of PD are believed to be result of a loss of
dopaminergic neurons, which the alpha-synuclein deposits, also called Lewy
bodies, are the pathological hallmark (Shah & Duda, 2015).

Even though motor symptoms are the main criteria for clinical diagnosis,
non-motor symptoms such as impaired olfaction, sleep disorders, constipation
and neuropsychiatric manifestations may appear before and during PD onset
and progression (Taylor et al., 2013).

The pathogenesis of neurodegenerative disorders such as Parkinson is
multifactorial, including a complex combination of genetic and environmental
factors (Ataie, Sabetkasaei, Haghparast, Moghaddam, & Kazeminejad, 2010).
The leading mechanisms that implies in the pathogenesis of PD are oxidative
stress, mitochondrial dysfunction, inflammation and abnormal protein
aggregation and degradation (Shah & Duda, 2015).

Oxidative reactions are essential for cell metabolism. However, these
reactions result in the formation of reactive oxygen species (ROS). Oxidative
stress happens when the cells natural antioxidant capacity is overcome,
resulting in oxidative injury (Shah & Duda, 2015). The most common species
of ROS include molecules such as superoxide (O;) and hydrogen peroxide
(H,0,) (Taylor et al., 2013).

The dopaminergic neurons, located in the substantia nigra, are highly
susceptible to oxidative damage due to the high oxygen consumption of this
brain region. The synthesis and storage of dopamine can also increase the
generation of ROS in the PD brain (J. M. Taylor et al., 2013).

Glutathione (GSH) is a tripeptide that plays the major role as antioxidant
and redox modulator in the brain. GSH depletion is the earliest indicator of
oxidative stress in presymptomatic PD patient. This tripepitide is synthesized
from its constituent amino acids by enzymatic reaction involving the enzymes
[l-glutamyl cysteine ligase ([J-GCL) and glutathione synthetase (GS) in the
neuronal cytosol. Mitochondria supplies ATP for GSH synthesis and GSH
decreases the load oxidative stress in the mitochondria. In PD, there is a
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significant depletion of GSH associated with damage to the electrons transport
chain components, which abruptly affects ATP synthesis, inhibiting GSH
synthesis and consequently increasing oxidative stress (Vali et al., 2007).

Therefore, GSH depletion is an event that significantly contributes to the
oxidative load in these neurons, increasing oxidative stress and decreasing
mitochondrial function. In this way, there is a demand for molecules that
restore brain GSH levels, protecting against oxidative damage (Jagatha et al.,
2008).

According to Song et al. (2012), the discovery of neuroprotective
compounds is one of the drug development strategies for PD. Recently,
research aiming to discovery novel neuroprotective drug candidates has
demonstrated that natural products, such as plant extracts and their bioactive
compounds, can have a huge potential as neuroprotective candidates in PD
treatment (More et al., 2013).

Natural antioxidants have been studied due to its action in reducing
deleterious effects and neuronal death by oxidative stress. Nevertheless, not all
antioxidants have been shown to cross the BBB and to have a neuroprotective
effect in animal and human models. The limitation of these antioxidants seems
to be their relatively short half-life, low bioavailability and lack of potent
protection (Ataie et al., 2010).

Among the natural antioxidants, curcumin stands out for its ability to cross
the BBB and bind redox metal ions (Sethi, Jyoti, Hussain, & Sharma, 2009).
Curcumin owns free radical scavenging activity due to the various functional
groups in its structure. The phenolic rings and diketone groups present on
curcumin molecular structure serve as an electron trap, preventing formation
of H,O,, OH and superoxide. It has been found to be ten times more active as
an antioxidant than vitamin E. In this way, the most important biological
activity of curcumin regarding to neuroprotection is its antioxidant function.
(Mythri & Srinivas Bharath, 2012).

Many researchers have highlighted other effects of curcumin on PD.
According to Jagatha et al. (2008), the antioxidant effect of curcumin can
induct GHS synthesis in vitro and in vivo via increased expression of the [1-
GCL gene. Yang et al. (2014) have speculated that curcumin promotes
synthesis and secretion of monoamine neurotransmitters in hippocampal
tissue, improving neurological functions. Ebrahimi & Schluesener (2012)
affirm that polyphenols such as curcumin are able to interact with cellular
signaling pathways, which are involved in neurodegeneration, directly or
indirectly.
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To overcome the low bioavailability and stability of curcumin,
nanoencapsulation techniques have been proposed. Moreover, the application
of targeted delivery is a promising branch of nanotechnology, including
benefits like noninvasive administration, elevated treatment outcome,
improved compliance, optimized drug distribution and reduced systemic side
effects (Gao, Pang, & Jiang, 2013).

The study conducted by Kakkar et al. (2013) aimed to confirm the
delivery of curcumin loaded solid lipid nanoparticles to the brain. The
presence of yellow fluorescent particles in the brain was an indicative of
effective delivery of intact curcumin encapsulated across the BBB, indicating
that the drug was protected by the encapsulation technique, preventing the
drug from enzymatic and physiological degradation, and removal from the
system. Furthermore, the authors observed that the high concentration of
curcumin nanoparticles in the plasma and the brain was thanks to the use of
non ionic surfactants (Tween 80 and lecithin), which enabled their permeation
across the intestine due to high affinity between lipid particles and intestinal
membrane.

Yoncheva et al. (2015) encapsulated curcumin in poly(acrylic acid-co-
methyl methacrylate). The authors observed that encapsulated curcumin
showed greater protective effects in rat brain synaptosomes and increased
intracellular levels of GSH compared to free curcumin. These results indicated
that poly(acrylic acid-co-methyl methacrylate) particles are a promising
prototype for curcumin delivery applications in the treatment of
neurodegenerative disorders.

Chitosan nanoparticles containing curcumin was prepared by Yadav et al.
(2012) aiming to evaluate the effects of nanoencapsulated curcumin on arsenic
toxicity in rats central nervous system. Results have shown that curcumin
encapsulated in these nanoparticles enhanced its antioxidant and metal-
chelating properties compared to free curcumin. Furthermore, the
administration of chitosan nanoparticles containing curcumin was beneficial in
recovery abnormalities induced by arsenic in brain.

Tiwari et al. (2014) encapsulated curcumin in PLGA nanoparticles using
the emulsion solvent evaporation technique. They found that encapsulated
curcumin potently induces proliferation of neural stem cells and neuronal
differentiation in vitro and in the hippocampus of adult rats, comparing to
uncoated curcumin, which suggests that curcumin nanoparticles enhance the
brain self-repair mechanism.

In addition, Betbeder et al. (2015) evaluated the antioxidant and
antinitrosant effect of PLGA nanoparticles containing curcumin. Results
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indicated that the antioxidant and antinitrosant activities of encapsulated
curcumin are light sensitive. Modifications over time and temperature may
facilitate the accessibility of curcumin to ROS, either by facilitating
penetration of ROS into the nanoparticle or by the redistribution of curcumin
in the nanoparticle core toward the surface.

In this sense, nanodelivery systems represent a new direction for PD
therapy, although the relatively early stages of their development.

4. CURCUMIN ENCAPSULATION AND CANCER TREATMENT

Cancer is one of the most serious diseases with incidence over 10 million
cases per year (Rl, Kd, & Jemal, 2015). The treatment includes chemotherapy
agents (anti-metabolites, DNA binders, alkylating agents and others),
irradiation  and  surgical interventions (Baskaran, @ Madheswaran,
Sundaramoorthy, Kim, & Yoo, 2014; Yallapu, Jaggi, & Chauhan, 2012).
However, cancer treatment is not effective to reverse the disease process and
showed numerous adverse effects. Additionally, the treatment is not safety
being toxicity to normal human cells. Thus, the development of the
chemotherapeutic substances that show anti-cancer selective activity without
produce adverse effects is being the aim of many researchers.

Curcumin may be highlight among the numerous studies that seek new
therapeutic strategies for cancer. The interest in curcumin as anti-cancer agent
appeared when epidemiological studies showed that lower incidence and risk
of various types of cancers in populations with curcumin consumption (Goel,
Kunnumakkara, & Aggarwal, 2008a; Sinha, Anderson, McDonald, &
Greenwald, 2003; Yallapu et al., 2012).

Curcumin is able to suppress key elements of cancer process pathology.
Its act sequential or simultaneous on the genome (DNA), messengers (RNA)
and enzymes (proteins) within cells. Additionally, curcumin can modulate of
transcription factor activator protein-1 (AP-1), nuclear factor-kappaB (NF-
kB), mitogen-activated protein kinase (MAPK), tumor protein 53 (p53),
nuclear b-catenin and serine/threonine protein kinase (AKT) signaling
pathways (Hatcher, Planalp, Cho, Torti, & Torti, 2008). Other studies have
shown that curcumin is capable of facilitating the chemotherapeutic agents and
radiation action on tumor cells (Yallapu et al., 2010). Curcumin is able also to
inhibit the expression of epidermal growth and estrogen receptors (cancer-
associated growth factors) (Kunnumakkara, Anand, & Aggarwal, 2008).
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Another barrier of cancer treatment is the development of multidrug
resistance resulting in an under response of the agents. The multidrug
resistance occurs through overexpression of ATP-binding cassette transporters
that act as drug-efflux pumps involved in the aggressive removal of drug
molecules from the cells, which therefore reduces the intracellular levels of
these therapeutic molecules (Szakacs, Paterson, Ludwig, Booth-Genthe, &
Gottesman, 2006; Yallapu et al., 2012). Curcumin-based treatment is able to
suppress multidrug resistance through downregulates P-glycoprotein (P-gp),
antiapoptotic proteins (Bcl-2) and hypoxia-inducible factor (HIF-1a) (Ganta &
Amiji, 2009).

