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Abstract: Natural compounds obtained from plants are capable of garnering considerable
attention from the scientific community, primarily due to their ability to check and prevent the
onset and progress of cancer. These natural compounds are primarily used due to their nontoxic
nature and the fewer side effects they cause compared to chemotherapeutic drugs. Furthermore,
such natural products perform even better when given as an adjuvant along with traditional che-
motherapeutic drugs, thereby enhancing the potential of chemotherapeutics and simultaneously
reducing their undesired side effects. Curcumin, a naturally occurring polyphenol compound
found in the plant Curcuma longa, is used as an Indian spice. It regulates not only the various
pathways of the immune system, cell cycle checkpoints, apoptosis, and antioxidant response
but also numerous intracellular targets, including pathways and protein molecules controlling
tumor progression. Many recent studies conducted by major research groups around the globe
suggest the use of curcumin as a chemopreventive adjuvant molecule to maximize and minimize
the desired effects and side effects of chemotherapeutic drugs. However, low bioavailability
of a curcumin molecule is the primary challenge encountered in adjuvant therapy. This review
explores different therapeutic interactions of curcumin along with its targeted pathways and
molecules that are involved in the regulation of onset and progression of different types of
cancers, cancer treatment, and the strategies to overcome bioavailability issues and new targets
of curcumin in the ever-growing field of cancer.

Keywords: apoptosis, cancer, cell signaling, combinatorial therapy, curcumin/nanocurcumin,
drug resistance

Introduction

Cancer causes nearly one-fifth of the deaths worldwide annually. In 2016, an estimated
1,685,210 cases of cancer were diagnosed in the US alone, and of these 595,690
people died.! In India, every year nearly 1.3 million new cases are reported. In 2013,
about 20.1 million cases were diagnosed with cancer globally,? and of these almost
10.2 million or 18.6% people died. Cancer is a group of diseases driven by the accumu-
lation of successive genetic and epigenetic alterations resulting in apoptosis resistance,
uncontrolled cell proliferation, induced metastasis, angiogenesis, and dysfunction of
the immune system.>* Several strategies have been developed in recent years to combat
cancer evasion, which includes surgery, hormonal therapy, chemotherapy, and radiation
therapy. The type of treatment to be used depends on the location, type, and progression
of cancer as well as on the patient’s health and preferences.’ Chemotherapy is a process
in which cancer is treated with one or more cytotoxic antineoplastic drugs (chemo-
therapeutic agents) as part of a standardized regimen. The term “chemotherapeutic
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agents” includes a variety of drugs that can be divided into
broad categories such as alkylating agents and antimetabo-
lites. The efficacy of chemotherapy depends primarily on the
stage and type of cancer.®

Chemotherapy is one of the major strategies employed to
treat cancer, but its effectiveness is largely restricted due to
the recurrence of drug resistance. In general, drug resistance
to chemotherapeutics is broadly divided into two categories:
intrinsic and acquired. In the intrinsic mode, resistance-
mediating factors preexist in the tumor microenvironment
that triggers resistance before chemotherapy is applied
to tumor-bearing patients.> On the other hand acquired
resistance develops during the treatment of cancers that are
mutation-prone and sensitive, caused mainly by mutations
during prognosis including environmental stimuli such as
over-expression of therapeutic targets or stimulation of
cancer-promoting pathway.” Furthermore, recent develop-
ments in cancer research increasingly emphasize that tumors
contain a high degree of molecular heterogeneity and thus
drug resistance can be triggered by a selective group of
therapy-induced resistant minor heterogenic subpopulation
of cells residing within the tumor mass.”

With the advent of modern proteomic, biochemical, and
genomic techniques interlinked with bioinformatics, systems
biology, and next-generation sequencing approaches, it is now
possible to identify genes and their signaling and interatomic
networks that are involved in drug resistance and onset of
cancer progression.”® Tumor cells exploit several strategies
to hinder the efficacy of drugs such as enhancement of drug
efflux, limited uptake of drugs to the cell, alteration, of drug
metabolism, mutation of drug targets, activation of cell
survival pathway, and blockade of cancer cell apoptosis.>”’
In addition to molecular mechanisms, epigenetic alterations
and constant shifting of tumor microenvironments are other
major drivers of drug resistance.® Recently it has been noticed
that the attributes of drug resistance further accelerate in the
presence of cancer stem cells (CSCs), which results in del-
eterious effects against therapeutic approaches.’ Molecular
and genetic heterogeneities are other primary factors that
contribute to drug resistance.

Although the primary goal of chemotherapy is to kill cancer
cells from a patient’s body, it also affects normal, healthy cells
causing severe side effects that in turn results in multiple organ
dysfunction.>® Some of the most common adverse effects of
chemotherapy are fatigue, nausea, pain, headache, and infec-
tion. Besides cancerous cells, normal hematopoietic cells,
epithelial cells, and hair follicles are also affected severely on
continuous exposure to chemotherapeutic drugs.® Therefore,

chemotherapy — one of the primary and expensive strategies
used in the treatment of cancer — often fails in certain conditions
due to drug resistance and drug-induced adverse effects, includ-
ing the death of normal cells.'® Hence, recent studies suggest
the use of few “adjuvants” in combination with chemotherapy
to reduce the adverse effects and drug resistance and to increase
the effective targeting of cancerous cells.

Various phytochemicals and cytokines such as nexavar,
sutent, rapamycin, interleukin-2, IFN-o/f3, curcumin, flavo-
noids, phytoalexins, phenolic compounds have been used as
adjuvants in the chemotherapeutic treatment of cancer.® But
phytochemicals compared to cytokines have gained better
reception in the field of adjuvant chemotherapy because they
are relatively less toxic and cause only fewer side effects.’
However, the advantage of using natural phytochemicals
and polyphenols is not limited just to its fewer side effects.
Phytochemicals are known to affect and modulate multiple
diverse biochemical processes and several pathways involved
in carcinogenesis.’ In addition, they can also act as biologi-
cal response modifiers supporting immune system function
and protect living cells against damage from free radicals.®®
Unlike chemotherapeutic agents, the effects of phytochemi-
cals are not detrimental in nature on other normal living cells;?
therefore, reducing physiological and psychological insult of
the body that is common in chemotherapy.” Although poly-
phenols present in fruits and vegetables are widely implicated
in cancer prevention, few protective effects of individual
compounds such as curcumin have been firmly confirmed
in clinical trials based on the differences in dosing, timing,
and other confounding factors.

