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Abstract

Despite significant progressions in treatment modalities over the last decade, either cancer
incidence or mortality is continuously on the rise throughout the world. Current anticancer agents
display limited efficacy, accompanied by severe side effects. In order to improve therapeutic
outcomes in patients with cancer, it is crucial to identify novel, highly efficacious pharmacological
agents. Curcumin, a hydrophobic polyphenol extracted from turmeric, has gained increasing
attention due to its powerful anticancer properties. Curcumin can inhibit the growth, invasion and
metastasis of various cancers. The anticancer mechanisms of curcumin have been extensively
studied. The anticancer effects of curcumin are mainly mediated through its regulation of multiple
cellular signaling pathways, including Wnt/B-catenin, PI3K/Akt, JAK/STAT, MAPK, p53 and NF-kB
signaling pathways. Moreover, curcumin also orchestrates the expression and activity of oncogenic
and tumor-suppressive miRNAs. In this review, we summarized the regulation of these signaling
pathways by curcumin in different cancers. We also discussed the modulatory function of curcumin
in the downregulation of oncogenic miRNAs and the upregulation of tumor-suppressive miRNAs.
An in-depth understanding of the anticancer mechanisms of curcumin will be helpful for developing
this promising compound as a therapeutic agent in clinical management of cancer.
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Introduction

Cancers are a type of multifaceted disorder
where normal cells begin to be hyper-proliferative
and initiate the expression of genes that are
implicated in cell proliferation, invasion and
metastasis [1, 2]. Despite the significant developments
in clinical cancer therapy, millions of
cancer-associated deaths still occur every year [3].
Available chemotherapeutic agents show limited
efficacy, associated with deleterious side effects [4, 5].
Cancer cells could acquire drug resistance which
contributes to cancer recurrence in patients [6].
Recently, the concept of chemoprevention by

naturally occurring compounds has attracted
considerable attention. Therefore, numerous efforts
have been put forward to discover novel, highly
efficacious anticancer agents from natural sources.
Increasing evidence indicates that naturally
derived products show anticancer properties and
might be developed as therapeutic agents in cancer
management [7-9]. Curcumin (1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione), a natural
polyphenolic compound derived from the rhizomes
of Curcuma longa (turmeric), is one such agent that is
high accessible, cost-effective and safe [10, 11].
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Turmeric is mainly used as a spice and has an impact
on the color, taste and nature of foods [12]. As a
traditional curative herb, turmeric has been employed
to treat various diseases such as infection, depression
and dermatologic diseases [13, 14]. Curcumin is the
main active component in turmeric and constitutes
approximately 2-5% of this dietary spice [15].
Curcumin has been demonstrated to possess
anti-inflammatory [16], antioxidant [17],
anti-microbial [18], cardioprotective [19] and
anticancer properties [20]. Notably, the anticancer
effects of curcumin have been extensively studied.
Curcumin serves as a vital player in cancer
progression through interference with multiple
cellular signaling cascades including Wnt/3-catenin
signaling, phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt) pathway, Janus kinase (JAK)/signal
transducer and activator of transcription (STAT)
signaling pathway, mitogen-activated protein kinase
(MAPK) pathway, p53 signaling and nuclear
factor-xB (NF-xB) pathway [21]. Recently, curcumin
has been found to target oncogenic and
tumor-suppressive miRNAs [22]. As a consequence,
curcumin is capable of altering multiple cellular
targets and signaling pathways that are involved in
cancer cell growth, apoptosis, invasion and
metastasis. In the review, we highlight diverse aspects
of the anticancer effects of curcumin by targeting
cancer-related signaling pathways and miRNAs. An
in-depth understanding of the anticancer mechanisms
of curcumin will increase the possibility of developing
this compound as an anticancer drug that might be
safe and efficacious in clinical practice.

The anticancer property of curcumin

Curcumin has been confirmed to exert inhibitory
effects on multiple types of cancers [23-25]. Curcumin
can regulate cancer cell proliferation, invasion,
angiogenesis and metastasis [26]. The molecular basis
of the anticancer activities of curcumin is mainly
attributed to its profound impacts on multiple cellular
signaling molecules (Figure 1). Moreover, curcumin
can efficiently downregulate oncogenic miRNAs, and
its promotive effects on tumor-suppressive miRNAs
have also been well documented. Thus, curcumin
holds great promise as a pharmacologically effective
agent for cancer treatment.

The Wnt/p-catenin pathway

The Wnt/p-catenin signaling, an evolutionarily
conserved pathway, is implicated in the pathogenesis
of various human diseases [27]. Dysregulation of this
pathway causes the accumulation of p-catenin in the
nucleus and enhances the expression of multiple
oncogenes including c-myc and cyclin D1 [28]. Thus,

the Wnt/p-catenin pathway plays an important role
in cancer pathogenesis and may represent a potential
target for anticancer therapies. It has been found that
the Wnt/p-catenin pathway mediates curcumin-
induced tumor inhibition. Curcumin inhibited
proliferation and induced apoptosis of hepatocellular
carcinoma (HCC) cells [29]. Mechanistic analysis
indicated that curcumin blocked the Wnt/-catenin
signaling and reduced glypican-3 (GPC3) expression.
Downregulation of GPC3 could inhibit the expression
of B-catenin, c-myc and cyclin D1, thus enhancing the
inhibitory effects of curcumin on the Wnt/p-catenin
signaling. =~ GPC3  silencing also  promoted
curcumin-induced apoptosis and growth inhibition in
HCC. These results implied the significant role of the
GPC3/Wnt/p-catenin  signaling  pathway in
anticancer effects of curcumin on HCC. Another study
also verified that curcumin suppressed proliferation
and induced apoptosis of HCC cells [30].
Mechanistically, curcumin blocked the Wnt signaling
by reducing p-catenin activity. Curcumin depressed
B-catenin accumulation and also downregulated its
target genes c-myc, vascular endothelial growth factor
(VEGF) and cyclin D1. Moreover, curcumin was also
reported to exert an anti-migratory effect on HCC
cells via the Wnt signaling pathway [31]. Curcumin
suppressed proliferation and induced apoptosis of
breast cancer stem cells (CSCs) [32]. It turned out that
inactivation of the Wnt/p-catenin pathway
contributed to the suppression of breast CSC growth
by curcumin. These results provided novel insights
into the therapeutic potential of curcumin in breast
cancer intervention. Curcumin repressed growth and
induced apoptosis of gastric cancer (GC) cells by
downregulating target genes (Wnt3a, LRP6, B-catenin,
c-myc and survivin) of the Wnt/p-catenin pathway
[33]. Curcumin might represent a promising
anticancer agent for GC treatment. Curcumin
promoted the apoptosis of human endometrial
carcinoma cells by decreasing the expression of
androgen receptor (AR) and p-catenin [34].
Upregulation of Wnt3a partially attenuated the
inhibitory effects of curcumin on AR expression as
well as the proliferation of human endometrial
carcinoma cells. Thus, curcumin inhibited the
proliferation of human endometrial carcinoma cells
via inhibiting AR expression by downregulating the
Wnt signaling.