However, despite the clear biological activity of curcumin in cancer
treatment, the therapeutic use is impaired because its poor bioavailability. In
this context, the development of numerous drugs carrier systems has showed
important therapeutic applicability.

The development of curcumin-loaded polymeric nanoparticles showed
significantly inhibition on the proliferation of two carcinoma cell lines in vitro
(human hepatocellular — HuH-7 and mouse mammary — 4T1) in a dose- and
time-dependent manner in comparison with curcumin. The IC50 of the free
curcumin was significantly higher than curcumin-loaded nanoparticles. In this
study, tumor growth in mice treated with curcumin-loaded polymeric
nanoparticles PNPC-treated mice was significantly suppressed and/or almost
completely stopped at the end of the treatment (Alizadeh et al., 2015).

Anticancer activity of curcumin-loaded liquid crystalline nanoparticles in
comparison with free curcumin on the human colon cancer cell line (HCT116)
was evaluated (Baskaran et al., 2014). Curcumin-loaded liquid crystalline
nanoparticles were effective, and it exhibited markedly enhanced anticancer
activity compared to free curcumin.

Additionally encapsulation of curcumin in poly (lactic-co-glycolic acid)
(PLGA) nanospheres using solid/oil/water emulsion solvent evaporation
method showed better efficiently on cancer therapy compared to free curcumin
(Mukerjee & Vishwanatha, 2009). IC50 of curcumin-loaded PLGA
nanoparticles was found to be between 20 uM to 22.5 uM while that of free
curcumin to be between 32 uM to 34 uM at the cancer cell lines (prostate
cancer). It was demonstrated that curcumin-loaded PLGA nanospheres were
more effective in arresting cell growth as compared to that free curcumin and
also that curcumin-loaded PLGA nanospheres were able to inhibit NF-kB
function better to free curcumin.

Lung anticancer activity was also evaluated with curcumin treatment. Yin,
Zhang, and Liu (2013) showed that curcumin-loaded nanoparticles prepared
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from three kinds of amphiphilic methoxy poly(ethylene glycol) (mPEG)—
polycaprolactone (PCL) block copolymers at equivalent dose, exhibited better
cytotoxicity on lung carcinoma cell line (A549) than free curcumin. IC50 free
curcumin at 24, 48 and 72 hours of incubation showed 81.1 £ 7.9; 66.6 + 8.8
and 53.0 £ 6.8, respectively and the curcumin-loaded nanoparticles showed
67.9+09.1;51.3 £5.4 and 34.5 + 4.3, respectively.

Another work involved lung adenocarcinoma cells (cell line AS549),
curcumin-loaded hydrogel nanoparticles showed an enhanced on apoptotic
effect on human lung cancer compared with free curcumin. Authors associated
this effect due to the greater aqueous dispersion of curcumin (Teong et al.,
2015).

Thangavel et al. (2015) demonstrated that curcumin-loaded pH-sensitive
redox nanoparticles (RNPN) showed prostate anticancer activity 2-fold higher
that free curcumin. In this work, IC50 to free curcumin was 100 pmol/L
in vitro and suppressed about 40% of tumor cell proliferation. However,
curcumin® RNPn significantly enhanced cytotoxicity (IC50 50 + 5.5 umol/L)
in vitro. The in vivo anticancer potential showed that free curcumin reduced
tumor volume compared to control mice. In contrast, curcumin® RNPn
exhibited a significant reduction in tumor volume.

The effect of curcumin nanoformulation on colorectal cancer cell lines
(HT29) and human colon carcinoma cell lines (HCT116) was also
investigated. Udompornmongkol and Chiang (2015) demonstrated that
curcumin-loaded polymeric nanoparticles obtained via an emulsification
solvent diffusion method exhibit decreased cell viability more potently as free
curcumin at low dosages (5 and 10 mg/ml). Additionally, free curcumin
showed IC50 of 6.945 mg/ml. In contrast, curcumin-loaded polymeric
nanoparticles showed IC50 of 2.329 mg/ml. The authors conclude that
curcumin nanoparticles imparted better anticancer activities because they were
more easily uptaken and more readily induced cell apoptosis.

Curcumin also showed effect against metastatic cancer cells line and
curcumin encapsulated in poly(lactic-co-glycolide) (PLGA) showed a greater
anticancer activity compared to free curcumin (Yallapu, Gupta, Jaggi, &
Chauhan, 2010). Free curcumin exhibited higher IC50 values for a cisplatin
resistant/metastatic ovarian cancer cell line (A2780CP) and metastatic breast
cancer cell line (MDA-MB-231) (15.2 and 16.4 puM, respectively). Whereas,
curcumin nanoencapsulated showed IC50 lower than free curcumin (13.9 and
9.1 uM).

Magnetic nanoparticles of curcumin also showed effective on pancreatic
cancer cells. In vitro analyses showed that both free curcumin and curcumin-



48  Jéssica T. P. Silva, Anderson C. da Silva, Bruno A. da Rocha et al.

loaded magnetic nanoparticles had a very similar cytotoxicity on HPAF-II and
Panc-1 human pancreatic cells line. However, in in vivo tests, animals treated
with curcumin-loaded magnetic nanoparticles significantly inhibited tumor
growth by 71.2% whereas the treatment with curcumin inhibited tumor growth
by 35.9% (Yallapu et al., 2013).

Zanotto-filho et al. (2013) demonstrated that curcumin-loaded lipid-core
nanocapsules were better effective than free curcumin on glioma cancer cell
lines. In vitro tests showed that curcumin-loaded lipid-core nanocapsules was
more cytotoxic than free curcumin in U251MG cells. In vivo tests, rats bearing
C6 gliomas, after 14-day treatment, curcumin-loaded lipid-core nanocapsules
at dose (1.5 mg/kg/day i.p. significantly decreased tumor size when compared
the same dose of free curcumin (free curcumin only decreased significant on
tumor size at a high dose of 50 mg/kg/day). Additionally, curcumin-loaded
lipid-core nanocapsules decreased the presence of intratumoral hemorrhages,
necrosis, and lymphocytic infiltration suggesting reduction of tumor
aggressiveness.

In conclusion, curcumin presents an important biological activity against
cancer demonstrating a wide action in different cancer types with a lower
incidence of adverse effects. Additionally, its limitation (poor bioavalibity)
can be suppressed by nanoformulation technology which makes this
compound a key tool in the therapeutic anticancer.

5. INFLAMMATION TREATMENT

Inflammation is a complex response of organism defense involving
vascular and cellular events. However, if the defense is not resolute, the
inflammation process can be make progress to a serious framework resulting
in a persistent damage (Nathan, 2002). The inflammatory response is related
with many diseases (alzheimer, cancer, ischemia, rheumatoid arthritis, sepsis
and other diseases) therefore the control of this response can be decrease
diseases progression.

Actually, some drugs are used to control the inflammatory response such
as non-steroidal and steroidal anti-inflammatory, the disease modifying
antirheumatic drugs, biologic agents (infliximab, etanacerp) and others.
However, this drugs many times not satisfactorily changes the inflammatory
process. Furthermore, they may cause intense adverse effects such as
gastrointestinal lesions, kidney failure, cardiovascular effects, and others,
limited use in therapeutic (Batlouni, 2010).
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In this context, in addition to demonstrating safety on its use, curcumin
showed anti-inflamatory activity anti-inflamatory. Zhang et al. (1999) and
Goel, Boland, and Chauhan (2001) showed that curcumin is able to inhibit the
cyclooxygenase-2 enzyme expression resulting in prostaglandin synthesis
suppression. Additionally, others studies demonstrated that curcumin down-
regulation kinases proteins and inhibit NF-kB activation (Dorai, Gehani, 2000;
Surh, 2002). Curcumin is able also to reduce inflammatory mediator
concentration such as tumor necrosis factor (TNF), interleukine-1 (IL-1),
interleukine-8 (IL-8) and the synthase nitric oxide (NOS) (Jobin et al., 1999;
Singh & Aggarwal, 1995). Therefore, curcumin inhibits the metalloproteinase-
3 production in chondrocytes on osteoporosis disease and induces apoptosis
and inhibits the prostaglandin E; on synovial fibroblasts (Mathy-Hartert et al.,
2009; Park et al., 2007).

Despite these important evidences of anti-inflammatory activity of
curcumin, its poor bioavailability is still the major limitation of its use. In this
context, the development of carrier systems of drugs may be critical key in its
use in therapeutic.

Agrawal et al. (2015) showed that curcumin-loaded elastic vesicles is
more effective than free curcumin in a model of acute topic inflammation and
cotton pellet-induced chronic inflammation. This improved therapeutic
efficacy, according to the authors, is due to the improvement in flux across
murine skin.

Additionally, amorphous curcumin nanoparticles were developed by
aqueous titration method and incorporate into carbopol gel showed improved
of anti-inflammatory therapeutic efficacy when compared to curcumin
crystalline gel and similar efficacy when compared to anti-inflammatory
reference drug (diclofenac) in a carragenan-induced paw edema. Authors
explained this effect by self-penetration enhancer could obtain high
therapeutic level (Al-Rohaimi, 2015).

Treatment per oral of curcumin nanoparticles produced by
miniemulsification/solvent evaporation showed enhanced at 8-fold of its
efficacy anti-inflammatory compared to curcumin in nature using a
carragennan-induced paw edema (Rocha et al., 2014). In another inflammatory
model disease (complete Freud’s adjuvant induced arthritis), curcumin loaded
solid lipid nanoparticles by crystallization of the melted lipid droplets present
in the microemulsions revealed improve of its efficacy anti-arthritic. In this
study, curcumin loaded solid lipid nanoparticles compared to free curcumin
showed enhance of analgesic, anti-oxidant, anti-inflammatory and immune-
modulator activity. Additionally, solid lipid nanoparticles efficacy was similar
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to naproxen activity (reference anti-inflammatory) (Arora, Kuhad, Kaur, &
Chopra, 2015).

