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Cancer remains one of the leading causes of death worldwide. Despite advances
in medical treatments, current therapeutic strategies, including radiotherapy,
chemotherapy, targeted therapy, and surgical resection, have not significantly
reduced the global incidence and mortality rates of cancer. Oncologists face
considerable challenges in devising effective treatment plans due to the adverse
side effects associated with standard therapies. Therefore, there is an urgent
need for more effective and well-tolerated cancer treatments. Curcumin, a
naturally occurring compound, has garnered significant attention for its diverse
biological properties. Both preclinical studies and clinical trials have highlighted
curcumin’s potential in cancer treatment, demonstrating its ability to inhibit the
proliferation of various cancer cell types through multiple cellular and molecular
pathways. This paper examines the antineoplastic properties, and the therapeutic
mechanisms including cell signalling pathways targeted by curcumin that are
implicated in cancer development and explores the challenges in advancing
curcumin as a viable anticancer therapy.
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Introduction

Cancer is considered an emerging public health challenge worldwide in the 21st
century. After cardiovascular diseases, cancer is the second most life-threatening disease. In
2020, there were nearly 10 million cancer deaths and almost 18.1 million new cancer cases
globally (1-3). The high death rate is caused by the absence of effective cancer screening
techniques and the mild or nonexistent symptoms that are seen in the early stages. As a
result, most patients are diagnosed at an advanced stage (4, 5). At present, the overall
efficacy of cancer treatment has not significantly increased despite advances in modern

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1438040/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1438040/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1438040/full
https://www.frontiersin.org/articles/10.3389/fonc.2024.1438040/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2024.1438040&domain=pdf&date_stamp=2024-10-23
mailto:e.sharif@qu.edu.qa
mailto:w.ibrahim@qu.edu.qa
https://doi.org/10.3389/fonc.2024.1438040
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2024.1438040
https://www.frontiersin.org/journals/oncology

Ameer et al.

science and medical technology. As a result, multiple studies have
predicted that there would be an increase in the incidence and
mortality of cancer patients. For Instance, the survey conducted by
Jianhui and his colleagues documented that by 2030, there will be a
considerable increase of 31% in the global rates of cancer incidence
and a 21% increase in mortality, respectively (6). In addition, the
study conducted by Sung et al. stated that by 2040 cancer is
anticipated to rise by 47% (1). Therefore, alternative strategies are
an urgent need to improve cancer survival rates

Recent years have seen a considerable increase in the use of
herbal medicine in scientific academies for the treatment of
numerous diseases, including cancer. Several natural products—
such as fruits, vegetables, tea, and spices—have garnered significant
interest from researchers due to their potential for managing and
preventing cancer. One of the many useful components of
medicinal herbs is curcumin, which comes from the turmeric
plant, scientifically known as “longa Curcuma.” (7). Curcumin is
one of the ingredients of curry spice and is widely utilized in the
food industry. In a published study from 1985, the anti-tumor
properties of curcumin were first shown (8). After that, many
studies investigating the effects of curcumin in human cell lines
and animal models of different carcinomas have been carried out
(9). According to Aminudin et al, 2023, this turmeric-derived
phytochemical compound offers various biological and
therapeutic potentials (10). Additionally, regardless of the dose
used, curcumin has demonstrated safety in medicine with
minimal side effects (11). Despite this, curcumin has certain
pharmacological drawbacks, including limited bioavailability and
water solubility, which may make it less useful in clinical settings.
Therefore, studies have suggested several approaches to overcome
these challenges, including the use of curcumin derivatives, analogs,
or nano-based drug delivery systems (12-14). This review aims to
elucidate the anticancer properties of curcumin and its derivatives,
analogs, and nano-based formulations in cancer treatment, focusing
on their underlying mechanism of action via various signaling
pathways. This endeavor will entail aggregating both experimental
and clinical data concerning the mechanism of action of curcumin,
with emphasis on the period from 2014 to 2024, a span chosen due
to the discernible surge in curcumin’s utilization in the past decade

Background

Curcumin, the golden spice in Asian countries is made from the
rhizome of the turmeric plant Curcuma longa, a member of the ginger
family, Zingiberaceae, with a molecular weight of 368g/mol and a
melting point of 183°C (15-17). It is a polyphenolic molecule
chemically, having two aromatic rings with one hydroxy and one
methoxy substituent in each. The rings are joined by a seven-carbon
chain that has two - unsaturated carbonyl groups (21, 22). This spice
has been used for centuries in traditional medicine to treat various
conditions, including cancer, skin disorders, diabetes, and
inflammation. It increases blood circulation, eliminates stagnation,
and decreases depression (18-20). The three main ingredients of
commercially available curcumin are diferuloylmethane, which
makes up 82% of the compound and is the most active; its
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derivatives, desmethoxycurcumin (15%) and bisdemethoxycurcumin
(3%), are together known as “curcuminoids.” (1)