Curcumin inhibited the proliferation of
non-small cell lung cancer (NSCLC) cells [35].
Curcumin obviously suppressed the expression of
B-catenin and p-glycogen synthase kinase-3(3
(GSK-3p), as well as the expression of downstream
cyclin D1 and c-myc. Therefore, curcumin exerted an
inhibitory effect on NSCLC proliferation through the
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Wnt/p-catenin pathway. Curcumin could restrain
colon cancer growth both in vitro and in vivo [36]. The
anticancer effect of curcumin was mediated by
inhibition of the Wnt/p-catenin pathway. Curcumin
was shown to inhibit the proliferation of
medulloblastoma cells [37]. Curcumin treatment
activated GSK-3p3, and thus downregulated p-catenin
and its downstream target cyclin D1. The inhibition of
[-catenin led to the inactivation of the Wnt/B-catenin
pathway. In conclusion, curcumin was able to restrain
medulloblastoma  growth by targeting the
Wnt/ p-catenin signaling pathway.
Epithelial-mesenchymal transition (EMT) is
tightly associated with the initial stage of tumor
invasion and metastasis, whereby cancer cells lose the
characteristics of epithelial cells, gain mesenchymal
phenotypes and invade the surrounding tissues [38].

pathway [39]. Curcumin was able to block the EMT
process by inhibiting the Wnt signaling pathway and
increasing naked cuticle homolog 2 (NKD2)
expression in colon cancer cells [40]. Depletion of
NKD2 counteracted curcumin-induced suppression
of the Wnt pathway, contributing to downregulation
of E-cadherin and upregulation of vimentin. Thus,
curcumin could depress the invasion and metastasis
of colon cancer cells through NKD2-mediated
downregulation of the Wnt signaling pathway.
Metastasis-associated protein 1 (MTA1) upregulation
is strongly associated with tumor aggressiveness and
metastasis [41]. Curcumin was found to limit the
proliferation and invasion of NSCLC cells through
MTA1-mediated inactivation of the Wnt/B-catenin
pathway [42]. This study provided a mnovel
perspective on the anticancer mechanism of curcumin

The EMT process in cancer is controlled by multiple  in NSCLC.

signaling cascades including the Wnt/[-catenin
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Figure 1. Curcumin modulates cancer progression by controlling diverse signal transduction pathways. Attachment of ligands (e.g., growth factors and cytokines) to
their corresponding receptors induces the activation of downstream signaling pathways, such as PI3K/Akt, JAK/STAT, and MAPK pathways. These pathways play an
important role in cell survival, proliferation, apoptosis, angiogenesis, invasion and metastasis. Curcumin can orchestrate these three pathways and thus serves a pivotal
role in cancer progression. Akt activation restrains the p53 signaling and Bad-mediated apoptotic pathway contributing to cancer cell survival. Akt also initiates the
NF-KB signaling pathway. NF-KB favors the expression of anti-apoptotic proteins Bcl-2 and Bcl-xL, thereby leading to the inhibition of cancer cell apoptosis. Curcumin
acts as an inhibitor of NF-KB and functions in activating the caspase cascade. Therefore, curcumin facilitates cancer cell apoptosis. Wnt binds to Frizzled receptor to
trigger the canonical Wnt pathway. In the absence of Whnt signaling, GSK3- induces the phosphorylation of B-catenin and results in its degradation. Whnt binding to
its receptor can inhibit the activation of GSK3-, thus allowing stabilization and accumulation of B-catenin in the cytoplasm. Accumulated B-catenin eventually
translocates into the nucleus and induces the expression of multiple oncogenes and EMT-inducing transcription factors. Curcumin is capable of repressing the EMT
process in cancer cells through inactivation of the Wnt/B-catenin signaling. FasL, Fas ligand; Bid, BH3-interacting domain death agonist; tBid, truncated Bid; Bcl-2, B-cell
lymphoma-2; Bax, Bcl-2-associated X protein; Bad, Bcl-2-associated death promoter; Bcl-xL, B-cell lymphoma-extra-large; XIAP, X-linked inhibitor of apoptosis
protein; PI3K, phosphoinositide 3-kinase; Akt, protein kinase B; NF-KB, nuclear factor-kB; mTOR, mammalian target of rapamycin; JAK, Janus kinase; STAT, signal
transducer and activator of transcription; MEK, mitogen-activated protein kinase kinase; MEKK, MEK kinase; ROS, reactive oxygen species; ASKI, apoptosis
signal-regulating kinase 1; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; GSK-38, glycogen synthase kinase-38.
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The PI3K/Akt pathway

The PI3K/Akt pathway controls a variety of
cellular processes, such as cell proliferation and
metabolism [43]. The misregulation of PI3K/Akt
signaling pathway is commonly correlated with
carcinogenesis and cancer progression [44]. Curcumin
markedly suppressed the proliferation of breast
cancer cells [45]. Curcumin induced cell cycle arrest
by downregulating cell division cycle 25 (CDC25) and
CDC2 while upregulating p21. It also inactivated the
Akt/mammalian target of rapamycin (mTOR)
signaling and the downstream targets, which were
upstream of cell cycle proteins, indicating that
curcumin might induce cell cycle arrest through
suppression of the Akt/mTOR pathway. In addition,
curcumin reduced B-cell lymphoma-2 (Bcl-2) and
upregulated Bcl-2-associated X protein (Bax) and
cleaved caspase-3, thus promoting breast cancer cell
apoptosis. Inhibition of the Akt/mTOR pathway
might be one of the mechanisms underlying the
anti-proliferative activity of curcumin in breast
cancer. Inhibition of PI3K augmented
curcumin-induced cell death, apoptosis, and
autophagy via regulating the expression of Bcl-2
family members in breast cancer cells [46]. Thus,
inactivation of the PI3K/ Akt pathway might boost the
antineoplastic effect of curcumin on breast cancer.
Curcumin suppressed the growth of liver cancer stem
cells (LCSCs) and promoted cell apoptosis [47].
Curcumin could target the PI3K/Akt/mTOR
signaling pathway. Reversely, activation of PI3K/ Akt
counteracted curcumin-mediated growth inhibition of
LCSCs. Curcumin inhibited LCSC progression via the
PIBK/Akt/mTOR signaling pathway. Therefore,
curcumin might be an effective agent against liver
cancer.