The ability of curcumin to inhibit pro-inflammatory cytokines was
mentioned. Lee et al. (2015) measured curcumin nanoparticle by solvent and
anti-solvent precipitation method with alterable surface charge (cationic,
anionic or neutral), showing that cationic curcumin nanoparticle was more
effective in inhibit LPS-induced inflammation and oxidative stress in alveolar
macrophages.

Standardized novel solid lipid curcumin particle (commercially as
Longvida®) showed stronger inhibition on nitrite and prostaglandin E2
production and interleukin 6 levels. Additionally, an important reduction on
NF-kB activity took place (Nahar, Slitt, & Seeram, 2015).

Sun et al. (2010) showed that curcumin exosomes prepared by mixing
curcumin with exosomes in PBS improved efficacy anti-inflammatory
compared to free curcumin. In this work, curcumin exosomes significantly
reduced pro-inflammatory cytokines (interleukin 6 and TNF). Additionally, in
a model of LPS-induced septic shock, curcumin exosomes showed significant
survival advantage and less IL-6 and TNF levels.

From the information available in the literature one may conclude that the
improved anti-inflammatory efficacy of curcumin through drug carrier systems
allow their use in the treatment of various diseases of inflammatory origin
including.

CONCLUSION

Curcumin has been encapsulated in order to improve its bioavailability
and hydrophilicity by a number of techniques. Literature confirms that the
biological activity of curcumin increases when compared to pristine, in natura
curcumin which compensates the gain in complexity that comes from the
encapsulation procedure itself. Examples of successful uses of encapsulated
curcumin are Alzheimer and Parkinson’s disease, cancer treatment and also
inflammation processes. Changes in pharmacokinetics as well in body
response to encapsulated curcumin are responsible for the increase in the
cellular delivery of curcumin. Regarding encapsulation, proper particles
characterization (morphology and particles size, encapsulation efficiency and
curcumin load) are required information in order to design curcumin-based
treatments.
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ABSTRACT

The airway epithelium, particularly the nasal epithelium, is the first
line of defense against respiratory viral infections. Airway epithelial
barriers are regulated predominantly by apical intercellular junctions,
referred to as tight junctions. Respiratory syncytial virus (RSV) is a
negative-stranded RNA virus of the genus Pneumovirus, family
Paramyxoviridae; it is the major cause of bronchitis, asthma, and severe
lower respiratory tract diseases in infants and young children. In human
nasal epithelial cells (HNECs), the replication and budding of RSV, and
subsequent epithelial responses including the release of proinflammatory
cytokines and enhancement of tight junctions, are partially regulated by
the nuclear factor-kappa B (NF-kB) pathway. On the other hand, the
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effects of curcumin are believed to be caused partially by the inhibition of
NF-kB activity through a blockage of its entry into the nucleus. Curcumin
is also a potent inhibitor of proteasomes, cyclooxygenase (COX)-2,
lipoxygenase, ornithine decarboxylase, c-Jun N-terminal kinase, and
protein kinase C. Our data show that curcumin prevents the replication
and budding of RSV, and subsequent epithelial responses, without
causing cytotoxicity. Moreover, the increase of epithelial barrier function
caused by infection with RSV was enhanced by curcumin. Curcumin has
various pharmacologic effects as an inhibitor of NF-kB, elF-2a
dephosphorylation, the proteasome, and COX-2. RSV-infected HNECs
treated with the eIF-2a dephosphorylation blocker salubrinal, the
proteasome inhibitor MG132, or COX-2 inhibitors (such as curcumin)
prevented the replication of RSV and subsequent epithelial responses.
Treatment with salubrinal and MG132 also enhanced the upregulation of
tight junction molecules induced by infection with RSV. These results
suggest that curcumin can prevent the replication of RSV and subsequent
epithelial responses without causing cytotoxicity, and may be an effective
therapy for severe RSV-associated lower respiratory tract diseases in
infants and young children.

INTRODUCTION

The upper respiratory tract epithelium, particularly the nasal epithelium,
consists of pseudostratified ciliated columnar epithelial cells, including
membranous or microfold cells (M cells), that are specialized for antigen
uptake and form a continuous barrier against a wide variety of exogenous
antigens [1-6]. The respiratory tract epithelium also contains dendritic cells
that take up transported antigens via M cells and present the antigens to CD4+
T cells while maintaining the integrity of the airway epithelial barrier [7-9].
The epithelium plays a crucial role as an interface of adaptive and innate
responses, via tight junctions (TJs), to prevent invasion of inhaled
environmental agents such as allergens and pathogens. Dynamic changes in
TJs have been identified in human nasal mucosa affected by allergic rhinitis or
viral infection.

The airway epithelium of the human upper respiratory mucosa acts as the
first physical barrier that protects against inhaled substances and pathogens [3,
10, 11]. The epithelium is a highly regulated and impermeable barrier formed
exclusively by tight junctions (TJs) [3, 10, 11]. TJs, which are the most
apically located of the intercellular junctional complexes, inhibit solute and
water flow through the paracellular space (termed the barrier function) [12,
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13]. In addition, they separate the apical and basolateral cell surface domains
to establish cell polarity (termed the fence function) [14, 15]. TJs participate in
signal transduction mechanisms that regulate epithelial cell proliferation, gene
expression, differentiation, and morphogenesis [16].

TJs are formed by integral membrane proteins (i.e., claudins, occludin,
and junction adhesion molecules (JAMs)), as well as by several peripheral
membrane proteins. These peripheral membrane proteins include scaffold PDZ
expression proteins (i.e., zonula occludens (ZO)-1, -2, -3, and multi-PDZ
domain protein-1) and membrane-associated guanylate kinase with inverted
orientation (MAGI)-1, -2, -3. They also include cell polarity molecules such as
ASIP/PAR-3, PAR-6, PALS-1, and PALS-1-associated TJ, and the non-PDZ-
expressing proteins cingulin, symplekin, ZONAB, GEF-HI1, aPKC, PP2A,
Rab3b, Rab13, PTEN, and 7 H6 [17-19]. ZO-1, -2, and -3 proteins are
members of the membrane-associated guanylate kinase family and display a
characteristic multi-domain structure comprised of SH3, guanylate kinase-like,
and multiple PDZ (PSD95-DIg-Z01) domains [20]. ZO-1 and -2 are also
closely associated with the polymerization of claudins [21]. Tricellulin was
first identified at contacts with three epithelial cells and has a barrier function
[22]. More recently, lipolysis-stimulated lipoprotein receptor was identified as
a tricellular TJ-associated membrane protein that recruits tricellulin to
tricellular TJs [23].

The claudin family consists of at least 27 members, is solely responsible
for forming TJ strands, and has four transmembrane domains and two
extracellular loops [18, 24]. The first extracellular loop is the co-receptor of
the hepatitis C virus [25] and influences paracellular charge selectivity [26].
The second extracellular loop is the receptor of Clostridium perfringens
enterotoxin (CPE) [27]. Because claudin-4 is also a high-affinity receptor of
CPE [28], full-length CPE with a direct cytotoxic effect, and the C-terminal
receptor binding domain of CPE (C-CPE) without a cytotoxic effect, are
employed for selective treatment and drug delivery against claudin-4-
expressing cells [29, 30].

Occludin, the first discovered integral membrane protein of TJs, is
expressed ubiquitously in the most apically located basolateral membranes and
is the most reliable immunohistochemical marker for TJs [18, 31].
Overexpression of occludin increases the membrane barrier function, as
indicated by an increase in transepithelial electrical resistance in mammalian
epithelial cells [32, 33]. However, TJ strands can be formed without occludin
in some cell types, including occludin-deficient embryonic stem cells [34, 35].
Moreover, an occludin-deficient mouse model does not display perturbations
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of epithelial barrier function. However, a complex pathophysiological
phenotype is observed in occludin-deficient mice with growth retardation,
chronic inflammation and hyperplasia of the gastric epithelium, calcification in
the brain, testicular atrophy, loss of cytoplasmic granules in striated duct cells
of the salivary gland, and thinning of the compact bone [36]. Compared with
claudins, occludin has a relatively long cytoplasmic C terminus containing
several phosphorylation sites and a coiled-coil domain that may interact with
compounds including PKC-z, c-Yes, connexin26, and the regulatory subunit of
phosphatidylinositol 3-kinase [37], as well as occludin itself, and ZO-1 and -3
[17, 18]. Thus, research has suggested several roles of occludin in signal
transduction and apoptosis [38, 39]. Furthermore, occludin is required for
hepatitis C virus infection, similar to claudins [40].

JAMs (JAM-A, -B, -C, and -4) are immunoglobulin superfamily proteins
expressed at cell junctions in epithelial and endothelial cells, as well as on the
surfaces of leukocytes, platelets, and erythrocytes [41]. JAMs are important
for a variety of cellular processes including TJ assembly, leukocyte
transmigration, platelet activation, angiogenesis, and adenovirus binding.
Current evidence indicates that JAM-A dimerization is necessary for
functional regulation of the cellular barrier [42].

An indispensable role of TJs in pathogen infection has been demonstrated
widely because their disruption increases paracellular permeability and
polarity defects that facilitate viral or bacterial entry and spread. In addition,
some TJ proteins function as receptors for viruses. Thus, extracellular stimuli,
pathogenic bacteria, and viruses target and affect the function of TJs, leading
to disease [19].