Curcumin and combinatorial

therapy in cancer

Curcumin is a yellow spice derived from the roots (rhi-
zomes) of Curcuma longa commonly known as turmeric.
It is a short-stemmed perennial that grows to about 100 cm
in height. C. longa grows naturally throughout the Indian
subcontinent and in tropical countries, particularly South
East Asia.’ As a traditional remedy in “Ayurvedic medicine”
and ancient Indian healing system that dates back to 5,000
years, turmeric has been used through the ages as a “herbal
aspirin” and “herbal cortisone” to relieve discomfort and
inflammation associated with an extraordinary spectrum of
infectious and autoimmune diseases.® The yellow-pigmented
fraction of C. Jonga contains curcuminoids that are chemi-
cally related to its principal ingredient curcumin that was
identified as (1E,6E)-1,7-bis (4-hydroxy- 3-methoxyphenyl)
-1,6- heptadiene-3,5-dione or diferuloylmethane.?
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Curcumin deserves a special mention among the list of
adjuvants due to its better success rate in cancer chemother-
apy.” Curcumin is nontoxic in nature and has been proposed
to increase the therapeutic efficiency of chemotherapeutics
as it inhibits ABC transporter function and increases the oral
bioavailability of chemotherapeutics.!! Curcumin is being
used as an antioxidant since the ancient times.*'? Recently
it has been shown that curcumin inhibits tumor growth by
inhibiting cell cycle progression or by inducing apoptosis;
by inhibiting angiogenesis, the expression of antiapoptotic
proteins, multiple cell survival signaling pathways and
their cross-communication; and by modulating immune
responses.”!** Curcumin induces the initiation of both
p53-dependent and p53-independent G2/M phase cell cycle
arrest,'>!>"17 thereby restricting cell proliferation and tumor
progression. Therefore, curcumin is used either alone or in
combination in targeting various types of cancers such as
multiple myelomas, pancreatic, lung, breast, oral, prostate,
and colorectal cancers, and head and neck squamous cell
carcinoma.’

Curcumin and its relation with

other phytochemicals

Curcumin has often been used in combination with other
phytochemicals such as resveratrol, quercetin, sulforaphane,
retinoic acid, and folates in cancer treatment. Resveratrol
(trans-3,5,4’-trihydroxystilbene) — a naturally occurring
polyphenolic compound found in grapes, berries, peanuts and
which is known for its antioxidant, anti-inflammatory, and
anticancer properties — is the most successful phytochemical
adjuvant used in combination with curcumin.'®!* In mice with
lung carcinoma, curcumin when administered in combina-
tion with resveratrol modulated drug-metabolizing enzymes
as well as antioxidant indices and cellular proliferation.?
In addition, this combination of compounds has also been
shown to reduce prostate cancer indices in mice,? induce
apoptosis, inhibit angiogenesis, and reduce the growth of
MDA-MB-231 tumor xenografts.?? Moreover, this combina-
tion has been recently shown to target breast CSCs.?* When
administered with curcumin, resveratrol has shown efficacy
in preventing and treating skin, esophageal, intestinal, and
colon tumors in vivo.**

Phytochemical quercetin is an important flavanol found
in numerous vegetables, fruits, and grains. It occurs in cap-
pers, lovage, and radish leaves. Recently, it has been shown
that quercetin when given in combination with curcumin can
reduce cell migration, mammosphere formation, and breast
cancer mass.??¢ Both in vitro and in vivo studies have shown

that quercetin can potentiate the efficacy of curcumin and
other concomitant drugs by enhancing their bioavailability
and accumulation and by sensitizing cancer cells as well 27

Phytochemical such as retinoic acid, which is derived
from vitamin A, has also been used in combination with
curcumin to combat cancer. All-trans retinoic acid, when
given in combination with curcumin to mice induced with
cancer, exerted antiproliferative activity and induced apop-
tosis in cancer cells by activating one of the three retinoic
acid receptors —alpha, beta, and gamma.” Retinoic acid also
plays a major role in the regulation of CSCs.*

Various research groups have focused on increasing the
bioavailability of curcumin by combining other phytochemi-
cals as adjuvants. The most successful among these phyto-
chemicals is piperine, which has been found to increase the
absorption of curcumin.?” Piperine, an alkaloid found in black
pepper, selectively reduces the expression of sulfotransferase
and UDP-glucuronosyltransferase in order to facilitate the
absorption of curcumin in intestine.*® Molecular docking
technique has revealed that piperine is capable of intercalat-
ing with curcumin forming a hydrogen-bonded complex that
facilitates its metabolic transport, thereby increasing its bio-
availability.3>* However, recent advances in nanotechnology
have provided better options for the delivery and absorption
of curcumin.*® Another report recently highlighted the fact
that curcumin in combination with piperine has been able to
target breast CSCs as well.

Curcumin nanoformulation: an
efficient therapeutic strategy with

improved efficacy

Although curcumin has long been used extensively to treat
several inflammatory diseases including cancer, poor aqueous
solubility and reduced bioavailability limit its efficacy as a
promising therapeutic agent in cancer therapy.® Curcumin
is only slightly soluble in water (0.0004 mg/mL at pH 7.3),
which causes immense problems when orally administered.
Curcumin is easily hydrolyzed and degraded in neutral and
basic solutions but shows greater solubility in acidic environ-
ments. Poor absorption, rapid degradation, fast metabolism,
and systemic elimination are essential factors that ultimately
lead to poor bioavailability. When administered orally, cur-
cumin is poorly absorbed and most of its derivatives such
as glucuronide and sulfate conjugates are found majorly in
the peripheral and portal circulations.** Furthermore, to be
effective in cancer therapy, curcumin should be administered
in a high concentration, but patients show intolerance to bulk
administration of curcumin. Therefore, poor water solubility,
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use of excessive cosolvents, poor bioavailability, uncontrolled
precipitation, and incompatibilities to patients are the most
serious problems that restrict curcumin as a novel chemo-
therapeutic agent in cancer therapy. Hence, an advanced
delivery system with increased bioavailability and satisfac-
tory parenteral administration will significantly harness the
potential of curcumin as a promising anticancer element in
the clinical arena.?* Recently, with the advent of nanotechnol-
ogy, it has become possible to design curcumin-encapsulated
nanoparticle or nanocurcumin by compressing its bulky size
to less than 100 nm with superior bioavailability attributes.
Several novel strategies have been developed for designing
curcumin nanoparticles with enhanced bioavailabilities
and targeted drug-delivery systems. In simple approaches,
curcumin nanoparticles have been designed with improved
bioavailability, devoid of degradation and further metabolism,
and with enhanced targeting capacities.®

Various types of curcumin nanoparticles appropriate
for cancer treatment have been developed, such as polymer
nanoparticles, liposomes, micelles, solid lipid nanoparticles
(SLNs), and polymer conjugates.