Curcumin reduced the viability of NSCLC cells,
and induced cell apoptosis and autophagy [48]. It
significantly = attenuated the PI3K/Akt/mTOR
pathway. Suppression of mTOR or PI3K/Akt
promoted curcumin-induced NSCLC cell death.
Curcumin might play an inhibitory role in NSCLC
growth by repression of the PI3K/Akt/mTOR
pathway. Likewise, another study showed that
curcumin repressed NSCLC cell proliferation,
induced cell apoptosis and upregulated caspase-3 by
targeting the PI3K/Akt signaling pathway [49].
Curcumin was able to promote the apoptosis of renal
cell carcinoma (RCC) cells by downregulating Bcl-2
and upregulating Bax [50]. It also induced cell cycle
arrest by reducing the expression of cyclin Bl.
Moreover, curcumin inhibited the activation of the
PI3K/ Akt signaling pathway. These results indicated
that the PI3K/Akt signaling pathway mediated the

anticancer effect of curcumin on RCC. Curcumin
promoted the apoptosis of ovarian cancer cells via
upregulating caspase-3 and Bax by blocking the
PI3K/ Akt pathway [51]. Moreover, it also suppressed
ovarian cancer cell invasion and impeded cell cycle
progression. Curcumin possessed the therapeutic
potential for ovarian cancer. Curcumin remarkably
inhibited pancreatic cancer (PC) cell proliferation
through upregulation of p21/CIP1 and p27/KIP1 as well
as downregulation of cyclin D1 [52]. It also promoted
the apoptosis of PC cells by reducing the Bcl-2/Bax
ratio and activating caspase-9/3. Further study
demonstrated that curcumin increased the expression
of forkhead box O1 (FOXO1) through suppression of
the PI3K/Akt signaling, contributing to cell cycle
arrest and apoptosis. These results provided evidence
for a mechanism underlying the anti-carcinogenic
property of curcumin. Previously, curcumin was
found to restrain the PI3K/Akt pathway and its
downstream target NF-xB in lymphoma cells [53].
This  resulted in  the  enhancement  of
radiation-induced apoptosis in lymphoma cells.
Therefore, curcumin might be exploited as a radiation
sensitizer in the treatment of lymphoma.

Curcumin inhibited superoxide dismutase
(SOD)-mediated invasion and migration of PC cell
[54]. SOD-induced upregulation of p-Akt and
p-NF-xB could be weakened by curcumin.
Summarizing, curcumin could block PC metastasis by
inactivating  the  PI3K/Akt/NF-xB  pathway.
Curcumin restrained the growth, invasion and
migration of thyroid cancer cells [55]. Mechanistically,
curcumin suppressed the phosphorylation of PI3K
and Akt signaling pathways and consequently
reduced the expression of matrix metalloproteinase
(MMP)1/7  and  cyclooxygenase-2 (COX-2).
Collectively, curcumin inhibited thyroid cancer cell
invasion and migration by targeting the PI3K/Akt
signaling pathway. Curcumin obviously restrained
the proliferation, invasion and migration of human
colon cancer cells [56]. Curcumin inhibited the
activation of the PI3K/Akt pathway in colon cancer
cells, thus affecting the expression of the downstream
proteins caspase-3, cytochrome-c (Cyto-c), Bcl-2 and
Bax. Moreover, combination of the PI3K/Akt
inhibitor and curcumin resulted in a significantly
synergistic effect against invasion and migration of
colon cancer cells. Collectively, curcumin might be a
potential anticancer agent against human colon
cancer.

The JAK/STAT signaling pathway

Cytokines can bind to specific receptors and
allow transactivation of JAKs [57]. STAT transcription
factors are then recruited to the intracellular domains
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of the receptors. STATs are imported into the nucleus
and initiate the expression of cytokine-responsive
genes. The JAK/STAT pathway performs a critical
role in cytokine-mediated immune responses [58].
Dysregulation of the JAK/STAT pathway is
considered as a vital contributor to the aetiology of
various cancers [59]. The JAK/STAT pathway may
represent a potential target for cancer management
and drug development. Curcumin remarkably
suppressed the viability, invasion and migration, but
induced apoptosis of retinoblastoma cells [60]. In
terms of mechanism, curcumin reduced the
phosphorylation of JAK1, STAT1 and STAT3. The
anticancer activity of curcumin appeared to be
mediated via deactivation of the JAK/STAT pathway.
Curcumin could evidently inhibit NSCLC growth and
repressed tumor angiogenesis in vivo [61]. Mechanistic
analysis revealed that curcumin suppressed the
phosphorylation of JAK and STAT3, which led to the
downregulation of VEGF, B-cell lymphoma-extra
large (Bcl-xL) and cyclin D1. As a consequence,
upregulation of STAT3 abrogated the anti-angiogenic
activity of curcumin in NSCLC. Based on these
results, curcumin might be a  potential
STAT3-targeting agent for NSCLC therapy. Curcumin
also functioned as a potential inhibitor of
angiogenesis in laryngeal squamous cell carcinoma
(LSCC) cells [62]. Mechanistic study demonstrated
that curcumin inhibited JAK-2 expression and
pSTAT-3 production, hence downregulating MMP-2
and VEGF. These studies implied that the anticancer
property of curcumin might involve its inhibitory
effects on vasculogenic mimicry. Further clinical
studies are demanded to evaluate the efficacy of
curcumin as an anti-angiogenic agent in cancer
therapy. The anti-carcinogenic mechanism of
curcumin in small cell lung cancer (SCLC) was also
explored [63]. Curcumin was capable of
downregulating STAT3 in SCLC cells. Accordingly,
curcumin inhibited the expression of STAT3
downstream targets including cyclin B1, Bcl-xL,
survivin, VEGF, MMP-2/7 and intercellular adhesion
molecular-1 (ICAM-1), which led to the inhibition of
SCLC cell proliferation, invasion and migration.
Depletion of STAT3 also elicited anti-invasive effects
on SCLC cells. On the contrary, activation of
interleukin-6 (IL-6), an upstream activator of STATS3,
promoted cancer cell proliferation, survival,
angiogenesis, invasion and migration. These results
uncovered the significance of the IL-6/JAK/STAT3
signaling in SCLC progression.