Respiratory syncytial virus (RSV) is a negative-stranded RNA virus in the
genus Pneumovirus, family Paramyxoviridae, and is the major cause of
bronchitis, asthma, and severe lower respiratory tract disease in infants and
young children [43]. There is no effective vaccine against RSV, and the use of
passive RSV-specific antibodies is limited to high-risk patients [44]. The RSV
envelope contains three transmembrane surface proteins: fusion F
glycoprotein, attachment G glycoprotein, and small hydrophobic protein (SH
protein) [45, 46]. Nucleolin is a functional cellular receptor for RSV [47], and
the fusion envelope glycoprotein of RSV binds specifically to nucleolin at the
apical cell surface for entry into the host cell. RSV also contains the M2-1
protein that induces transcriptional processivity and is an anti-termination
factor [48]. Furthermore, the M2-1 protein induces the production of cytokines
and chemokines via activation of nuclear factor kappa B (NF-xB) [49]. RSV
also induces and activates protein kinase R (PKR), a cellular kinase relevant to
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limiting viral replication by phosphorylating and activating eukaryotic
translation initiation factor 2 (elF-2a) [50-52].

Curcumin [1, 7-bis (4-hydroxy-3-methoxyphenyl) -1, 6-heptadiene-3, 5-
dione] is a major phenolic compound from the rhizome of Curcuma longa.
Curcumin has various biological effects including antiviral, anti-inflammatory,
antioxidant, and anticancer activities [53—55]. The effects of curcumin are, in
part, caused by inhibiting NF-kB by preventing its entry into the nucleus [56].
Curcumin is also a potent inhibitor of the proteasome, cyclooxygenase (COX)-
2, lipooxygenase, ornithine decarboxylase, c-Jun N-terminal kinase, and
protein kinase C [57-59]. Curcumin modulates eukaryotic initiation factors
(eIFs), which play important roles in translation initiation, and cell growth and
proliferation [54]. Curcumin also strengthens the epithelial barrier by
enhancing tight and adherens junctions [60, 61].

In this chapter, we review the possibility of a novel effect of curcumin on
human nasal epithelial cells (HNECs). Specifically, curcumin may prevent the
replication of RSV and the epithelial responses to it, without cytotoxicity, and
may be effective for treating severe lower respiratory tract disease in infants
and young children caused by RSV infection.

CURCUMIN PREVENTS THE REPLICATION AND
BUDDING OF RSV

RSV is believed to replicate in the airway mucosa where it may produce
uncomplicated upper respiratory infection or spread distally to the lower
airways producing more severe lower respiratory tract infection. To investigate
the detailed mechanisms of replication and budding of RSV in HNECs, and
the epithelial cell responses including effects on TJs, we established an RSV-
infection model using hTERT-transfected HNECs [62]. The replication and
budding of RSV, and the epithelial cell responses in HNECs, were regulated
by the PKCS/HIF-1a/NF-xB pathway [62]. In addition, the PKCS/HIF-10/NF-
kB pathway, through TGF-f in an autocrine manner, may be important in
epithelial cell responses at a late stage after RSV infection. The control of this
pathway in HNECs may be useful, not only for preventing the replication and
budding of RSV, but also in therapy for RSV-induced respiratory disease. For
example, we found that humulone, the main constituent of hop bitter acids,
prevented the expression of RSV/G protein, the formation of virus filaments,
and the release of IL-8 and RANTES (regulated on activation, normal T-cell
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expressed and secreted), in a dose-dependent manner in RSV-infected HNECs.
The effects of humulone in RSV-infected HNECs may be regulated via
distinct signaling pathways including NF-«xB [63].

The NF-«B inhibitor, IMDO0354, prevents replication of RSV in an
established RSV-infection model using HNECs [62]. Curcumin did not affect
the viability of HNECs even at high concentrations. When HNECs were
pretreated with 10 mg/mL IMDO0354 and 10 mg/mL curcumin 24 h before
infection with RSV, the production of RSV/G- and M2-1-proteins was
prevented. This indicated that the replication of RSV was inhibited and there
was a decrease of phospho-NF-«B, and an increase of claudin-4 and
occluding. In HNECs infected with RSV without curcumin, the TJ molecules
claudin-1, -3, -4, -9, and -12, occludin, cingulin, and MAGI-1, the pattern
recognition receptor retinoic acid-inducible gene-I (RIG-I), melanoma
differentiation-associated gene 5 (MDAYS), proinflammatory cytokines IL-28A,
IL-23A, and IL-11, and COX-1 and COX-3 were upregulated compared to the
control that was not infected with RSV. In contrast, in HNECs infected with
RSV and treated with curcumin, claudin-1, -4, and -12, occludin, and cingulin
levels were upregulated while MAGI-1, RIG-1, MDAS, IL-28A, IL-23A, IL-
11, COX-1, COX-2, and COX-3 levels were downregulated compared to those
in the cells with RSV infection only [64].

When HNECs were pretreated with 5 mg/mL curcumin for 30 min before
infection with RSV, at a multiplicity of infection of 1 for 24 h, expression of G
and M2-1 proteins was inhibited. The upregulation of claudin-4 and occludin
after infection with RSV was enhanced by 1 and 5 mg/mL and prevented by
10 mg/mL curcumin [64]. As shown Figure 1, the expression of G, F and M2-
1 proteins after infection with RSV was markedly inhibited by curcumin,
whereas upregulation of claudin-4 and occludin at the membrane was
inhibited. In agreement with these observations, upregulation of transepithelial
electrical resistance values, which reflect the epithelial barrier function, after
infection with RSV was enhanced by curcumin. Scanning electron microscopy
showed that the formation of virus filaments and small membranous structures
at the surfaces of HNECs after infection with RSV were also inhibited by
curcumin (Figure 2). However, curcumin did not affect the replication of RSV
in A549 human lung adenocarcinoma cells [64]. Thus, curcumin appears to be
more effective in preventing replication of RSV in HNECs than in lung
epithelial cells.
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The expression of G, F and M2-1 proteins after infection with RSV was markedly
inhibited by curcumin. The upregulation of claudin-4 and occludin at the
membranes after infection with RSV was inhibited by curcumin. CLDN: claudin,
OCLN: occludin. Bars: 40 mm. (This figure was quoted reference 64.)

Figure 1. Immunostaining for G, F, M2-1, claudin-4, and occludin proteins in human
nasal epithelial cells (HNECs) pretreated with curcumin before infection with
respiratory syncytial virus (RSV).
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The formation of virus filaments and small membranous structures at the surfaces of
HNEC S after infection with RSV were inhibited by curcumin. Bars: 1 pm. (This
figure was quoted reference 64.)

Figure 2. Scanning electron microscopic image in human nasal epithelial cells
(HNECSsS) pretreated with curcumin before infection with respiratory syncytial virus
(RSV).

CURCUMIN AFFECTS PHOSPHORYLATION OF NF-kB AND
EIF2a, AND EXPRESSION OF PKR

The replication of RSV is closely associated not only with the activation
of NF-«xB, but also with the phosphorylation of elF2a and the expression of
PKR in infected cells [50]. RSV induces and activates PKR, which then
activates elF2a [50-52]. In HNECs infected with RSV, the expression of PKR
and the phosphorylation of elF2a were enhanced by curcumin, whereas the
phosphorylation of NF-kB was decreased [64]. Salubrinal, an elF-2a
dephosphorylation inhibitor, prevented the expression of G and M2-1 proteins
after infection with RSV, and upregulated the phosphorylation of NF-kB and
elF-2a. The upregulation of TNFa and RANTES after infection with RSV was
also significantly inhibited by salubrinal while the upregulation of claudin-4,
occludin, and PKR was not affected by any dose of this compound. Salubrinal
can inhibit Epstein-Barr virus replication [65, 66]. In HNECs, curcumin can
prevent the replication of RSV and the release of TNFa and RANTES via
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phosphorylation of NF-kB, as well as PKR/phosphorylation of elF2a, like
salubrinal.

Curcumin is a potent proteasome inhibitor [59]. The proteasome inhibitor
MG132, which blocks activation of NF-«kB by preventing proteasome-
mediated degradation of kB, inhibits replication of RSV in Vero cells [67]. In
HNECs infected with RSV, MG132 also inhibited the replication of RSV, as
well as the release of TNFa and RANTES, and the expression of RIG-I and
MDAS. Hence, curcumin may prevent the replication of RSV, release of
TNFa and RANTES, and expression of RIG-I and MDAS5 by inhibiting the
proteasome.

RSV

l Membrane
Lnduu]asml: Reticulum
IKK

complex degradation “G132 PKR —> Salubrinal

IxB
“ pIKB Cun:umln peIFZu
NFkB
pNFxB
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> TNFa
TJ proteins —3 Barrier Function m
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Inhibition of proteasome acitiviy
Suppression of COX

Anti-inflammatory response

More enhancement of the epithelial barrier
function

« Prevent replication of RSV

Phospholyration of NF-kB

Replication of RSV

Relese cytokines and chemokines
Enhancement of the epithelial barrier function

PR Y
« s s s

Green arrows indicate signal transduction with RSV. Red arrows indicate treatment
with curcumin. (This figure was quoted reference 64.)