1. Liposomes: Liposomes are closed, spherical, phospho-
lipid vesicles where drugs are incorporated into the
aqueous interior. Liposomes have been widely used to
enhance the bioavailability and efficacy of curcumin.
Recently several modifications of liposomal curcumin
with polymeric conjugates have been developed to acquire
better clinical outcomes.**

2. Polymer nanoparticles: Polymer nanoparticles are small,
nano-sized particles that are highly biocompatible and
easily circulate in the bloodstream for a longer time. Some
of the widely used synthetic polymer conjugates include
chitosan, D,L-lactide-co-glycolide (PLGA), poly-ethylene
glycol (PEG), poly (n-butyl) cyanoacrylate, silk fibroin,
N-iso-propyl acrylamide, and hydrophobically modified
starch. PLGAs with carrier stabilizer PEG-5000 were
employed to design curcumin-loaded nanoparticles with
97.5% efficiency and with a particle diameter of 81 nm.3
The PLGA-loaded curcumin nanoparticles showed higher
cellular uptake, enhanced bioavailability, and induction
of apoptosis in cancer mice models both in vitro and in
vivo.*

3. SLNs: SLNs are composed of natural lipids such as
lecithins or triglycerides that remain solid at normal
temperature (37°C). SLNs can protect labile compounds
from chemical degradation and improve bioavailability.*
Curcumin-loaded nanoparticles showed enhanced cellular

uptake and also proved as promising anticancer agents in
breast cancer cells in vitro.

. Magnetic nanoparticles: Drug-loaded magnetic nanopar-

ticles can be targeted into cancer-infected tissues under
the influence of external magnetic fields. Entrapping
curcumin in Fe,O -curcumin conjugate with oleic acid
or chitosan in the outer shell results in the formation
of nanosized, fluorescent-magnetic, water dispersible
nanoparticles with increased cellular uptake and enhanced
bioavailability.*

. Polymer micelles: Polymer micelles are another excellent

drug-delivery system extensively used to solve poor solu-
bility, low stability, and poor bioavailability properties
of curcumin. Recently curcumin has been encapsulated
with in cationic micelles like cetyltrimethyl ammonium
bromide or dodecyl trimethyl ammonium bromide for
enhancing drug-loading capacity, increasing water solu-
bility, reducing toxicity, and lowering degradation.’”

. Microsphere and microcapsules: In such approaches,

drugs or curcumin is encapsulated within or dispersed
in polymeric particles such as camptothecin, rutin,
zedoary oil, and andrographolide to form microspheres
or microcapsules that essentially improve efficacy and
organ-targeted bioavailability. Microcapsules are been
assembled layer by layer and curcumin is be accumulated
in hollow microcapsules with polyelectrolyte multilayer
shell.?” Microcapsule- and microsphere approach-medi-
ated nanoparticle design has shown an increase in the
stability and bioactivities of drugs.

. Microemulsion: Microelumsions are small-droplet dis-

persions (size 1-100 uM) of isotropic mixtures of oil
and water stabilized by interfacial films of surfactant
molecules. Microemulsion systems are ideal for delivery
of hydrophobic drugs such as curcumin. As a lipid-based
drug-delivery system, microemulsion possesses several
advantages such as thermodynamic stability, improved
drug dissolution and increased solubility. Triacylglycerol
as an oil and Tween-20 as an emulsifier have been used to
produce tiny droplets of microemulsion under high-speed
and high-pressure homogenization procedures.*’

Inclusion complex: Cyclodextrins are cyclic oligosac-
charides composed of six to eight glycosyl monomeric
units (o.-1,4 linked) with central lipophilic cavities and
hydrophilic outer surface layer. Among the three differ-
ent cyclodextrin molecules (o, B, v), B-cyclodextrins
are widely used as they are easily accessible and cost-
effective, they increase stability, reduce bitterness,
enhance water solubility and improve bioavailability.
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B-Cyclodextrins are conjugated with curcumin to form
inclusion complex by solvent evaporation techniques
or pH shift protocols, which show increased uptake of
curcumin by cancer cells.

9. Nanogels: Nanogel consists of hydrophilic three-dimen-
sional polymer networks that can uptake large amounts
of water or physiological fluid in their interior besides
maintaining their internal network structure. Nanogels
are one of the efficient drug-delivery procedures due to
their high drug-loading capacity, high dispersion stabil-
ity, targeted drug-delivery efficiency, fast drug-releasing
properties, easy chemical modification, and increased
drug delivery across the cellular barriers.® Curcumin
can be easily encapsulated into the interior of a nanogel,
especially for targeted drug delivery.

10. Nanocurcumin: Curcumin nanoparticles can also be made
from pure curcumin without using any carrier conjugates.
Curcumin can be dissolved with ethanol and homog-
enized at higher pressure with water containing citric
acid (0.1%). Curcumin nanoparticles are efficient modes
of drug delivery due to their superior bioavailability and
increased cellular uptake attributes.®®

11. Solid dispersions: Solid dispersion involves the disper-
sion of one or more active ingredients in an inert carrier
or matrix at solid state by the process of melting (fusion)
solvent. Recently, several strategies such as wet-melting
and subsequent freeze-drying have been designed for pre-
paring crystal and amorphous solid dispersions that have
proven to improve physicochemical and pharmacokinetic
activities of curcumin.

Curcumin as a combinatorial

therapy in various cancer types

None of the known methods of treatment, be it radiation, che-
motherapy, or surgery, is 100% effective in cancer treatment.
Therefore, studies highly focus on combinatorial therapies.
Curcumin turns out to be the forerunner compound among
these adjuvants due to its nontoxic nature and its capacity to
prevent the spread of tumor.*® Here, we discuss the effects
exerted by curcumin in combination with known anticancer
drugs in various cancer types.