The MAPK signaling pathway

The MAPKs are a
serine/threonine kinases and

large
consist of

family  of
three

subfamilies, p38 MAPKSs, c-Jun N-terminal kinases
(JNKs) and extracellular signal-regulated kinases
(ERKSs) [64, 65]. MAPK signaling cascades govern a
variety of biological processes including cell
proliferation, immune responses and carcinogenesis
[66]. Curcumin suppressed the proliferation and
migration of human placental choriocarcinoma cells
[67]. It also induced choriocarcinoma cell apoptosis.
Curcumin activated the ERK1/2 and stress-activated
protein kinase (SAPK)/JNK MAPK signaling
pathways. Accordingly, the downstream molecules
(e.g., c-Jun and P90RSK) of these signaling pathways
were upregulated by curcumin. Moreover, the
phosphorylation of MAPK kinases partially mediated
the anticancer effects of curcumin. These findings
demonstrated that curcumin functioned as a novel
chemotherapeutic drug against choriocarcinoma cells.
Curcumin could decrease the viability of
retinoblastoma cells [68]. Curcumin impeded cell
cycle progression by downregulating cyclin D3 and
cyclin-dependent kinase (CDK)2/6 as well as
elevating the expression of CDK inhibitors p21 and
p27. Curcumin was able to activate caspase-3/9 and
thus promoted retinoblastoma cell apoptosis.
Moreover, = curcumin  also  triggered  the
phosphorylation of JNK and p38 MAPK. Inhibition of
JNK/p38 MAPK offset curcumin-induced cancer cell
apoptosis. Collectively, curcumin induced
retinoblastoma cell apoptosis by activating JNK and
p38 MAPK pathways. Curcumin could inhibit the
growth of lung adenocarcinoma cells [69]. Moreover,
curcumin induced lung adenocarcinoma cell
apoptosis by activating caspase-3/9, increasing the
Bax/Bcl-2 ratio and inducing Cyto-c translocation.
More importantly, curcumin induced the activation of
c-JNK, p38 and ERK, suggesting that MAPK signaling
pathways were involved in curcumin-induced
apoptosis of lung adenocarcinoma cells. Curcumin
restrained the proliferation of human monocytic
leukemia cells by inducing cell cycle arrest [70]. It also
activated p38 MAPK and JNK, leading to elevated Fas
ligand (FasL) expression, decreased Bcl-2 expression
and NF-xB downregulation. Accordingly, these
events contributed to caspase-3 activation and
leukemia cell apoptosis. Therefore, curcumin induced
human monocytic leukemia cell apoptosis by
activating MAPK-related signaling pathways. In
addition, curcumin inhibited the invasion of human
monocytic leukemia cells by descending the
expression of MMP-2/9. These findings provide a
theoretical basis for further investigations on the
therapeutic potential of curcumin in human acute
leukemia.
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The p53 signaling pathway

The tumor suppressor p53 plays an important
role in the pathogenesis of human cancers [71].
Activation of the p53 signaling could prevent cancer
cell proliferation and induce cell apoptosis [72, 73].
Curcumin repressed proliferation and promoted
autophagy and apoptosis in GC cells [74]. Mechanistic
investigation demonstrated that curcumin could
increase the expression of p53 and p21, thus activating
the p53 signaling pathway. Additionally, curcumin
also inactivated the PI3K signaling pathway. These
results revealed the mechanism of curcumin in the
suppression of GC progression, thus providing an
effective therapeutic measure for GC. Curcumin
suppressed the invasiveness of oral squamous cell
carcinoma (OSCC) by reducing the expression of
MMP-2/9 [75]. It also inhibited the EMT process in
OSCC cells through upregulation of p53 expression.
Curcumin might be exploited as an adjunctive
regimen for OSCC treatment. Curcumin was
demonstrated to inhibit the proliferation of multiple
myeloma (MM) cells [76]. Further study revealed that
curcumin could enhance MM cell apoptosis by
upregulating p53. These findings might provide
evidence for the clinical application of curcumin in
cancer intervention. Curcumin also enhanced the
anticancer action of paclitaxel in human papilloma
virus (HPV)-positive cervical cancer cells via the
NF-xB/p53/caspase-3 pathway [77]. Curcumin in
conjunction with paclitaxel might represent a superior
therapeutic strategy for the treatment of human
cervical cancer.

The NF-kB signaling pathway

Curcumin is a dietary inhibitor of NF-xB.
Previous study confirmed that curcumin could
effectively repress acidic Dbile-induced NF-xB
activation and pre-neoplastic events in human
hypopharyngeal cells [78]. More importantly,
curcumin downregulated NF-«B transcription factors,
c-REL, p65, anti-apoptotic Bcl-2, oncogenic TNF-a and
STAT3. Curcumin inhibited acidic bile-induced
oncogenic mMRNA phenotype in hypopharyngeal cells.
Curcumin might be useful for the prevention of
hypopharyngeal neoplasia. Curcumin improved the
pro-apoptotic effect of irradiation on oesophageal
squamous cell carcinoma (ESCC) both in vitro and in
vivo [79]. Further study indicated that curcumin
significantly suppressed the phosphorylation of
inhibitor of kappa Ba (IxBa), which in turn resulted in
the degradation of NF-xB. Curcumin tremendously
reduced the expression of the downstream effector
proteins (cyclin D1 and Bcl-2). Thus, curcumin
synergistically boosted the pro-apoptotic effect of
irradiation through blockade of the NF-xB pathway.

Curcumin suppressed autocrine growth hormone
(GH)-mediated invasion and metastasis of breast

cancer cells [80]. Curcumin also triggered
caspase-mediated apoptotic cell death.
Mechanistically, curcumin depressed the

phosphorylation of p65 and thus partially lowered its
DNA binding capability in breast cancer cells. The
targeting of the NF-xB signaling by curcumin might
be a treatment option for breast cancer.

The apoptotic pathways

Curcumin alone or in conjunction with
chemotherapeutic agents is capable of promoting
apoptosis in diverse types of cancers [81]. Emerging
evidence verifies that curcumin is able to orchestrate
apoptotic signaling pathways in cancer cells [82, 83].
Curcumin showed cytotoxic activity against human
glioma cells [84]. Curcumin induced the activation of
caspases and cleavage of poly (ADP-ribose)
polymerase (PARP), and elevated the Bax/Bcl-2 ratio.
Curcumin also reduced the mitochondrial membrane
potential and promoted the production of reactive
oxygen species (ROS). Thus, curcumin could initiate
apoptosis in glioma cells. Curcumin could suppress
the proliferation of GC cells [85]. Curcumin also
promoted GC cell apoptosis by activating caspase-3/9
and decreasing the Bcl-2/Bax ratio. Meanwhile,
curcumin robustly promoted GC cell autophagy by
inducing conversion of microtubule-associated
protein-1 light chain 3 (LC3)-I to LC3-II and
upregulating autophagy-related proteins. Inhibition
of autophagy by 3-methyladenine (3-MA) led to
enhanced curcumin-induced cell apoptosis. It seemed
that curcumin triggered protective autophagy in GC
cells. The combination of curcumin and autophagy
inhibitor might represent a potential therapeutic
strategy for GC treatment. Another report revealed
that curcumin induced ROS generation and GC cell

apoptosis [86]. Remarkably, curcumin activated
apoptosis  signal-regulating kinase 1 (ASK1),
upregulated the wupstream JNK activator,

mitogen-activated protein kinase kinase 4 (MKK4),
and induced the phosphorylation of JNK in GC cells.
Inhibition of @ ROS  production  prevented
curcumin-induced ASK1/MKK4/JNK signaling and
cell apoptosis. Therefore, curcumin induced GC cell
apoptosis by the ROS-activated ASK1-MKK4-JNK
pathway.