Figure 3. Overview of signal transduction events in human nasal epithelial cells
(HNECsS) infected with respiratory syncytial virus (RSV), with and without curcumin
treatment.
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CURCUMIN IS A POTENT INHIBITOR OF COX-2

Infection with RSV induces the expression of COX-2 but not COX-1 [68].
Thus, COX-2 is a potential therapeutic target in RSV-induced diseases in the
human lung [69, 70]. GeneChip analyses showed that COX-1 and COX-3
were upregulated by infection with RSV, and curcumin downregulated the
expression of COX-1, COX-2, and COX-3 after such an infection [64]. When
HNECs were pretreated with inhibitors of COX-1 or COX-2 before infection
with RSV, the expression of G and M2-1 protein, and the upregulation of
phospho-NF-kB after infection with RSV, were inhibited by the COX-2 but
not COX-1 inhibitors [64]. The upregulation of RANTES after infection with
RSV was inhibited by both COX-1 and COX-2 inhibitors while the
upregulation of TNFa was inhibited only by COX-2 inhibitors. Inhibitors of
COX-1 and COX-2 did not affect the upregulation of claudin-4 and occludin
proteins after infection with RSV. Hence, curcumin may be a potent inhibitor
of COX-2 in HNECs, and effects on this enzyme may play a crucial role in
preventing the epithelial inflammatory responses to RSV infection.

CONCLUSION

Curcumin was not cytotoxic even at high doses in normal HNECs, and
completely prevented the replication and budding of RSV. Curcumin also
prevented the epithelial responses to RSV in HNECs and strengthened the
epithelial barrier of HNECs via its pharmacologic effects (Figure 3). These
results indicate that curcumin has the potential to inhibit RSV in upper airway
HNECs and may be effective for the prevention of severe lower respiratory
tract disease in infants and young children.
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Chapter 4

EPIGENETIC MODIFICATIONS INDUCED BY
CURCUMIN AND ITS CONGENERS

Tamer E. Fandy”
Department of Pharmaceutical Sciences, Albany College of Pharmacy
(Vermont campus), Colchester, VT

ABSTRACT

The role of epigenetic changes in health and disease is well
established. Recent discoveries of the role of epigenetic modifications in
the development and progression of different diseases like cancer,
diabetes, chronic kidney disease and neurodegeneration urged the parallel
development of drugs that modulate these modifications. DNA
methyltransferase inhibitors and histone deacetylase inhibitors were the
first categories of drugs tested in clinical trials as epigenetic modifiers
and FDA-approved for treatment of different tumors. Nutraceuticals like
genistein, epigallocatechin-3-gallate and curcumin demonstrated activity
as epigenetic modifiers and a long list of other nutraceuticals is waiting
validation of their activity. Curcumin, a hydrophobic polyphenol derived
from the rhizome of the herb Curcuma longa (turmeric), exhibits a wide
spectrum of pharmacological activities. Curcumin demonstrated anti-
inflammatory, antimicrobial, antiviral, antioxidant and antitumor activity
in several studies. Curcumin is safe when administered at high doses;
however, its low bioavailability due to poor absorption and rapid
metabolism is a major drawback. Different formulation based approaches
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were adopted to overcome its low bioavailability like liposomal curcumin
and curcumin nanoparticles. Additionally, several structural analogues
were also synthesized to improve the solubility and bioavailability of
curcumin. Curcumin and its congeners were shown to induce epigenetic
changes in tumor cells. Curcumin modulated histone acetylation by
inhibiting histone deacetylase (HDAC) and histone acetyltransferase
(HAT) enzymes in tumor cells. Curcumin modulated microRNAs
(miRNAs) expression in tumor cells and demonstrated a controversial
DNA hypomethylating effect. In this review, the epigenetic changes
induced by curcumin and its congeners and the potential of utilizing these
changes in the treatment of different diseases will be discussed.

PHYSICAL PROPERTIES AND STRUCTURAL ACTIVITY
RELATIONSHIP OF CURCUMIN

Organic solvent extraction of the ground rhizomes of Curcuma Longa
(turmeric) followed by crystallization is generally defined as curcumin.
However, the extract is actually composed of a mixture of three polyphenolic
constituents; the main constituent is 1,7-bis-(4-hydroxy-3-methoxy-phenyl)-
hepta-1,6-diene-3,5-dione (also known as curcumin or diferuloylmethane) in
addition to the desmethoxy (demethoxycurcumin) and bis-desmethoxy (bis-
demethoxycurcumin) derivatives in varying proportions (Figure 1). Curcumin
is an oil soluble pigment, practically insoluble in water at acidic and neutral
pH and soluble in alkaline pH. Curcumin extract has a long history of use as a
spice and coloring agent. Curcumin is relatively stable at acidic pH, but
rapidly decomposes at alkaline pH into ferulic acid and ferulolymethane,
which further degrades into vanillin and acetone [1, 2]. Curcumin exhibits
keto-enol tautomerism and the enol form was shown to be the dominant form
in aqueous solutions.

Curcumin structure possesses distinct chemical properties that facilitate its
interaction with a variety of biomolecular targets including proteins, lipids and
nucleic acids. For instance, hydrogen bonding interaction through its B-
dicarbonyl moiety, phenolic hydroxyl groups and methoxy groups. The
conformational flexibility imparted by rotamerization around multiple carbon-
carbon single bonds and behavior as a Michael reaction acceptor also
contributes to its bioreactivity. Additionally, the ability of curcumin to chelate
metal cations facilitates its interaction with metalloproteins like glyoxalase I
through chelation to zinc atom and thioredoxin reductase through chelation to
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selenium atom [3, 4]. The high partition coefficient (log P) of curcumin
(around 2.5) also promotes its intracellular targeting of bioreactive molecules.
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Figure 1. Chemical structure of the three main constituents in the curcumin extract.

THE PHARMACODYNAMICS OF CURCUMIN

Curcumin has diverse molecular targets and exerts its pharmacological
activity via direct interaction with these targets. Curcumin has been found to
physically bind to a myriad of proteins including transcriptional factors,
growth factors’hormones and their receptors, cytokines and enzymes [5].
Moreover, curcumin regulates the expression of genes that are critically
involved in the regulation of cellular signaling pathways, like NF-xB, Akt,
MAPK, and other pathways through epigenetic mechanisms [6]. Curcumin
was also shown to bind DNA in a pH and sodium concentration-dependent
manner [7]. Binding to RNA was also reported, albeit with a lesser affinity [8].

Curcumin was reported to induce DNA damage in cancer cells through
two different mechanisms. The first involved DNA double strand breaks as
evidenced by accumulation of the phosphorylated H2AX [9]. The second
mechanism involved the inhibition of DNA repair proteins like BRCA1 in
breast cancer cells [10]. Curcumin also induced apoptosis and cell cycle arrest
in different types of tumors. In glioblastoma and medulloblastoma cells,
curcumin induced apoptosis was associated with upregulation of the pro-
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apoptotic Bax and downregulation of the anti-apoptotic survivin and Bcl-2
[11]. Furthermore, curcumin incorporated into solid lipid nanoparticles
induced apoptosis in leukemia, lung and prostate cancer cells by activating the
intrinsic pathway of apoptosis [12].

Previous studies showed that curcumin has a very powerful antioxidant
effect. Its antioxidant effect was eight times more powerful than vitamin E and
was significantly more effective in preventing lipid peroxide formation than
the synthetic antioxidant BHT [13]. The sites of activity responsible for its
antioxidant effects are controversial, with claims that the antioxidant activity is
mainly due to the hydroxyl moiety. Other reports claim the involvement of
double bonds and the carbonyl groups, separately or together, with the para-
hydroxyl groups [14, 15]. The antioxidant effect of curcumin contributes to its
hepatoprotective effect and its activity in chronic liver diseases [16]. On the
other hand, curcumin demonstrated a pro-oxidant role in the presence of
copper by generating reactive oxygen species at a high free copper level in a
reducing environment resulting in DNA damage, inhibition of vital signaling
pathways in cancer cells and apoptosis [17].

Curcumin is a pleiotropic molecule that targets numerous inflammatory
molecules. In vitro and in vivo studies demonstrated that curcumin is a
potential therapeutic agent in many chronic diseases such as inflammatory
bowel disease, arthritis, pancreatitis and cancer. The anti-inflammatory
mechanism of curcumin involves the Nrf2-keapl pathway and alleviation of
oxidative stress. Curcumin reduced inflammation by decreasing NF-kB
activation as well as suppressing mRNA induction of iNOS, TNF-a, and IL-6
in the pancreas [18]. The anti-inflammatory properties of curcumin have
therapeutic potential in treating Parkinson's disease and major depressive
disorder [19, 20].

The antimicrobial activity of curcumin against different bacteria, viruses,
fungi, and parasites have been reported. The anti-tubercular activity of
synthetic curcumin analogs was also reported [21]. The promising results for
the antimicrobial activity of curcumin made it a good candidate for
combination with established antimicrobial agents for a synergistic effect [22].

Curcumin and Epigenetic Therapy

Despite its poor bioavailability and low plasma concentration, curcumin
demonstrated efficacy as antitumor agent in pancreatic and colorectal cancer
[23]. This implies that the mechanism of action is not dependent on
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cytotoxicity and rather dependent on other mechanisms that do not require
high plasma concentration like epigenetic mechanisms. Epigenetics is defined
as a heritable alteration in gene expression that takes place during
development and cell proliferation, without any change in gene sequence.
Epigenetic mechanisms include changes in DNA methylation, histone
modifications, and altered microRNA (miRNAs) expression [24-26].
Epigenetic modifiers are agents that modulate the epigenetic landscape and
consequently gene expression. Although epigenetic modifiers were developed
originally for the treatment of cancer, the utility of these agents in other
chronic diseases started to gain recognition [27-29]. Curcumin is among other
several dietary agents like epigallocatechin-3-gallate (EGCG) and genistein
that are considered epigenetic modifiers [30]. Curcumin induces epigenetic
changes by different mechanisms including binding to miRNA and/or binding
to enzymes that catalyze DNA methylation or histone modifications.