Curcumin and breast cancer

Both in the developed and in the developing countries, breast
cancer has been identified as the most common type of cancer.
Worldwide, over 508,000 women died due to breast cancer as
on 2011, and nearly 1.7 million women were diagnosed with
this cancer as on 2012.34° In 2016, nearly 246,660 cases of

breast cancer were registered in the US alone.' A major cause
of breast cancer is identified to be mutations in BRCA I and
BRCA?2 genes.’> A 55-65% lifetime risk of developing breast
cancer is observed in women with a BRCA1 mutation. The
risk is 45% for women with a BRCA2 mutation.
Doxorubicin, an anthracycline antibiotic, is commonly
used as a chemotherapeutic agent to treat a wide spectrum of
cancers including breast cancer.*! Doxorubicin exhibits toxic
effects on cancer cells by intercalating with DNA, by disrupt-
ing topoisomerase [I-mediated DNA damage repair, and by
releasing reactive oxygen species leading to oxidative stress
and programmed cell death.*? However, it suffers from seri-
ous limitations of cardiotoxicity and drug resistance. Cur-
cumin in combination with doxorubicin was highly effective
in sensitizing cancer cells that are resistant to doxorubicin
and in reducing the survival of cancer cells. Curcumin has
also been shown to induce the immuno-, hepato-, and car-
dioprotective properties of doxorubicin. It was reported that
doxorubicin triggered an epithelial-to-mesenchymal transi-
tion (EMT) in triple-negative breast cancer cells through the
activation of TGF and PI3K/AKT pathways. Interestingly,
curcumin was found to inhibit these pathways and thus sup-
press EMT and increase antiproliferative effects (Table 1 and
2).8 Meiyanto et al used curcumin and its analogs (PGV-0
and PGV-1) in combination with doxorubicin that enhanced
the sensitivity of resistant MCF-7 cells to doxorubicin via
increase of sub G-1 cell population and inhibition of NF-kB
activation.* Curcumin is also found to reduce the cytotox-
icity of 5-Fluorouracil (5-FU) in human breast cancer cell
lines as demonstrated by an increased LD value of 5-FU.
Administration of dietary curcumin to a human xenograft
model in nude mice decreased metastasis of breast cancer to
the lung, supported by the suppressed expression of matrix
metallopeptidase-9, NF-xB, and cyclooxygenase-2 (COX-2)
(Figure 1).* Similarly, treatment of curcumin in combina-
tion with paclitaxel in experimental breast cancer nude
mice showed pronounced growth inhibitory effect, induced
apoptosis, decreased tumor burden, and decreased matrix
metalloprotease-9 (MMP-9) expression.* Interestingly, Zhan
et al reported that simultaneous treatment of curcumin and
paclitaxel inhibited paclitaxel-induced EGFR-signaling in
human breast cancer cell lines along with the induction of
apoptosis.*’” A preclinical study on breast cancer MCF-7
cells showed that cotreatment of curcumin and tamoxifen
synergistically inhibited the survival of tamoxifen-resistant
MCEF-7 cells, constitutively expressing the activated form
of AKT. This study showed that curcumin could sensitize
resistant cells and could potentially reverse drug resistance
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(Table 1).*® Serasanambati et al observed that 20 pM of
curcumin enhanced the anticancerous effects of gemcitabine
on MCF-7 and MDA-MB-231 breast cancer cells by sup-
pressing gemcitabine-induced NF-«xB activation by 80%,
inducing apoptosis, and by decreasing cell proliferation.*
Recent studies proved that combined treatment of curcumin
and mitomycin-C sensitized human breast cancer MCF-7
cells to mitomycin C-mediated antiproliferative activity and
reduced mitomycin-C-associated adverse effects through the
ERK/p38MAPK pathway.**' Bayet-Robert et al evaluated
curcumin in combination with “docetaxel” in advanced and
metastatic breast cancer patients in an open-label phase-I
dose-escalation trial and came up with promising results to
use curcumin as an adjuvant in breast cancer.”

Curcumin and colorectal cancer

Colorectal cancer develops in the colon or rectum. Old
age, lifestyle, and genetic causes, in a small percentage of
patients, are some of the major factors that cause colorectal
cancer.® Colorectal cancer is the third most common type
of cancer in the world, comprising of almost 10% of the
reported cases of cancer globally.** Antimetabolites such as
capecitabine, 5-FU, floxuridine, and gemcitabine that inter-
fere with the DNA synthesis resulting in the initiation of
apoptosis and apoptotic cell death are used in the treatment
of colorectal and gastrointestinal cancers. 5-FU is converted
into fluorodeoxyuridine monophosphate inside cells that
forms a stable complex and irreversibly inhibits thymidylate
synthase (TS).This inhibits dTMP production thereby result-
ing in an imbalance in the ratio of deoxynucleotides and
subsequent faulty DNA repair. However, resistance toward
5-FU has been observed in case of increased expression of
TS, enhanced activity of deoxyuridine triphosphatase, and
overexpression of antiapoptotic proteins (Bcl-2, Bel-xL,
Mcl-1).5* But curcumin enhanced 5-FU-induced expres-
sion of proapoptotic proteins (caspase-8, -9, -3, PARP, and
BAX) and simultaneously it downregulated antiapoptotic
(BCL-xL) and proliferative (cyclin D1) proteins leading to
cell death (Table 1). Combined treatment of curcumin and
5-FU in chemoresistant colorectal cancer cells mediated
apoptosis of resistant cells (Figure 1).%° Curcumin-mediated
chemosensitization was shown to be effective through the
upregulation of miRNA that induced the suppression of
EMT in 5-FU-resistant colorectal cancer cells.® Experi-
ments conducted on intestinal tumors in C57BL/6J-Min/+
(Min/+) mice showed that curcumin is capable of regulating
lymphocyte-mediated immune function.’” Furthermore,
after treatment with curcumin, the levels of COX-2 protein

expression demonstrates the retardation of adenoma devel-
opment in mouse intestines.*®