The pro-apoptotic activity of curcumin in HCC
has also been investigated. It was found that
curcumin induced the release of Cyto-c, loss of
mitochondrial membrane potential and the activation
of caspase-3/9 and PARP in HCC cells [87]. p73, a
member of the p53 family, is responsive to the DNA
damage that contributes to cell apoptosis [88, 89]. The
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p73 gene can encode a tumor suppressor,
transactivation-competent p73 (TAp73), and an
oncogenic isoform, dominant-negative p73 (DNp73)
[90, 91]. Curcumin induced DNA damage and raised
the TAp73/DNp73 ratio in HCC cells [87]. These
results indicated that curcumin could induce HCC cell
apoptosis through a TAp73/DNp73 dependent
mechanism. Curcumin was reported to enhance the
antitumor effect of the Bcl-2 inhibitor ABT-737 on
HCC cells [92]. Notably, curcumin could increase
caspase-3 capability and elevate ROS levels in HCC
cells, indicating that curcumin promoted the
pro-apoptotic activity of ABT-737. Moreover, the
constant activation of the ROS/ASK1/JNK pathway
might be a vital mediator of the synergistic effect of
curcumin and ABT-737. The combination of curcumin
and ABT-737 might provide a potential therapeutic
strategy for HCC. Another study also showed that
curcumin inhibited proliferation and induced
apoptosis of HCC cells through downregulating
Notchl expression [93]. However, further studies are
required to elucidate the mechanisms underlying the
induction of HCC  cell apoptosis by
curcumin-mediated Notchl downregulation.
Curcumin could inhibit the proliferation of
NSCLC cells [94]. It could enhance NSCLC cell
apoptosis by elevating the Bax/Bcl-2 ratio. Curcumin
descended the mitochondrial membrane potential
and induced the release of Cyto-c. Thus, the
mitochondrial apoptotic pathway might be implicated
in curcumin-induced NSCLC cell apoptosis.
Curcumin was reported to enhance cisplatin-induced
apoptosis in NSCLC cells [95]. Mechanistically,
curcumin downregulated cyclin D1 and upregulated
p21. It also induced the activation of apoptotic
protease activating factor-1 (Apaf-1) and caspase-9.
Therefore, curcumin inhibited the growth of NSCLC
via the intrinsic apoptotic pathway. Curcumin
suppressed growth and enhanced apoptosis of head
and neck squamous cell carcinoma (HNSCC) [96].
Mechanistic exploration indicated that curcumin
induced the activation of caspase-8/9, suggesting that
curcumin was able to activate both the intrinsic and
extrinsic apoptotic pathways in HNSCC cells. The
anti-tumorigenic activity of curcumin in HNSCC was
associated with the activation of sirtuin 1 (SIRT1) and
the suppression of NF-xB. Curcumin significantly
inhibited growth and induced apoptosis of
cholangiocarcinoma (CCA) [97]. Further study
showed that curcumin upregulated the expression of
PARP, increased caspase activity and reduced the
expression of cyclin D1. In addition, curcumin
lowered the expression of Notch1, hairy and enhancer
of split-1 (HES-1) and survivin in CCA cells. These
findings provided new evidence for a potential

anti-carcinogenic mechanism of curcumin. Curcumin
could induce the cleavage of PARP and
caspase-3/8/9 in NCCIT human embryonic
carcinoma cells [98]. Functional analysis indicated
that curcumin promoted the apoptosis of NCCIT cells
through  downregulation of octamer-binding
transcription factor 4 (Oct4) and activation of GSK-3p.
Curcumin  might be an effective cancer
chemopreventive agent.

Curcumin also promoted apoptosis and
suppressed proliferation of melanoma cells [99].
Curcumin upregulated pro-apoptotic Bax and
lowered the expression of anti-apoptotic myeloid cell
leukemia-1 (Mcl-1) and Bcl-2. It also induced the
cleavage of caspase-3/8 and regulated the expression
of apoptosis-related proteins (p38, p53 and NF-xB).
Curcumin might be exploited as an effective
chemopreventive agent against melanoma. Curcumin
promoted ROS generation and reduced the
mitochondrial membrane potential events, resulting
in the apoptosis of neuroblastoma cells [100]. It could
increment the expression of Bcl-2-associated death
promoter (Bad). Curcumin-induced apoptosis was
associated with phosphatase and tensin homolog
(PTEN)/ Akt/forkhead box O3a (Foxo3a) activity in
neuroblastoma cells. These results offered a
theoretical basis of the translational application of
curcumin. Curcumin exhibited cytotoxicity and
anti-proliferative activity on leukemic cells [101].
Curcumin promoted leukemic cell apoptosis by
causing the loss of mitochondrial membrane
potential, enhancing ROS generation as well as
activating  caspase-3/9 and  PARP. High
concentrations (80 pM) of curcumin remarkably
increased the level of ROS, induced the release of
Cyto-c and activated caspase-3, thus promoting
osteosarcoma cell apoptosis [102]. Inhibition of ROS
generation resulted in the blockade  of
curcumin-induced apoptosis. Summarizing, curcumin
induced the apoptosis of osteosarcoma cells by
activating the mitochondprial apoptotic pathway.

The autophagic pathways

Curcumin has been found to induce autophagy
in a variety of cancer cells. Curcumin suppressed the
proliferation and enhanced autophagy in colon cancer
cells [103]. Curcumin induced p62 degradation and
raised LC3 expression, demonstrating that curcumin
could promote autophagy in colon cancer cells.
Curcumin also inhibited Yes-associated protein (YAP)
expression in colon cancer cells. Upregulation of YAP
expression could reverse the effect of curcumin on
colon cancer cell autophagy. Ganglioside GD3 plays a
central role in autophagosome biogenesis and
maturation [104]. Curcumin initiated autophagy in
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human lung carcinoma cells by promoting the
intracellular localization of LC3 [105]. Human GD3
synthase (hST8Sia I) that catalyzed ganglioside GD3
synthesis was obviously upregulated in lung
carcinoma cells. It was speculated that curcumin
induced autophagy in lung carcinoma cells by
upregulating hST8Sia 1. Curcumin was reported to
exhibit  cytotoxicity = against human  acute
lymphoblastic leukemia (ALL) cells [106]. Further
study indicated that curcumin was able to induce
autophagy in ALL cells by activating the Raf/ MAPK
kinase (MEK)/ERK pathway. Collectively, induction
of autophagy was an alternative anticancer
mechanism of curcumin.