Curcumin and Histone Modifications

Histone tails and globular domain undergo a wide range of post-
translational modifications. The dynamic process of histone tails acetylation is
by far the most widely studied modification. Histone acetylation is catalyzed
by histone acetyltransferase (HAT) enzymes and is associated with gene
expression activation [31]. On the other hand, histone deacetylation is
catalyzed by the histone deacetylase (HDAC) enzymes and is associated with
gene inactivation [32]. Histone methylation, phosphorylation, ubiquitination,
sumoylation and ADP-ribosylation represent other histone modifications and
their clinical implications and role in chronic diseases is currently recognized
[33].

Aberrant activity of HAT and HDAC were linked to the pathogenesis of
cancer. Consequently, drugs that modulate the activity of these enzymes may
have an anti-tumor effect. The activity of curcumin as an HDAC inhibitor was
compared to several carboxylic acid derivatives to understand the structural
requirements for HDAC inhibition. Curcumin was shown to be a more potent
inhibitor of HDAC than sodium butyrate and valproic acid, a well-known
HDAC inhibitors [34]. Other reports demonstrated that curcumin decreased
the expression of class | HDAC enzymes isoforms with consequent increase in
histone acetylation [35]. Curcumin inhibition of HDAC 8 isoform activity and
expression increased the expression of the suppressors of cytokine signaling
SOCS-1 and SOCS-3 and inhibited the clonogenic activity of hematopoietic
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progenitor cells from patients with myeloproliferative neoplasms [36]. Other
reports demonstrated increase in expression of other HDAC isoforms upon
curcumin treatment, indicating that the effect of curcumin on HDAC
expression is variable and probably cell line specific [37].

Curcumin was also reported to inhibit the activity of certain HAT
isoforms. For instance, curcumin demonstrated in vitro and in vivo specific
inhibition of the p300/CBP HAT activity but not of p300/CBP-associated
factor [38]. Curcumin also inhibited the acetylation of non-histone proteins
like p53 and HIV-Tat protein with consequent inhibition of viral proliferation,
indicating that it may serve as a lead compound in combinatorial HIV
therapeutics. Furthermore, the dicarbonyl moiety of the curcumin structure
was shown to be required for its HAT inhibitory activity by acting as a
Michael reaction acceptor, which is substantiated by the lack of p300
inhibition by the curcumin analogue tetrahydrocurcumin [39]. Curcumin was
also shown to be a potent NF-«B inhibitor [40] and the mechanism of
inhibition is believed to be mediated through inhibition of p300 HAT activity
with consequent inhibition of NF-kB acetylation and decreased binding [41].
Recently, the p300 HAT inhibitory activity of curcumin was linked to its anti-
nociceptive role in neuropathic pain in a rat model [42]. The mechanism
involved decreased acetylation of the promoter region of the pro-nociceptive
proteins BDNF and Cox-2 after curcumin treatment in a dose-dependent
manner. Moreover, curcumin inhibition of HAT was also linked to DNA
damage response (DDR) through the suppression of three major DDR
pathways: non-homologous end joining (NHEJ), homologous recombination
(HR) and the DNA damage checkpoint [43]. The effect of curcumin on histone
modifications other than acetylation is not well defined and requires further
investigation.

Curcumin and miRNAs Expression

miRNAs are small, noncoding regulatory RNAs ranging in size from 17 to
25 nucleotides. miRNAs repress gene expression post transcriptionally by
recognizing complementary target sites in the 3’-untranslated regions of target
mRNA [44]. miRNAs play essential roles in vital cellular functions like cell
cycling, apoptosis and cellular differentiation. Additionally, they play an
important role in tumor development, invasion, metastasis, and angiogenesis
[45]. Modulating the expression of miRNAs is a rationale strategy for the
treatment of cancer. Curcumin upregulated miRNA-22 and downregulated
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miRNA-199a* expression in human pancreatic tumor cells [46]. Upregulation
of miRNA-22 expression suppressed the expression of its target genes SP1 and
estrogen receptor 1 (ESR1), while inhibiting miRNA-22 with antisense
oligonucleotides enhanced SP1 and ESR1 expression. The combination of
gemcitabine with curcumin or its analogue CDF was reported and
demonstrated better results than single agents [47]. CDF upregulated miR-200
expression and downregulated the expression of miR-21 (a signature of tumor
aggressiveness) with consequent induction of its target, the tumor suppressor
PTEN. Also, in chronic myelogenous leukemia (CML) cells, curcumin
increased the selective packaging of miR-21 in exosomes, which are nanosize
vesicles released from cancer cells loaded with microRNAs and can influence
gene expression in target cells [48]. Furthermore, the addition of curcumin to
CML cells downregulated Ber-Abl expression through the cellular increase of
miR-196b, further contributing to the antileukemic effect of curcumin.

Low dose curcumin demonstrated anti-proliferative effect in prostate
cancer cells. The effect was mediated through upregulating the expression of
the cell cycle inhibitor CDKNI1A without induction of its transcription [49].
miR-208 targets the 3’UTR of the CDKNIA and curcumin inhibited its
expression suggesting a role for miRNAs in upregulation of CDKNIA.
Indeed, overexpression of miR-208 inhibited upregulation of CDKNI1A and
the anti-proliferative effect of curcumin. In colorectal cells, curcumin induced
upregulation of tumor-suppressive miR-34a and downregulation of miR-27a.
Furthermore, curcumin treatment in a mouse xenograft model suppressed
tumor growth and was associated with alterations in the expression of miR-34a
and miR-27a, consistent with the in vitro findings [50]. The impact of oral
curcumin administration as a chemopreventive agent on the miRNA signature
of engrafted melanoma was recently investigated in a murine model [51].
mmu-miR-205-5p was significantly upregulated after curcumin treatment and
two of its target genes (Bcl-2 and PCNA) were downregulated. Curcumin-
induced miRNA expression changes was also shown to suppress liver fibrosis
[52]. Curcumin upregulated the expression of miR-29b, which targets the
DNA methyltransferase 3b (DNMT3b) enzyme promoting a hypomethylating
effect in the promoter region of the PTEN tumor suppressor.

Curcumin downregulated the expression of WT1 in leukemic cells. The
mechanism involves the expression upregulation of miR-15a/16-1.
Furthermore, anti-miR-15a/16-1 oligonucleotides partly reversed WTI1
downregulation induced by curcumin in leukemic cells [53]. Furthermore,
curcumin directly induced the tumor-suppressive miRNA, miR-203 in bladder
cancer. miR-203 is frequently downregulated in bladder cancer due to
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promoter DNA methylation. Curcumin induced hypomethylation of the miR-
203 promoter with subsequent upregulation of miR-203 expression and
downregulation of its target genes Akt2 and Src. Collectively, these changes
culminated in decreased proliferation and increased apoptosis of bladder
cancer cells [54].

Curcumin and DNA Methylation

Reversal of promoter DNA methylation is a rational strategy to re-express
silenced tumor suppressor genes (TSG). Currently, both Vidaza® and
Dacogen® are FDA-approved DNA hypomethylating agents for the treatment
of myelodysplastic syndrome (MDS). These agents were approved based on
their DNA hypomethylating activity and clinical efficacy in MDS patients.
Nonetheless, different studies did not support reversal of DNA methylation as
the mechanism of action of these agents in MDS or leukemia [55, 56].
Recently, molecular docking studies suggested a possible covalent interaction
between curcumin and the catalytic pocket of DNMT1 [57]. Global DNA
methylation analysis demonstrated a comparable methylation reversal to the
potent DNA hypomethylating agent decitabine after treatment of leukemia
cells with a commercial curcumin mixture (consists of curcumin,
demethoxycurcumin and bisdemethoxycurcumin). Similarly, in prostate cancer
cells, curcumin mixture demonstrated significant reversal of Nrf2 gene
promoter methylation [58]. Furthermore, pure analytical grade curcumin
induced DNA methylation reversal and the expression of Neurogl in LNCaP
prostate cancer cells [59]. Another interesting study demonstrated that the
activity of curcumin as a hypomethylating agent is dependent on the density of
methylation at the CpG sites and that curcumin selectively demethylated
partially-methylated loci and not fully-methylated CpG sites [60].

On the contrary, several studies demonstrated the lack of hypomethylating
activity after curcumin treatment. Curcumin demonstrated no significant
global DNA hypomethylating activity in both leukemia and colorectal cancer
cells even after 6 days of treatment [60, 61]. In order to resolve the reported
conflict about the hypomethylating activity of curcumin, we designed a study
that investigated the global and gene-specific hypomethylating activity of pure
curcumin using both low clinically relevant concentrations and high cytotoxic
curcumin concentrations [62]. The study also compared the hypomethylating
activity of curcumin and its structural analogue dimethoxycurcumin (DMC),
which is more metabolically stable than curcumin and could overcome the
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poor bioavailability drawback associated with curcumin [63]. The
hypomethylating activity of both compounds was tested using the gold
standard in DNA methylation analysis, DNA pyrosequencing. Both
compounds did not show any significant hypomethylating activity using
LINE-1 assay, a surrogate marker for global DNA methylation. Moreover,
analysis of 7 CpG sites in the promoter region of the TSG p15 and 5 CpG sites
in the promoter region of the TSG CDH-1 revealed that both compounds lack
any hypomethylating activity even when used at very high concentrations. On
the other hand, both decitabine and 5-azacytidine, a well-known
hypomethylating agents, demonstrated dose-dependent global and gene-
specific DNA hypomethylating activity.