Gastric cancer, also known as stomach cancer, devel-
ops at the lining of the stomach. The most common cause
of stomach cancer, which accounts for more than 60% of
cases, is identified as infection by the bacterium Helico-
bacter pylori.®® Globally, stomach cancer is the fifth leading
cause of cancer and accounts for 7% of all cancer cases.
It causes 9% of deaths worldwide and is the third leading
cause of death due to cancer.® 5-FU or 5-FU plus oxaliplatin
(FOLFOX) are considered standard therapy for stage-II and
stage-III gastric cancers. However, this treatment does not
eliminate all the cancer cells, thus leading to cancer recur-
rence. Recently, Patel et al examined the effect of curcumin
on FOLFOX chemotherapy to target chemoresistant cells.*
They evidence that FOLFOX resistance in gastric and colon
cancer cell lines is mediated by marked activation of IGF-
IR and by a moderate increase in EGFRs and v-erb-b2
erythroblasts leukemia viral oncogene homolog 2 (HER-2),
v-AKT murine thymoma viral oncogene homolog-1 (AKT),
COX-2, and cyclin-D1. Curcumin combination reduced the
survival of FOLFOX resistant cells by inhibiting aforemen-
tioned genes.® Similar adjuvant approach was adopted for
gastric cancer cells, which inhibited the proliferation and
induced apoptosis of BGC-823 cells.®! In vitro curcumin
induced JNK, p38MAPK, and AP-1 transcriptional activities
(Table 2). At the same time, curcumin inhibited neuroten-
sin-mediated activator protein-1, NF-kB activation, Ca2+
mobilization, PGE-2, and EGFR. It downregulated COX-1
and -2, MMP-2 and -9, IL-8 gene induction, and colon can-
cer cell migration.®%? Curcumin also significantly reduced
benzopyrene-induced stomach papillomas in mice. It has
also been reported that curcumin reduces the progression of
gastric cancer in rats and inhibits MNNG-induced duodenal
tumor in mice.® In rats with colonic tumor, administration of
curcumin, sulindac, and PEMC decreased the progression of
cancer and also induced apoptosis.® A recent study indicated
that cotreatment with curcumin and catechin or curcumin
and celecoxib respectively caused significant inhibition of
DMH-induced colon carcinogenesis and colorectal cancer in
rats.®* Six patients with stomach intestinal metaplasia were
included in a phase-I clinical trial and treated with 0.5-12 g/
day of curcumin for 3 months. The results showed that one
out of the six patients had histologic improvement in pre-
cancerous lesions after treatment.3% These results suggest
that adjuvant chemotherapy is recommended with FOLFOX
to enhance treatment efficacy, to reduce recurrence, and to
prolong survival period.
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Effect of curcumin on leukemia and
lymphoma

Leukemia is a group of cancers that after beginning in the
bone marrow causes an abrupt increase in the number of
abnormal white blood cells (WBCs) in the blood. These
abnormal WBCs, known as blasts or leukemia cells, are
not fully developed. Primarily, four types of leukemia are
observed — acute lymphoblastic leukemia, acute myeloid
leukemia (AML), chronic lymphocytic leukemia (CLL),
and chronic myeloid leukemia (CML) — along with some
less common types.® In 2012, nearly 352,000 people were
diagnosed with leukemia globally and 265,000 people died.>*
Leukemia is the most common type of cancer in children.
However, AML and CLL are most common in adults con-
stituting almost 90% of all leukemias being diagnosed in
adults. Methotrexate (MTX), an antimetabolite and antifolate
drug, is being used for the treatment of leukemia. However,
MTX therapy is associated with serious toxic effects caused
by multiple factors like impaired uptake, enhanced drug
efflux, alteration of target enzymes and enhanced cellular
pools of folate, thus limiting its use in leukemic cells.®>%
Of this, impaired transmembrane uptake is been considered
the most frequent cause of resistance to MTX.>* It has been
shown that curcumin increased the uptake of MTX and folic
acid in KG-1 cells by upregulating folate receptor f-mRNA
and protein levels. Also, curcumin significantly enhanced
the cytotoxic activity of MTX.%” Interestingly, a recent study
reported that dual drug (curcumin+doxorubicin) loaded in a
single nanoparticle formulation inhibited the development of
drug resistance by inhibiting the gradual mRNA expression of
MDR1 and Bcl-2 in CML blast-like K562 cells and thus pro-
longed the effect of doxorubicin inside the cells.®® Curcumin
inhibits cancer growth and apoptosis in T cell leukemia,
HTLV-I-transformed T cell leukemia, MT-2, HuT-102, and
SLB-1 cell lines, by dose-dependently downregulating JAK
and STAT phosphorylation and by inhibiting cyclin D1, cdk1
Cdc25C, and XIAP and survivin expression (Table 2).°*% It
blocks STATS activation in CML cells by blocking STATS
mRNA expression and thereby suppressing the prolifera-
tion of WEHI-3b cells.** Curcumin has also been shown to
cause telomerase II poisoning in TK-10 and UACC-62 cell
lines, thereby causing DNA damage and initiating apop-
tosis process (Figure 1).” Curcumin when given to acute
leukemia cells for 4 hours increases nitric oxide levels and
inhibits Th1 cytokines in natural killer cells, thus leading to
significant tumoricidal results.*®’ Oral administration of
curcumin (50-200 mg/kg) in nude mice has been reported to
inhibit the development of leukemia (HL-60) cells-induced

xenografts as well as lymphoma (SGC7901) cells — induced
xenografts.#$2¢ Curcumin inhibits the growth of B lymphoma
cells both in vitro and in vivo by downregulating AKT activa-
tion and tyrosine kinase activity (Table 1).37!72 Curcumin has
also been shown to decrease Wntl gene expression in 35 out
of the 70 samples obtained from child leukemia patients.”