Intriguingly, curcumin displayed dual effects on
RCC cells [107]. Low concentrations (5 or 20 pM) of
curcumin could protect RCC cells from death by
targeting the AMP-activated protein kinase (AMPK)
and endoplasmic reticulum (ER) stress pathways. In
contrast, high concentrations (80 pM) of curcumin
induced cell autophagy through regulation of the
oxidative stress pathway. Thus, autophagy might be a
mechanism for the cytotoxic effects of curcumin on
RCC cells. Curcumin induced the apoptosis of
osteosarcoma cells by upregulating Bax and cleaved
caspase-3 [108]. Suppression of apoptosis enhanced
curcumin-induced  cell  autophagy  through
upregulation of the JNK signaling pathway. Similarly,
inhibition of autophagy promoted curcumin-induced
cell apoptosis. Thus, curcumin-induced autophagy
might have an anti-apoptotic function in
osteosarcoma cells. These findings shed light on the
interaction between autophagy and apoptosis in
osteosarcoma cells and provided theoretical evidence
for the clinical application of curcumin. Transcription
factor EB (TFEB) is a master modulator of autophagy
and lysosome function [109]. Curcumin was found to
activate the TFEB/lysosome pathway, thereby
triggering autophagy in human colon cancer cells
[110]. Blockade of autophagy resulted in enhanced
cell death in colon cancer cells. Autophagy might
serve as a survival mechanism to protect cancer cells
from curcumin-induced cell death. This study
provided a new insight into the modulatory effect of
curcumin on autophagy.

Curcumin repressed the proliferation and
migration of breast cancer cells [111]. Curcumin
elevated LC3-II expression, thus activating autophagy
in breast cancer cells. Suppression of autophagy

attenuated anti-proliferative and anti-migratory
activities of curcumin on breast cancer -cells.
Curcumin reduced the expression of Akt

Accordingly, upregulation of Akt reversed the effects
of curcumin on breast cancer progression. Moreover,
AMPK was involved in curcumin-induced

autophagy. AMPK activation by curcumin initiated
autophagy resulting in Akt degradation and
consequent repression of cancer cell survival and
migration. Curcumin was verified to exhibit
anti-proliferative and anti-invasive characteristics
against human melanoma cells [112]. Mechanistically,
curcumin promoted autophagic cell death by
inactivating the PI3K/Akt/mTOR signaling pathway.
Collectively, curcumin might have an effective
anti-melanoma potency.

Regulation of oncogenic miRNAs by curcumin

Curcumin can regulate multiple targets, such as
apoptotic proteins, cell cycle regulators, growth
factors, receptors, protein kinases, transcription
factors, oncoproteins and tumor suppressors (Figure
2). Intriguingly, curcumin also affect the expression of
miRNAs, thus modulating numerous molecular
targets and signal transduction cascades. Curcumin
was found to modulate the expression of oncogenic
(miR-19a and miR-19b) and tumor-suppressive
miRNAs (miR-15a, miR-16, miR-34a, miR-146b-5p
and miR-181b) in breast cancer cells [113]. The
regulatory role of curcumin in miRNA expression
resulted in the inhibition of carcinogenesis and
metastasis, and promotion of apoptosis in breast
cancer cells. Curcumin might function as a vital
miRNA regulator in breast cancer. GH signaling
serves as a promoting factor in breast cancer
progression by upregulating miR-182-96-183 cluster
[114]. Curcumin blocked GH-induced metastasis in
breast cancer cells by impeding the NF-xB signaling
and reducing miR-182-96-183 cluster expression [115].
As a consequence, curcumin promoted the apoptosis
of breast cancer cells. Curcumin was found to directly
downregulate the oncogenic miR-7641, which in turn
led to the suppression of malignant potential in
bladder cancer [116]. As expect, curcumin regulated
the target of miR-7641, pl6. Oppositely, miR-7641
upregulation promoted the tumorigenicity of
immortalized bladder cells. These results confirmed
that miR-7641 was involved in the anti-carcinogenic
activity of curcumin in bladder cancer. Curcumin
might possess the potential to be exploited as an
effective agent against bladder cancer. Curcumin
could abate the proliferation of colorectal carcinoma
(CRC) cells by targeting the Wnt/p-catenin pathway
[36]. In addition, curcumin reduced the expression of
miR-130a. Notably, miR-130a upregulation could
counteract the anticancer activity of curcumin.
miR-130a might be a novel target of curcumin for CRC
treatment. miR-214 upregulation enhanced the
cisplatin-resistance of ovarian cancer cells [117].
Curcumin was capable of reducing
cisplatin-resistance in ovarian cancer cells partly by
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reducing extracellular vesicle-mediated transfer of
miR-214. Curcumin showed anticancer activities in
chronic myelogenous leukemia (CML) cells by
upregulating PTEN, a target of miR-21 [118].
Moreover, curcumin caused the downregulation of
miR-21 in CML cells through selective packaging of
miR-21 in exosomes. It was likely that encapsulation
of oncogenic miR-21 into exosomes might contribute
to the anti-leukemic activity of curcumin.
Upregulation of miR-125a-5p could facilitate the
growth and invasiveness of nasopharyngeal
carcinoma (NPC) cells [119]. Curcumin attenuated the
expression of miR-125a-5p while enhanced that of
tumor protein p53 (TP53) in NPC cells. Consequently,
curcumin restricted the proliferation, invasion and
migration of NPC cells. These findings might lay a
foundation for miRNA-based anticancer therapeutics
in NPC.

Modulation of tumor-suppressive miRNAs by
curcumin

Curcumin  showed  cytotoxicity = against
schwannoma cells [120]. Curcumin induced the
apoptosis of cancer cells by activating PARP and
caspase-3/9. Curcumin also increased the expression
of miR-344a-3p. Overexpression of miR-344a-3p led to
increased Bax/Bcl-2 ratio. On the contrary,
downregulation of miR-344a-3p suppressed the

activation of caspase-3/9. Thus, curcumin promoted
apoptosis in schwannoma cells by upregulating
miR-344a-3p. The expression of miR-491 in colon
cancer tissues was reduced, while paternally
expression gene-10 (PEG10), Wntl, and p-catenin was
upregulated compared with adjacent normal tissues
[121]. miR-491 overexpression resulted in the
downregulation of PEG10, Wntl and p-catenin in
CRC cells. Curcumin elevated the expression of
miR-491, thus suppressing PEG10 and the
Wnt/p-catenin signaling pathway. Further study
indicated that curcumin inhibited proliferation and
induced apoptosis of CRC cells via the
miR-491/PEG10 pathway. These findings laid a
foundation for further investigations on the anticancer
mechanism of curcumin in colon cancer. The
combination of curcumin with dihydroartemisinin
(DHA) synergistically raised the expression of
miR-124 in human ovarian cancer cells [122]. miR-124
could directly interact with midkine (MK),
contributing to MK downregulation. Consequently,
the combination of curcumin with DHA
tremendously suppressed the growth of ovarian
cancer cells. Curcumin in combination with DHA
might represent a promising therapeutic approach
against ovarian cancer.