Surprisingly, DMC induced the expression of promoter-methylated genes
without reversing DNA methylation [62]. Indeed, previous reports
demonstrated induction of gene expression despite promoter methylation.
Class III HDAC SIRT1 was shown to localize to promoter methylated silenced
tumor suppressor genes and inhibition of SIRT1 re-expressed the silenced
genes despite retention of promoter methylation [64]. Another report
demonstrated that treatment with different HDAC inhibitors was able to
induce the expression of promoter methylated genes without reversing DNA
methylation in colorectal cancer cells [65]. Moreover, the expression of the
estrogen receptor alpha gene was induced by treatment with the HDAC
inhibitor trichostatin A (TSA) without promoter DNA methylation reversal
[66]. Consequently, the effect of DMC on histone modifications that can
induce chromatin remodeling and gene expression was investigated [62].
DMC increased significantly the H3K36me3 mark near the promoter region of
densely methylated genes and that was associated with induction of gene
expression. Taken together, curcumin and its structural analogues are not
potent hypomethylating agents; however, they can induce the expression of
promoter-methylated genes.

CURCUMIN AND COMBINATION THERAPY

The combination of curcumin with other anticancer agents is an attractive
approach based on its safety profile and multiple targets. The effects of
curcumin and/or cisplatin treatment have been evaluated in head and neck
squamous cell carcinoma as well as in a rat model of cisplatin-induced
ototoxicity [67]. Curcumin chemosensitized cancer cells to cisplatin therapy in
vitro and protected it from its ototoxicity in vivo. Co-treatment of curcumin
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and Poly(ADP-ribose) polymerase (PARP) inhibitor might be useful for
aggressive breast cancer treatment based on reducing homologous
recombination (HR) and apoptosis induction [68]. Curcumin enhanced the
efficacy of the chemotherapeutic agent cytarabine and imatinib mesylate
through the inhibition of heat shock proteins [69]. Curcumin showed a
synergistic anti-proliferative effect when combined with cytarabine in primary
AML leukemia cells and repressed the expression of the multidrug resistance
genes (MDR) [70].

CONCLUSION AND FUTURE DIRECTIONS

An ideal chemopreventive and chemotherapeutic agent should affect
multiple molecular targets in cancer cells with minimal toxicity in normal
healthy cells. Curcumin inhibits multiple vital pathways in cancer cells and
demonstrated cytoprotective effect in normal cells based on its antioxidant
effect. The poor bioavailability of curcumin is a major hurdle in its successful
use as an antitumor agent and the development of modified synthetic
analogues would improve its pharmacokinetic profile. The combination of
curcumin analogues based on their effect on histone acetylation with other
epigenetic modifiers like DNA hypomethylating agents may provide a new
therapeutic modality in different types of tumors. The impact of curcumin or
its analogues on other histone modifications like methylation, phosphorylation,
ubiquitination and sumoylation are currently not well-defined and requires
investigation.
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ABSTRACT

Curcumin is a polyphenolic compound derived from turmeric, an old
Indian dietary spice. Curcumin extracts possess diverse pharmacological
effects including anti-inflammatory, antioxidant, antiproliferative and
antiangiogenic activities and have been very appreciated by traditional
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Asian medicine for a long time. In spite of this relevance, the
pharmacological use of curcumin is limited due to poor water-solubility
and low oral bioavailability. One of the main strategies to avoid this
limitation is the encapsulation of curcumin extracts in lipid-based nano-
delivery systems such as phospholipid complexes, micelles or liposomes
that increase permeability by interacting with cell membrane components.
In this work, the individual absorption of curcumin, demethoxycurcumin
and bisdemethoxycurcumin was studied by comparing the behavior of
free (water dispersion) and liposomed formulations using an in situ rat
absorption model. The results show differences in the absorption rates for
the curcuminoids in the water dispersion in correlation with their
hydrophobicity, having the demethoxy derivatives a higher intestinal
permeability compared to curcumin. In contrast, using the liposomed
formulation no differences in the absorption were observed for the
curcuminoids, probably revealing that the absorption is driven by the
incorporation/fusion of the liposomes in the intestinal cell membrane. In
spite of the lower absorption rate coefficient observed for the
curcuminoids in the liposomed formulation compared to the free
formulation, only the liposomed formulation led to significant quantities
of curcumin metabolites in rat plasma, probably due to the highest
concentration of curcuminoids achieved in the gut. These results show
that, besides their biological activity, the preferential absorption of
curcuminoids depending on their polarity has to be considered for
therapeutical use of curcumin.

INTRODUCTION

Curcumin is the yellow spice derived from the rhizome of Curcuma longa
L. This plant is native of India and Southeast Asia and it has been used in
cooking and to treat a broad range of disorders in Ayurvedic medicine for at
least 4000 years [1]. Dried rhizomes of C. longa are milled obtaining turmeric,
which contains not only curmumin and other derivatives, but also a mixture of
volatile and nonvolatile oils, proteins, fat, minerals and carbohydrates.
Curcumin extracts are obtained from turmeric with different purities
depending on the commercial presentations, containing a mixture of different
curcuminoids, mainly curcumin (CUR), demethoxycurcumin (DCUR) and
bisdemethoxycurcumin (BDCUR) (Figure 1).

In addition to its ethnobotanical traditional wuse, curcumin has
demonstrated diverse pharmacological effects including anti-inflammatory,
antioxidant, antiproliferative, antitumoral and antiangiogenic activities [2, 3].
Various clinical trials have used curcumin, especially as anticancer agent [4,
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5], however, poor bioavailability and rapid metabolism have emerged as
drawbacks that limit its clinical use. The main limitation is the poor absorption
of curcuminoids, which is mainly due to the water insoluble character of
curcumin. In this sense, most of the curcumin orally administered is not
absorbed but found in feces, both in human and rat models [2, 6]. In addition
to its low absorption, a rapid metabolism of absorbed curcuminoids is also
occurring. Curcuminoids suffer an important first-pass metabolism which
converts them to sulphate or glucuronide derivatives in a high percentage
when administered orally, or reduced forms as di, tetra or hexahydrocurcumin
when administered i.v. or i.p. [2, 6]. Although there are contradictory data
about the activity of curcuminoids’ metabolites when compared with non-
metabolized compounds, the most accepted theory is that most of them are less
active when metabolized [2], which diminishes even more the potential
biological effects of curcumin extracts and new approaches for formulation are
necessary.
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Figure 1. Structures of the main curcuminoids present in the curcumin extract:
curcumin (A), demethoxycurcumin (B) and bisdemethoxycurcumin (C).

To overcome the low absorption, different approximations have been used
to improve curcumin bioavailability such as liposomes, micelles, phospholipid
complexes. nanoparticles, cyclodextrins, emulsions and others, reviewed in [2,
7-10]. On the other hand, metabolism inhibitors such as piperine, an inhibitor
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of hepatic and intestinal glucuronidation, has been combined with curcumin in
different studies to increase curcumin plasma concentration [2, 11]. Both
strategies have succeeded and have increased notably the bioavailability of
curcuminoids.

Some preclinical studies have shown that extracts bearing different
curcuminoids profile do not bring different biological activity [2], but other
studies revealed significant differences when the different curcuminoids were
analyzed in terms of antioxidant [12], antimetastasic [13] and antinflammatory
[14] activities. In this regard, although there are numerous studies on curcumin
bioavailability and absorption [15-18], none of them has been focused on
characterizing the differential absorption between the three main curcuminoids
present in curcumin extracts by comparing free and liposomed formulations
containing curcumin.

In this work the intestinal absorption coefficients of the main
curcuminoids derived from a curcumin commercial extract have been studied
using the in situ Doluisio’s absorption method in rats. The absorption rate
constants have been obtained for two different formulations, free curcumin
and liposomed curcumin extracts and compared in order to obtain data from
individual compounds in each formulation (free or liposomed). Finally, blood
samples were analyzed and plasmatic curcuminoids were determined in all
cases. This study was aimed to determine which of the curcuminoids was
preferentially absorbed in each formulation, which may contribute to the
design of more effective curcumin formulations for therapeutical use.

RESULTS AND DISCUSSION

In this study, the absorption of the main curcuminoids contained in a
commercial curcumin extract either in their free form or vehiculized into
unilamellar phospholipid vesicles was evaluated using an in situ rat absorption
model. Liposomed curcumin formulation was prepared by formation of large
unilamelar vesicles (LUVs) using soy phosphatidylcholine through lipid film
hydration followed by 200 nm membrane extrusion [19], see methods section
for further information. The encapsulation into liposomes led to two
significant effects on the perfusion solution to be used in the in situ rat
absorption assay. First, the concentration of the individual curcuminoids and
that of total curcuminoids were increased up to 3.6 fold compared to free
curcumin formulation (Table 1), most probably due to the higher solubility of
curcuminoids into the liposomes lipophilic environment. This would facilitate
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the preparation of formulations containing a higher concentration of
curcuminoids, probably leading to higher absorption and therefore improved
efficacy.

Secondly, the individual curcuminoids were encapsulated in a different
extent into the phospholipid vesicles indicating a preferential partition
depending on their structure. In the perfusion sample containing free curcumin
extract, the concentration of BDCUR was almost four fold compared to those
of CUR or DCUR (16:21:73 CU/DCUR/BDCUR ratio in percentage). This
was in agreement with the highest polarity of the BDCUR, which contains two
free hydroxyl groups, compared to the other curcuminoids. In contrast, the
most lipophilic curcuminoid CUR exhibited a higher concentration in the
perfusion sample containing the liposomed formulation (51:17:32
CU/DCUR/BDCUR ratio in percentage), which correlates with its higher
potential to partition into phospholipid vesicles (Table 1).