Curcumin and lung cancer
Lung cancer is the uncontrolled growth of abnormal cells
that begins in one or both lungs, usually in the cells that line
the air passages. The two primary types of lung cancer are
small cell lung carcinoma and non-small-cell lung carcinoma
(NSCLC).* Lung cancer is considered to be the most com-
mon cause of death due to cancer in men, and in case of
women, it stands next to breast cancer. Globally, 1.8 million
people were diagnosed with lung cancer in 2012 and 1.6
million people died.®

Treatment includes surgery, radiotherapy, and chemo-
therapy with drugs such as carboplatin, doxorubicin, gem-
citabine, paclitaxel, vinorelbine, topotecan, and irinotecan.
However, doxorubicin often faces the limitation of lesser
uptake. To improve the stability and to codeliver doxorubi-
cin slowly into the system, Wang et al developed methoxy
poly(ethylene glycol)-poly(e-caprolactone) (MPEG-PCL)
micelles loaded with curcumin and doxorubicin (Cur-Dox/
MPEG-PCL), which improved antitumor responses in lung
cancer model.” Human xenograft model in nude mice when
subjected to dietary curcumin treatment showed decreased
metastasis of breast cancer to the lung due to a reduction in
the expression of NF-kB, MMP-9, and COX (Table 1).>7#
Curcumin has been shown to downregulate NAT activity and
STAT1 activation (Table 2), thereby inhibiting cancer growth
and inducing apoptosis in H1299 and A549 cells (Figure 1).7
Use of curcumin as an adjuvant in chemotherapy is further
affirmed by the fact that it not only reduces the invasive
properties of CL1-5 cells but also inhibits the proliferative
properties of NCI-H460 and -H520 cells.®¢%7

Cisplatin or carboplatin when used in the treatment of
NSCLC often give rise to cisplatin-resistant lung cancer
cells (A549) that acquire EMT phenotype and invasiveness.
Curcumin augmented the cell proliferation inhibitory activ-
ity and promoted the apoptotic activity of cisplatin (DDP)
in DDP-resistant lung adenocarcinoma cells.”3% Baharuddin
et al studied the effect of curcumin on double-positive
(CD166+/EpCAM+) cell subpopulation in NSCLC cell lines
(A549 and H2170), and they found that curcumin sensitized
those cell population to cisplatin treatment by downregulat-
ing cyclin D1 and activating p21/Apaf/caspase-9 pathway.

Journal of Experimental Pharmacology 2017:9

submit your manuscript 37

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Panda et al

Dove

Therefore, double-positive cell subpopulation when treated
with a combination of curcumin and cisplatin induced cell
cycle arrest resulting in the initiation of the intrinsic apop-
totic pathway.” These results have led clinicians to consider
curcumin as an adjuvant in chemotherapeutic approaches.

Curcumin and cervical cancer

Uterine cancer is an uncontrolled malignant growth of cells in
uterine tissues. Uterine cancer can be of various types depend-
ing upon the site of its origin in the uterus. Cervical cancer is
the most frequent among them and is considered the second
most common cancer among the women of the developing
world.>” In more than 90% of cases, uterine cancer is caused
by human papillomavirus (HPV), while other factors such as
smoking and birth control pills are also considered risk fac-
tors. Globally, 528,000 cases of cervical cancer were reported
in 2012 with 266,000 deaths.*%3 This makes cervical cancer
the fourth most common cancer and the fourth most common
cause of death due to cancer in women.**** Treatment most
commonly involves a combination of chemotherapeutic drugs
such as hycamtin, cisplatin, and paclitaxel.

Taxol is the drug of choice for breast, cervical, and epithe-
lial ovarian cancers. However, the success of paclitaxel therapy
is limited due to associated neuro- and myelotoxicities and
development of drug resistance.’® Bava et al’” investigated the
synergistic pathways of curcumin and paclitaxel and reported
that curcumin downregulated taxol-induced NF-xB activation
and phosphorylation of serine/threonine kinase AKT in cervi-
cal cancer cells (Table 1).* However, it was found that even
though curcumin reduces the harmful side effects of taxol,
it did not inhibit taxol-induced tubulin polymerization and
cyclin-dependent kinase Cdc2 activation in cervical cancer.”’
The study also hinted at the possibility of involvement of other
pathways induced by paclitaxel that may lead to the activation
of NF-xB (otherwise downregulated by curcumin). It showed
the upregulation of paclitaxel-induced survivin by AKT, inde-
pendent of NF-xB.”” Collectively, these studies suggest that
curcumin acts as a potent chemosensitizer to paclitaxel therapy.

Cisplatin has been widely used in the treatment of tes-
ticular, ovarian, bladder, colorectal, and cervical cancers.
However, cisplatin chemotherapy is disappointing in cervical
cancer due to the development of drug resistance. Also, EMT
was found to play an important role in cisplatin-resistant ovar-
ian cancers in human patients as is evident from the upregu-
lation of EMT transcription factors slug, snail, twist2, zeb2,
and mesenchymal marker vimentin.”® One of the few studies
that focused on the effect of curcumin in uterine cancers has
shown that curcumin is capable of downregulating Ets-1 and
BCL-2 (Table 2) expression and as a result it can induce

apoptosis against endometrial cancer cell line (Figure 1).5¢
The sensitivity of vinblastine, etoposide, and mitoxantrone
was found to increase in drug-resistant human cervical cell
lines when they came in contact with THC, a major metabo-
lite of curcumin.”®® In a phase-I clinical study, one out of
four patients with uterine cervical intra-epithelial neoplasms
showed histological improvements when they were treated
with a daily 0.5-12 g dose of curcumin for 3 months.”#636¢

Curcumin and oral cancer

Oral cancer or mouth cancer falls under the group of head
and neck cancer and is defined as any malignant cell growth
in the oral cavity. Globally, in 2013, 135,000 people died of
oral cancer.! Oral cancer represents only 2—4% of cancers
diagnosed every year in the US.!33 Strong risk factors for
oral cancer include chewing betel. In India where such
practice is common, oral cancer represents up to 40% of all
cancers, which is in stark contrast with US and UK where
the maximum rate of oral cancer is 4%.%%

Studies have shown that curcumin synergistically acts
with epigallocatechin-3-gallate, which is a G2 phase blocker
and results in growth inhibition in in vitro oral cancer cell
lines.?%37 It has also been shown that treatment with cur-
cumin not only increases the expression and function of cyto-
chrome P450 (CYP) 1Al and CYPIBI in (Table 2) SCC-25
but also causes hindrance in growth and DNA synthesis in
oral cancer cell line SCC-25 (Figure 1).57*% A recent study
demonstrated that curcumin when given to SCC-25 was able
to inhibit tobacco-induced NF-kB activation and COX-2
expression, thus resulting in the apoptosis of malignant cells
(Table 1).°*% An in vitro experiment on SCC-25 cells showed
that curcumin has radiotherapy sensitizing effects on oral
cancer cells.’>®® A phase-I clinical trial conducted in oral
cancer patients using curcumin at a dose of 0.5—12 g/day for
3 months showed histological improvements in precancerous
lesions in 29% of patients.?**%3 Besides this, an early clinical
study described a decrease in pain, exudates, itching, and
lesion size upon application of curcumin ointment in oral
cancer patients.>63