Apoptotic protsins

Transeription facters

. Upregulated
. Downregulated

.Growth factors
and receptors

Figure 2. Curcumin suppresses growth, angiogenesis, invasion and metastasis of cancers through regulation of multiple molecular targets.
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Curcumin repressed the proliferation and
invasion of human prostate cancer stem cells
(HuPCaSCs) [123]. Curcumin upregulated the
expression of miR-145 and suppressed that of
IncRNA-ROR. Both IncRNA-ROR and Oct4 harbored
miR-145 binding sites. Thus, IncRNA-ROR and Oct4
competed for miR-145 binding. Curcumin decreased
IncRNA-ROR expression to effectively increment the
abundance of miR-145 in HuPCaSCs, where miR-145
inhibited cancer cell proliferation by reducing Oct4
expression. Therefore, curcumin prevented the
carcinogenesis of HuPCaSCs via ceRNA effects of
miR-145 and IncRNA-ROR. The miRNA gene
network involved in curcumin-induced metastasis
inhibition in lung cancer cells was previously
characterized [124]. Six miRNAs (let-7a-3p, miR-1262,
miR-1276, miR-330-5p, miR-331-5p and miR-499a-5p)
were identified as vital regulators in this network.
Among these miRNAs, miR-330-5p showed
maximum upregulation in curcumin-treated lung
cancer cells. miR-330-5p overexpression obviously
restrained lung cancer cell migration, and the effect
was similar to that induced by curcumin. Conversely,
miR-330-5p downregulation partially reversed the
anti-migratory effect of curcumin on lung cancer cells.
Therefore, miR-330-5p might be engaged in
curcumin-mediated inhibition of lung cancer
metastasis. Curcumin was found to significantly
sensitize paclitaxel-resistant NSCLC cells to paclitaxel
[125]. In terms of mechanism, curcumin decreased the
expression of MTA1 by upregulating miR-30c in
paclitaxel-resistant NSCLC cells. Curcumin might
become a potential adjunct to NSCLC therapy
regimens. Curcumin increased the expression of
miR-98 and thus downregulated its targets LIN28A,
MMP-2 and MMP-9 [126]. Induction of miR-98 by
curcumin inhibited lung cancer cell invasion and
migration by reducing LIN28A-induced MMP-2 and
MMP-9 expression. This study provided new insights
into the mechanism by which curcumin inhibited lung
cancer growth and invasiveness.

Curcumin could enhance the expression of
miR-143 via hypomethylation [127]. miR-143 was able
to inhibit autophagy in prostate cancer cells partially
through downregulation of autophagy-related gene
2B (ATG2B). Curcumin significantly inhibited
radiation-induced autophagy in prostate cancer cells,
but promoted radiation-induced cell apoptosis. From
these results, curcumin enhanced the sensitivity of
prostate cancer cell to radiation via miR-143-mediated
autophagy suppression. Phosphoglycerate kinase 1
(PGK1) was found to be associated with the
aggressiveness of prostate cancer [128]. Curcumin
descended PGK1 expression by upregulating miR-143
[129]. As a result, curcumin inhibited the proliferation

and migration of prostate cancer cells. It could be
concluded that curcumin exerted anticancer effects on
prostate cancer by targeting the miR-143/PGK1 axis.
Curcumin could block the EMT process in
5-fluorouracil (5-FU) resistant (5-FUR) CRC cells by
upregulating EMT-suppressive miRNAs (miR-34a,
miR-101, miR-141, miR-200b, miR-200c and miR-429)
[130]. Further study confirmed that upregulation of
miR-200c enhanced the expression of E-cadherin,
while lowered the expression of EMT-inducing
transcription factors (ZEB1 and BMI1). Curcumin also
re-sensitized resistant CRC cells to 5-FU by boosting
miR-200c-mediated EMT inhibition. To summarize,
miR-200c was implicated in the anti-carcinogenic
activity of curcumin. These results underlined the
therapeutic potential of curcumin through regulation
of EMT-suppressive miRNAs.

Curcumin ascended the expression of miR-33b in
GC cells and resultantly inhibited that of the miR-33b
target, X-linked inhibitor of apoptosis protein (XIAP)
[131]. Thus, curcumin exhibited anti-proliferative and
pro-apoptotic activities on GC cells. XIAP also served
as a target of miR-192-5p/215 [132]. Curcumin
increased miR-192-5p/215 expression and thus
antagonized XIAP expression in NSCLC cells. The
pro-apoptotic effect of curcumin on NSCLC cells
relied on miR-192-5p/215 expression. Depletion of
estrogen-related receptor a (ERRa) promoted
curcumin-mediated growth inhibition in
osteosarcoma cells [133]. Curcumin could diminish
ERRa expression by upregulating miR-125a. The
curcumin/miR-125a/ERRa coupling might be a novel
mechanism behind curcumin-induced apoptosis in
osteosarcoma cells. Another report also revealed that
curcumin remarkably elevated the expression of
miR-138 in osteosarcoma cells, thus downregulating
its downstream targets Smad4, NF-xB p65 and cyclin
D3 [134]. Consequently, curcumin repressed the
proliferation and invasion of osteosarcoma cells.
Curcumin restrained OSCC cell proliferation by
raising miR-9 expression and inhibiting the
Wnt/ p-catenin signaling [135]. Oppositely, inhibition
of miR-9 not only weakened the anti-proliferative
effect of curcumin on OSCC cells, but also induced the
activation of the Wnt/B-catenin pathway. These
results suggested the potential therapeutic usefulness
of curcumin in OSCC management. miR-7 served an
important role in modulating PC cell proliferation and
apoptosis [136]. Curcumin was reported to inhibit PC
progression through upregulation of miR-7 and
subsequent downregulation of its downstream target,
the histone methyltransferase SET-8. Therefore,
curcumin might display great chemotherapeutic
effects for PC.
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The clinical benefits of curcumin