The curcuminoids, which are primarily responsible for the
pharmacological activity of turmeric, have been shown to have
many advantageous characteristics, such as anti-inflammatory,
antioxidant, and chemotherapeutic activities (23-25), illustrated
in Figure 1. The anti-cancer properties of curcuminoids, such as
angiogenesis, invasion, migration, metastasis, and cell survival and
proliferation, are modulated through signaling pathways (26). This
has been observed in multiple in vitro and in vivo research, for
instance, the study conducted by Mengjie et al., observed that has
shown that curcumin inhibits the metastasis and invasion of breast
cancer via Hedgehog/Gli pathways by downregulating the genes
related to the Hedgehog pathway (30). Although curcuminoids
possess high anti-inflammatory and anti-tumor properties, their
low level of hydrogenation, high level of methoxylation, and high
level of unsaturation of the diketone moiety have resulted in
curcuminoids to be an unstable drug to implemented into clinical
trials (2), since, the poor solubility of curcuminoids and short
biological half-life results in rapid metabolism and elimination by
the liver. Hence multiple strategies have been mitigated to enhance
the bioavailability and pharmacodynamics of curcumin and
implement it as a safe anti-cancer drug (3).

Signaling pathways linked to curcumin for
combating the neoplastic effects of cancer

Curcumin, has gained significant attention for its anticancer
properties, primarily due to its ability to modulate a wide range of
cellular signaling pathways involved in cancer progression. These
signaling pathways play critical roles in regulating key processes
such as cell proliferation, apoptosis, angiogenesis, invasion, and
metastasis, which are hallmarks of cancer. Curcumin’s unique
ability to interact with multiple molecular targets allows it to
disrupt these pathways, thereby exerting its anticancer effects. By
inhibiting pro-survival and pro-inflammatory signaling cascades
such as PI3K/Akt/mTOR, MAPK, Wnt/B-catenin, NF-kB,
Hedgehog, Notch, and JAK/STAT3, curcumin effectively impedes
cancer cell growth and promotes apoptosis. Understanding these
pathways is crucial as it provides insights into curcumin’s
multifaceted role in combating cancer, highlighting its potential
as a powerful natural therapeutic agent that targets the molecular
underpinnings of neoplastic diseases. In the coming sections
curcumins interference with each signaling pathway will be
explained and demonstrated in Figure 2.

PI3K-Akt-mTOR pathway

Numerous biological processes, including cell division, growth
regulation, metabolism, and cell survival, depend on the
phosphoinositide 3-kinase (PI3K)/Akt and mammalian target of
rapamycin (mTOR) signaling pathway. Overactivation of this
signaling system is linked to metastasis, evasion of apoptosis, and
cell proliferation which are all cancer hallmarks (6, 7). The AKT
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FIGURE 1

The potential therapeutic properties of Curcumin. Its multifaceted effects, encompassing anti-inflammatory, antioxidant, and antihypertensive

properties, underscore its versatility in disease management.

oncogene, the inactivation of the tumor suppressor gene PTEN, and
the overexpression of growth factors like VEGF-A and EGF are
specifically the main causes of the dysregulation of the PI3K/Akt
pathway (8, 9). Research findings indicate that curcumin and its
analogs have direct interactions with many molecules involved in
this pathway, such as mTORC1 (mammalian target of rapamycin
complex 1), AKT, and PI3K (10, 11). Curcumin further interacts
with IxB kinase B (IKKP) to target the PI3K/Akt pathway indirectly.
Specifically, curcumin has been shown to decrease tumor growth by
blocking IKKP, an upstream regulator of mTORCI (12). In
addition, tyrosine phosphatase PTEN is the protein that
negatively regulates PI3K/AKT activity through inhibiting of
PI3K. AKT activation can result from PTEN gene mutation and
methylation leading to cancer progression (124). In gastric cancer
cell lines, curcumin increased the expression of PTEN protein,
markedly reduced proliferation, and triggered apoptosis (13).
Moreover, Glycogen Synthase Kinase-3 Beta (GSK3PB) controls
cell proliferation by phosphorylating proteins including cyclin D1,
which affects the cell cycle. A typical feature of cancer is excessive
cell proliferation, which can result from aberrant regulation of
GSK3P. Negative regulation of GSK3P is caused by the PI3K/
AKT pathway, which is frequently overactive in cancer. Increased
cell survival and proliferation result from GSK3P inhibition caused
by AKT-mediated phosphorylation. A crucial element of the Wnt
signaling pathway, 3-catenin, is regulated by GSK3P. In the absence
of Wnt signaling, B-catenin, adenomatous polyposis coli (APC),
and active GSK3f combine to form a complex with the Axin
protein, which phosphorylates and degrades P-catenin (14).
Curcumin directly interferes with GSK-3B activity, which
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decreases the level of B-catenin in the nucleus, in turn, prevents
gene transcription (1). Additionally, a study conducted by
Muhanmode et al., observed that curcumin in combination with
resveratrol inhibits chemoresistance in epithelial ovarian cancer
cells by enhancing the P13K pathway stimulating the Bax gene and
inhibiting the Bcl, gene thus inducing apoptosis (15). Furthermore,
curcumin possess the ability to modulate the core pathways
involved in glioblastoma (GBM) and induce cell cycle arrest,
autophagy and paraptosis by suppressing the phosphorylation of
Akt protein on Ser 473 thus resulting a decrease in tumor size in C6-
implated Wistar rats (16).