Once the differences between the two formulations were established on
the basis of curcuminoids polarity and lipid affinity, free and liposomed
curcumin extracts were challenged in an in situ Doluisio’s absorption assay in
order to determine which of the curcuminoids was preferentially absorbed and
to determine the differences between the absorption profiles of these two
formulations.

Doluisio’s assay was performed as described in methods section. Samples
of intestinal lumen were taken at different times and curcuminoids’
concentrations were measured by HPLC. Individual curcuminoid and total
curcuminoids concentration were obtained for every time point and absorption
rate coefficients, Kku,p, were calculated both for individual and total
curcuminoids. As shown in Figure 2a (Table 1), when free curcumin extract
was utilized, significant differences were observed between the three main
curcuminoids. The loss of the methoxyl groups increased significantly
(p < 0.001) the kqpp, indicating that in the free extract, the less hydrophobic
curcuminoids, i.e., DCUR and BDCUR, were preferably absorbed suggesting
that these compounds still maintain certain level of hydrophobicity to be
absorbed through a passive diffusion mechanism. No significant differences
(p > 0.05) were obtained between DCUR and BDCUR, suggesting that the loss
of a single methoxyl group from CUR was sufficient to increase the absorption
of the compound. As the most abundant compound in the perfusion sample
corresponding to the free formulation was BDCUR, the k,p, of the whole
extract was very close to that one of BDCUR value.

On the contrary, the perfusion sample containing the liposomed extract
exhibited an absorption profile completely different to that one observed for
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the free formulation. All the curcuminoids showed similar k,,, values (Figure
2b, Table 1) regardless of their structure, suggesting that hydrophobicity did
not influence the absorption when compounds were vehiculized into
liposomes. No significant differences in k., values were found when total
curcuminoids absorption was compared to those of the individual compounds
(p > 0.05). This results reveal that curcumin absorption in the liposomed
formulation is likely mediated by the interaction of liposomes with parietal
cell membrane in rat’s gut and it’s not influenced by the polarity of the
compounds as occurred in free curcumin formulation.
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Figure 2. Absorption rate coefficients box plots for all the individual and total
curcuminoids in free (A) or liposomed (B) formulations. Differences between boxes
are related to CUR (*** p <0.001, ** p <0.01).

Table 1. Initial concentration (Cp) of curcuminoids in the perfusion
samples and Kapp values for both free and liposomed curcumin
formulations. Both values are detailed for every single curcuminoid and
for the total (sum of the three main curcuminoids) mixture

Free curcumin Liposomed curcumin

CUR DCUR |BDCUR | TOTAL | CUR DCUR |BDCUR | TOTAL

Conc (Cy) 11.70 14.80 44.40 71.00 133.50 44.30 82.30 260.10

(mg/L) +0.60 +4.60 +1.60 +5.80 +5.10 +1.80 +4.60 +11.20

Koy (b 1.46 3.92 3.52 3.16 1.42 1.31 1.35 1.38
np +0.74 | +0.42 +0.63 +0.49 +0.48 +0.54 +0.45 +0.47

Finally, after the concentration of curcuminoids in the formulations and
absorption behavior were studied, the presence of curcuminoids in rat plasma
samples after the assay was explored. For this purpose, blood samples were
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obtained after the Doluisio’s assay for all the animals. Total blood samples
were processed as described in methods section to eliminate protein and lipid
interferences and analyzed by HPLC. Curcuminoid compounds were only
observed in blood plasma samples derived from the animals treated with the
liposomed formulation, indicating that although k,,, was apparently higher for
the curcuminoids in the free formulation, the higher concentration of
curcuminoids achieved in the gut by the liposomed formulation led to an
increased net absorption according to Fick’s Law. Quantification of total
plasma curcuminoids using HPLC coupled to fluorescence detection revealed
a maximum concentration of 21.05 £ 2.22 ng/mL in rat samples taken 30 min
after being treated with the liposomed formulation, which is agreement to data
previously reported [15]. In conclusion, our results show that a higher
concentration of curcuminoids, especially CUR, could be achieved in the gut
when curcumin extract was vehiculized into liposomes compared to aqueous
buffer. Moreover, a differential absorption of the main curcuminoids of the
curcumin extract was observed when these compounds were in an aqueous
buffer, leading to a higher absorption for the less hydrophobic curcuminoids,
i.e., demethoxy and bisdemethoxy curcumin. In contrast, no differences in
absorption were observed when all the curcuminoids where vehiculized into
phospholipid vesicles indicating that the absorption path takes place through
the interaction of liposomes with parietal cell membrane in rat’s gut and is not
influenced by the polarity of the compounds. Between the two formulations
utilized, only the liposomed formulation of curcumin led to significant
quantities of curcumin metabolites in rat plasma corroborating previously
reported results. Based on the absorption studies and considering that some
studies have pointed out that curcumin is more active that the dimethoxy
derivatives, a liposomed formulation would be the choice for a therapeutical
application. Our results demonstrate that future investigations on the design of
curcumin extract formulations for therapy should consider not only the
biological activity of the curcuminoids, but also the preferential absorption of
these compounds depending on their polarity.

METHODS

Curcumin Liposomes Preparation

Appropriate amounts of soy phosphatidylcholine (Lipoid, Germany) were
dissolved in chloroform/methanol 1:1 (Sigma-Aldrich, Spain) and mixed with
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the curcumin extract. Curcumin extract was kindly provided by Monteloeder
S.L (95% curcuminoids). The organic solvent was evaporated from the lipid
solution using a N, stream and dried by vacuum for 3 h. The lipid film was
hydrated by vortexing at 37°C using isotonic saline matrix adjusted to pH 7.0
with 1% Sorensen phosphate buffer (v/v). Large unilamellar vesicles were
obtained by at least 25x extrusion cycles through 100 nm polycarbonate
membranes (Whatman, Maidstone, Kent, UK) using an extruder device
(Avestin, Otawa, Canada). Unencapsulated and precipitated material was
discarded by centrifugation. The final liposomal formulation showed a
curcumid lipid ratio of 18.95 & 2.60 pg of total curcuminoids/mg of lipid.

Absorption Experiments and Pharmacokinetic Calculations

The absorption experiments were performed using an in situ loop
technique previously described by Doluisio [20]. Data were previously
corrected for water reabsorption, kg, was estimated using non-linear
regression with Excel and Solver tool.

The study protocol was approved by the University Miguel Hernandez
Ethical Committee and followed the guidelines described in the EC Directive
86/609, the Council of the Europe Convention ETS 123 and Spanish national
laws governing the use of animals in research (Real Decreto 53/2013). Five
male Wistar rats weighing 280-320 g were used for each formulation. After
eight hours of fasting with access to water, rats were anesthetized with
thiopental sodium (30 mg/kg intra-peritoneal). A midline abdominal incision
was made. The intestinal segment was manipulated carefully in order to
minimize any intestinal blood supply disturbances. The bile duct was tied to
avoid drug enterohepatic circulation and limit the presence of bile salts in the
lumen. Studies employed the entire small intestine (length around 100 cm).
The proximal ligatures of the duodenal and ileal regions were place
approximately 1 cm from the pylorus and 2 cm above the ileocecal junction. A
catheter was tight up at both intestinal ends and connected to a glass syringe
by the use of a stopcock type valve. Under this set up, the intestinal segment is
an isolated compartment and the drug solution can be perfused and tested.

The drug test solutions were prepared in an isotonic saline matrix adjusted
to pH 7.0 with 1% Sorensen phosphate buffer (v/v). Drug solutions were pre-
warmed at 37°C in advance. The drug solution was perfused into the loop and
then the entire intestine was restored into the abdominal cavity. The body
temperature was maintained during anesthesia by heating with a lamp.
Samples were withdrawn every 5 min for 30 min. To correct for variation in
drug luminal concentration over time due to water re-absorption, the
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remaining fluid at 30 min was recovered and volume measured. Rats were
sacrificed humanely at the end of experimentation. In order to separate solid
components (e.g., mucus, intestinal contents) from drug solution, samples
were centrifuged 5 min at 5000 r.p.m (1530 g)., and then quantified by HPLC.

Data were analyzed in terms of an apparent first order absorption rate
constant. The apparent first-order rate constants were obtained from the
expression:

C=C,-e faPP?

where the C is the drug concentration remaining in the lumen, kg, is the
apparent absorption rate constant, and Cy is initial drug concentration.

HPLC Measurements

Curcuminoids were identified and quantified by HPLC using an Agilent
LC 1100 series (Agilent Technologies, Inc., Palo Alto, CA, USA) controlled
by the Chemstation software and equipped with a pump, autosampler, column
oven and fluorescence and UV—diode array detector. All solvents used were of
HPLC grade (Sigma—Aldrich, Europe). An isocratic method consisting of
methanol, isopropyl alcohol, water and acetic acid (20:4:27:48:5 v/v) was
used. The flow rate was 0.5 mL/min. The isocratic elution was monitored with
fluorescence detector at a wavelength of excitation of 420 nm and emission of
540 nm. A Merck LiChrospher 100 RP18, 5 um, 250 x 4mm (i.d.) column was
used for analytical purposes. Quantitation of curcuminoids content was
performed using a curcumin commercial standard (Sigma-Aldrich, Europe).
Calibration graphs for the quantitative evaluation of the compounds were
performed by means of a six-point regression curve (R* > 0.999).

Plasma Recovery of Curcuminoids

Plasma samples were mixed with equal volume of 0.1 M phosphate
buffer, pH 12 and incubated at 37°C and 500 rpm for 1 hour. Then,
curcuminoids were recovered by a liquid extraction with ethyl
acetate:isopropanol (9:1). Solvents were evaporated with a N, stream and the
final pellets were resuspended in HPLC mobile phase before analysis.
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