Many clinical studies have addressed the safety
and beneficial effects of curcumin in cancer patients.
In a phase II clinical trial, 25 patients with advanced
PC were administrated 8 g of curcumin daily until
disease progression, with restaging every two months
[137]. The results showed that curcumin was well
tolerated and displayed biological activity in these
patients.  Specifically, curcumin reduced the
expression of NF-xB, COX-2 and phosphorylated
STAT3 in peripheral blood mononuclear cells from
patients. A remarkable tumor regression was
observed in one patient. Collectively, curcumin might
be a potential chemotherapeutic agent against PC. The
anticancer activity of curcumin was previously
investigated in patients with advanced and metastatic
breast cancer [138]. Docetaxel (100 mg/m?) and
curcumin (6 g/day) were given for 7 days. A decline
in the levels of carcinoembryonic antigen (CEA) and
VEGF was observed in 8 patients following
docetaxel/curcumin treatment. Therefore, curcumin
might be used as an adjuvant to docetaxel for the
treatment of breast cancer. The therapeutic potential
of curcumin was examined in CRC patients [139]. A
total of 126 CRC patients were treated with 1,080 mg
of curcumin daily or vehicle for 10-30 days. Curcumin
treatment increased the expression of p53 as well as
the Bax/Bcl-2 ratio in tumor tissues and thus sped up

tumor cell apoptosis in CRC patients. Both
monoclonal ~ gammopathy  of  undetermined
significance (MGUS) and smoldering multiple

myeloma (SMM) are asymptomatic plasma cell
disorders and precursor conditions for progression to
multiple myeloma [140]. In a randomized,
double-blind placebo-controlled cross-over study, 19
MGUS patients and 17 SMM patients were given 4
g/day of curcumin or placebo, crossing over at 3
months [141]. Curcumin administration resulted in a
decrease in the level of urinary deoxypyridinoline
(uDPYD), a marker of bone resorption. Moreover,
serum creatinine levels were also reduced in patients
treated with curcumin. These results demonstrated
that curcumin might possess the potential to mitigate
disease progression in patients with MGUS and SMM.
Mahammedi et al. [142] conducted a phase II study to
assess the efficacy of docetaxel/prednisone in
combination with curcumin (6 g/day) in 26 patients
with castration-resistant prostate cancer. Serum levels
of prostate-specific antigen (PSA) were remarkably
reduced in 59% of the patients that received the
combination therapy. Meanwhile, tumor objective
responses were observed in 40% of the patients. These
findings suggested the clinical feasibility of
docetaxel/prednisone in combination with curcumin
in the treatment of castration-resistant prostate cancer.

In a recent study, 44 patients with advanced PC were
given gemcitabine (100 mg/m?) and 2 g/day of
Meriva® (containing ~667 mg phytosome complex of
curcumin) [143]. The overall survival of patients that
received gemcitabine/Meriva® (10.2 months) was
higher than that of patients treated with gemcitabine
alone (5.7 months) [144]. The complementary
administration of phytosome complex of curcumin
might enhance the anticancer efficiency of
gemcitabine. From the results of these clinical trials,
curcumin displays therapeutic potential against
different types of human cancers. However, more
well-designed studies in larger cohorts are required to
confirm the safety and efficacy of curcumin in cancer
patients.

Conclusions and Future Directions

Curcumin is a natural phenolic compound
extracted from the dietary spice turmeric. The safety,
non-toxicity and tolerability of curcumin have been
well established by clinical trials [138, 145, 146].
Curcumin has been found to possess antioxidant,
anti-microbial and anti-inflammatory properties.
More importantly, it exhibits anti-carcinogenic
activity against a wide variety of human cancers. The
anticancer mechanisms of curcumin involve
regulation of numerous signaling pathways. Multiple
lines of evidence demonstrate that curcumin can
modulate Wnt/pB-catenin, PI3K/Akt, JAK/STAT,
MAPK, p53 and NF-«B signaling pathways in cancer
cells. Moreover, curcumin also orchestrate the
apoptotic and autophagic pathways. It is envisioned
that curcumin may prevent the development of
chemoresistance owing to its multi-targeting activity
in cancer. However, further work is needed to deeply
illuminate the complex regulatory networks that
contribute to the anticancer actions of curcumin.
Moreover, the influences of curcumin on cellular
signaling pathways remain to be validated in vivo. The
consequences of curcumin-mediated regulation of
cellular signaling cascades in normal cells merit
further exploration. According to their function in
carcinogenesis, miRNAs can be classified into
oncogenic miRNAs and tumor-suppressive miRNAs
[147]. Curcumin is able to control the expression and
activity of oncogenic and tumor-suppressive
miRNAs. miRNAs usually target multiple genes and
consequently affect various signaling pathways. This
may explain why curcumin exerts broad regulatory
effects on cellular signaling cascades in cancer. It is
intriguing to identify common curcumin-responsive
miRNAs in different types of cancers and further
disclose their roles in curcumin-mediated tumor
suppression. Curcumin was reported to regulate long
non-coding RNAs (IncRNAs) in cancer [123].
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Aberrantly expressed IncRNAs may represent
potential targets for cancer treatment [148]. At
present, the research on the regulatory role of
curcumin in cancer-associated IncRNA expression is
still in its early stages. Further studies are needed to
systematically discover and characterize
cancer-associated IncRNAs regulated by curcumin.
The high-throughput sequencing technology can be
exploited to identify novel IncRNAs critical for the
anticancer actions of curcumin. An in-depth
investigation into the impact of curcumin on IncRNA
expression will contribute to elucidating the complex
miRNA-mRNA-InRNA interaction networks
involved in curcumin-mediated tumor suppression.
The detailed mechanisms by which curcumin regulate
ncRNAs are demanded to be further explored. The
effects of curcumin on the subcellular localization and
function of ncRNAs await to be elucidated.
Additional studies are necessary to determine if
curcumin can target ncRNAs in non-tumorous cells.
Although the cancer chemotherapeutic effects of
curcumin have been verified in multiple types of
cancer cells, its efficacy is very limited in both
pre-clinical and clinical studies. This may be
attributed to its low water solubility, rapid
metabolism and inefficient absorption. Thus, it is
imperative to improve the bioavailability and
intracellular accumulation of curcumin in vivo. Several
approaches could be applied to overcome these
limitations. The utilization of adjuvant like piperine,
structural analogues, and the development of delivery
vehicles (e.g., liposomes and nanoparticles) could
improve the bioavailability and efficacy of curcumin
[149]. Strategies aimed at improving the efficacy of
curcumin may increase its toxicity. Further clinical
studies are required to evaluate the safety and
anticancer efficiency of these highly bioavailable
forms of curcumin in humans. In addition, the direct
relationship between their bioavailability and
effectiveness is warranted to be further studied.
Notably, most of delivery vehicles lack specificity for
particular cancer tissues. The delivery systems need to
be improved for targeted transfer of curcumin to
cancer cells, contributing to better clinical outcomes.
Specifically, tumor-specific ~curcumin delivery
increases its local concentration in the target site, thus
giving rise to higher anticancer efficacy. The
therapeutic efficacy of curcumin in combination with
conventional anticancer drugs has been proven in
several clinical trials. Curcumin could be a
prospective adjunct to traditional chemotherapy
regimens. Therefore, the synergistic effects of
curcumin with current therapeutic approaches in
cancer should be deemed as a subject of further
research, which would facilitate the development of

effective anticancer therapeutics. More
well-controlled clinical trials in large cohorts are
undoubtedly essential to determine the safety,
tolerability and therapeutic effectiveness of curcumin
in conjunction with existing anticancer therapeutics.
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