Curcumin and novel treatment in

CSC sensitization

Over the past decade, there has been a growing body of evi-
dence supporting the concept that tumor is driven by a minor
subpopulation of self-renewing CSCs. It was first identified in
the hematopoietic system and subsequently in a variety of solid
tumors including the brain, breast, colon, prostate, and others.*!
Till now, the traditional methods of treatment have been over-
looking this issue, and the drug targets are mainly the non-CSC
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Table | Different pathways of various cancers regulated by curcumin as an adjuvant

Serial Types of Pathways affected by curcumin Drugs normally given References

no. cancer Upregulated Downregulated in combination

l. Breast cancer p53-dependent BAX pathway, = LOX pathway, MMP-9 pathway, Doxorubicin, brentuximab,  8,59,63,89-95
mitotic spindle disruption and metastasis carboplatin, vinblastine

2. Lung cancer P2 |/Apaf/caspase 9 pathway of STATI, NAT pathway, and Gemcitabine, topotecan, 8,59,63,74,95-99
apoptosis FPTase-mediated cell growth pertuzumab

3. Colorectal cancer JNK, p38MAPK pathway, Notch| pathway, 5-Fluorouracil, trastuzumab  8,59,62,63,99—-105
TRAIL-induced apoptosis COX-2-mediated cell renewal

4, Leukemia Caspase-3 and -8, P27 KIP-1 Cyclin D and NF-kB-mediated cell Methotrexate, bosutinib 8,59,63,106-110,
pathway division Il

5. Prostate cancer BIM-mediated apoptosis, BAX  NF-kB-induced growth, AKT Vinorelbine, cobimetinib 8,59,62,112-117,
pathway pathway, and cell division 118

6. Cervical and BAD-mediated apoptosis ETS-1 production, NF-xB, and Cisplatin, carboplatin 8,59,62,119-123

uterine cancers AP-| pathways
7. Oral cancer P450 pathway and apoptosis COX-2 pathway and cell renewal  Radiation, faslodex 8,59,62,80,124,125
8. Lymphoma BAX and BIM pathways JAK-STAT, tyrosine kinase, and Doxorubicin, methotrexate  8,59,62,113,
AKT pathways 126—-128,111

Abbreviations: COX, cyclooxygenase; MMP, matrix metalloprotease; LOX, lipoxygenase; TRAIL, TNF-related apoptosis-inducing ligand; NAT, arylamine N-acetyltransferase;
NF-kB, nuclear factor-kappa B; AP-1, activating protein|; STAT, signal transducers and activators of transcription; FPTase, farnesyl protein transferase; JAK, janus kinase;

JNK, c-jun N-terminal kinase; MAPK, mitogen-activated protein kinase.

Table 2 Different pathways of various cancers regulated by curcumin alone

Types of cancers Signaling pathways effected References

Breast cancer Upregulation of p53 and BAX, cyclin D1, and mitochondrial release of cytochrome c 58,129

Lymphoma Inhibits both NF-kB and STATS3 activation, thereby inhibiting BCL-2, BCL-xL, cFLIP, XIAP, c-IAPI, 58,130,131
survivin, c-MYC, and cyclin DI

Prostate cancer Upregulation of the expression of TRAIL-RI/DR4, TRAILR2/DR5, BAX, BAK, p21/WAFI, and p27/KIP-1 58,132

Cervical cancer Upregulation of proapoptotic BAX, AlF, release of cytochrome ¢, and caspase-3 and -9 activities 58,133
Downregulation of antiapoptotic BCL-2, BCL-xL

Leukemia Inhibition of serine/threonine protein kinase and AKT pathway 58111

Lung cancer Activation of caspase-3 and caspase-9 58,134

Colorectal cancer Downregulation of COX-2 and inhibition of PGE2 synthesis 5,105

cancer cells.?'#? The CSCs that are capable of surviving despite
treatment by chemotherapy and radiation often lead to a recur-
rence of cancer in the treated patients. Therefore, development
of therapeutic strategies that specifically target CSCs has long
been an important goal in research, as that might ensure the to
prevention of relapse of cancer in the treated patients.

However, recent studies in the field of cancer have shown
that various adjuvants when given with traditional chemo-
therapeutic agents might target CSCs along with other cancer
cells. Curcumin has still now been proved to be the most
efficient of these adjuvants, which when given in combina-
tion with dasatinib was capable of inhibiting cellular growth,
invasion, and colonosphere formation and also capable of
reducing CSC population as proven by the decreased expres-
sion of CSC-specific markers.?!®3 Curcumin also inhibited
signal transducer and activator of transcription-3 (STAT3)
phosphorylation, cell viability, and tumor sphere formation
in colon CSCs.**8! Another report recently highlighted the
fact that curcumin in combination with piperine also was
able to target breast CSCs.%

Like normal stem cells, CSCs may utilize many of the
same signaling pathways including Wnt, Notch, and Hedge-
hog pathways. Curcumin is capable of exerting a variety of
anticarcinogenic effects both in vivo and in vitro and, there-
fore, can inhibit many signaling pathways that can alter the
stemness of a cell. Emerging evidence from around the globe
suggests that curcumin can exert its anticarcinogenic effects by
targeting CSCs by disrupting stem cell signaling pathways.%

The molecular mechanisms through which curcumin
can exert its effect on the CSCs are as follows: 1) signaling
pathways, including Wnt/B-catenin, Sonic Hedgehog, Notch,
and PI3K/AKT/mTOR, and 2) EMT at multiple levels. These
facts emphasize that curcumin can act as a chemosensitizer
which makes CSCs now sensitive toward anticancer therapy.
Therefore, treatment with a combination of an anticancer agent
along with curcumin could be much more effective than that
with anti-cancer agent alone.* This potential treatment modality
using curcumin as an adjuvant can be further developed by uti-
lizing more effective drug-delivery system like nano molecules,
which can open a new avenue to prevent cancer and its relapse.
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Figure | Effect of curcumin on various cellular pathways of different types of cancer.

Abbreviations: MMP, matrix metalloproteinase; COX, cyclooxygenase.

Curcumin in clinical trials and

human treatment

Clinical trials using curcumin and its combination against
cancer are still in their infancy. However, in response to the
recent in vitro and in vivo studies conducted in various research
laboratories worldwide, chemopreventive and other therapeu-
tic effects of curcumin, a number of clinical trials have been
approved that target the pharmacokinetics, safety, and efficacy
of curcumin in different types of cancer. Other new methods
and combination of curcumin treatment are currently ongoing
across the world. The first clinical trial of curcumin as an anti-
cancerous molecule was conducted in 1987 by Kuttan et al in
patients with external cancerous lesions.” Since then curcumin
has been used alone or in combination in some clinical trials.
Some of these clinical trials where curcumin has been used
to treat cancer patients have reported certain encouraging and
successful results. The most successful results were found in
patients with pancreatic cancer, external cancer lesions, and
postsurgery inflammation.?” Recent clinical trials have also
reported antitumor activities in neoplastic diseases such as
colon cancer, myeloma, and gastric cancer. Current trials focus
on ovarian, breast, lung, and oral cancers. Some of the recent,

completed, and ongoing clinical trials of curcumin in the treat-
ment of different types of cancer are summarized in Table 3.5

Curcumin in therapy: challenges and

future scope

Being a nontoxic, highly antioxidant, and anti-inflammatory
agent, curcumin has been demonstrated to possess multifac-
eted therapeutic and pharmacologic effects. These effects of
curcumin have not only consolidated its use as a preventive
and therapeutic agent against cancer but also have paved way
for its use as an anti-inflammatory agent to combat reactive
oxygen species and inflammation in the human body.® The
targets of curcumin include an array of molecules such as
enzymes, cytokines, growth factors and their receptors, and
even proteins that act as regulators of apoptosis and cell pro-
liferation.*® Though numerous studies across the world have
validated the role of curcumin in different animals, further
human studies are needed to confirm these validations.

The process of drug development is extremely expensive,
filled with hurdles, and also includes a wide chance for fail-
ure. Developing a curcumin-based drug is not easy either
and the task of drug development becomes more challeng-
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Table 3 Recent clinical trials using curcumin as an anticancer agent

Serial  Cancer type Trial Trial Location Identifier Last

no. condition no./ref* updated

I Breast cancer Completed  Curcumin for the prevention of University of Rochester NCTO01042938 2013
radiation-induced dermatitis in
breast cancer patients

2. Cervical cancer Completed  Effect of curcumin addition to standard University Hospital, NCTO02017353 2016
treatment on tumur-induced Gasthuisberg
inflammation in endometrial carcinoma

3. Pancreatic cancer Completed  Trial of curcumin in advanced M.D. Anderson Cancer NCT00094445 2014
pancreatic cancer center

4. Head and neck Completed  Curcumin biomarker trial in head Louisiana State University NCTO01160302 2016

cancer (including and neck cancer Health Sciences Center
oral cancer)

5. Colon cancer Completed  Curcumin for the prevention of colon University of Michigan NCT00027495 2013
cancer Cancer Center

6. Prostate cancer Completed  Radiosensitizing and radioprotective Shahid Beheshti University = NCTO01917890 2016
effects of curcumin in prostate cancer of Medical Sciences

7. Breast cancer Completed  Prophylactic topical agents in patients National Cancer Institute NCT02556632 2016
with non-inflammatory breast cancer (NCI)
or breast cancer in situ (Curcumin-II)

8. Gastric cancer Ongoing Curcumin in preventing gastric National Cancer Institute NCT02782949 2016
cancer in patients (NCI)

9. Colon cancer Ongoing Curcumin in combination with 5-FU Baylor Research Institute NCTO02724202 2016
for colon cancer

10. Cervical cancer Ongoing Topical curcumin for precancer Emory University NCT02944578 2016
cervical lesions

1. Lymphoma Ongoing Curcumin and cholecalciferol in treating ~ National Cancer Institute NCT02100423 2016
patients with chronic lymphocytic (NCI)
leukemia or small lymphocytic
lymphoma

12. Breast cancer Ongoing Docetaxel with or without curcumin Centre Jean Perrin NCTO00852332 2016
in treating patients with breast cancer

13. Lung cancer Ongoing Cohort trial of curcumin plus tyrosine Lady Davis Institute NCT02321293 2016
kinase inhibitors (TKIls) for EGFR-mutant
advanced NSCLC

14. Breast cancer Ongoing Phase-Il study of curcumin vs placebo Emory University NCTO01740323 2016

for chemotherapy-treated breast cancer

patients undergoing radiotherapy

Note: *www.clinicaltrials.gov.
Abbreviations: 5-FU, 5-fluorouracil; NSCLC, non-small-cell lung carcinoma.

ing due to its poor absorption and low bioavailability rates.’
Though studies regarding the process of drug development
in curcumin are still in early stages, many clinical trials are
currently focusing on using curcumin as an adjuvant or as a
therapeutic agent in the prevention and in the treatment of
cancer.®” These clinical trials and abundant studies conducted
worldwide not only indicate the tremendous potential of
curcumin regarding cancer therapy but also show the picture
of a near future where curcumin can be a key weapon in the
never-ending war against cancer.

Conclusion

Cancer still remains undefeated in the history of mankind
with an annual death rate of over a million globally. Thus,
new methods of combating the disease are emerging from

the various research work being done all over the world. Cur-
cumin is a boon in the phase of new discovery as it specifically
targets cancer cells and is nontoxic to other body cells. As
we have seen in this review, curcumin acting as an adjuvant
with other chemotherapeutic drugs is capable of not only
preventing the relapse of cancer but also decreasing tumor
mass and cancer progression.>® However, in this success
story of curcumin, there also lies the fact that the bioavail-
ability of curcumin is very less. To combat this problem,
new approaches are being formulated such as production of
nanocurcumin. There have also been cases where curcumin is
seen to affect the immune system, thereby decreasing the tol-
erance to cancer, but the exact molecular mechanisms of such
processes are yet to be explored.® Curcumin has been also
shown to effect microRNAs and other epigenetic modifiers of
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the cell thereby reducing the progression of cancer, although
the intricate regulation by curcumin on epigenetic modifiers
is still not elucidated. The discovery of better ways of increas-
ing bioavailability of curcumin and the pathways by which it
alters the epigenetic modifiers and immune system* will not
only increase our knowledge but also provide better insights
as to how curcumin can be used as an adjuvant. Thus, the
future prospect of research on curcumin is going to be a very
exciting field of research for the coming decades and will
provide us with better mechanisms of utilizing curcumin as
an adjuvant and maybe as a mainstream drug against cancer
in the near future.®#!
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