MAPK-RAS-RAF-MEK-ERK pathway

The Ras-Raf-MEK-ERK pathway, also known as the extracellular
signal-regulated kinase (ERK) pathway or mitogen-activated protein
kinase pathway (MAPK), is a transduction cascade that carries
extracellular signals into the nucleus of cells, where specific genes are
triggered for cellular survival, proliferation, and differentiation (17).
Curcumin’s ability to modulate the MAPK-RAS-RAF-MEK-ERK
pathway represents a promising mechanism for its anticancer activity
by targeting multiple components of this signaling cascade, curcumin
disrupts oncogenic signaling, promotes apoptosis, and inhibits cancer
cell proliferation, highlighting its potential as a therapeutic agent in
cancer treatment. As previously indicated, one of curcumin’s
anticancer characteristics is its capacity to cause cancerous cells to
undergo apoptosis by downregulating the MAPK pathways. For
instance, curcumin activated the JNK and p38 MAPK pathways,
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FIGURE 2
Mode of curcumin actions as an anti-cancer agent on the key molecular targets as an anticancer therapeutic Agent. Curcumin possesses anti-cancer properties by inhibiting signaling pathways and their
downstream molecular targets; (A) P13k/Akt/mTOR pathway;(B) Ras/Raf/ERK pathway; (C) JAK1,2/STAT3 pathway; (D) Wnt/B-Catenin pathway; (E) NF-kB pathway; (F) Hedgehog pathway; (G) Notch pathway.
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which decreased the survival of retinoblastoma cells and caused Y79
cells to undergo apoptosis (18). Another study employed curcumin to
activate the Ras-Raf-MEK-ERK pathways. The investigation
demonstrated that curcumin elicited a downregulation of EZH2
expression via the phosphorylation and subsequent activation of
ERK, JNK, and p38 in MDA-MB-435 cells. Furthermore, in MDA-
MB-231 cells subjected to curcumin treatment, a discernible induction
of apoptosis and autophagy was observed, correlated with heightened
activity of ERK, JNK, and Beclinl. Guo et al,, 2018, demonstrated that
curcumin induces autophagy in vitro in acute lymphoblastic leukemia
(Ph+ALL) cells. Their study provides evidence that curcumin does
cause autophagy to occur in SUP B15 cells at precisely 4 and 8 hours
following curcumin administration (19). In addition, a strong
correlation has been seen between the regulation of the MAPK
activity pathway and the invasion and metastasis of cancer by
transforming growth factor beta 1 (TGF-B1), EGF, and its related
receptor, EGFR. It was observed that curcumin inhibited EGFR
phosphorylation driven by EGF, downregulated TGF-B2 production,
and suppressed ERK activity in MDA-MB-468 cells (20). Furthermore,
polyphenolic compounds in curcumin are studied to play a vital role as
a treatment strategy for colorectal cancer as it has an anti-tumor effect
to MEK inhibitor U0126 (21). Additionally, curcumin suppresses ERK
and JNK signaling pathways by upregulating TFPI-2, which results in
the inhibition of EMT and resulting the inhibition of pancreatic cell
invasion and migration (22).

Wnt/B-catenin pathway

Wnt/B-catenin signaling maintains and induces stem cell
differentiation, which is involved in adipogenesis, hematopoiesis,
and skin development. To activate Wnt/B-catenin signaling, B-
catenin’s stability is crucial as it is the central constituent of the
cadherin complex (17). Genes activated by Wnt pathway are
transcribed by the transcription complex which will start the
transcription of associated genes including cyclin D1, ¢-Myc, and
MMPs (23, 24). A disruption in this process results in the build-up
of B-catenin within the nucleus and amplifies the expression of
several oncogenes, such as cyclin D1 and c-myc. Consequently, the
Wnt/B-catenin pathway may potentially be a therapeutic target as it
contributes to the development of cancer (I, 25). In a study,
curcumin suppressed the proliferation of gastric cancer (GC) cells
by downregulating the target genes of the Wnt/B-catenin pathway,
namely Wnt3a, LRP6, B-catenin, c-myc, and surviving (26).
Additionally, curcumin can significantly decrease the expression
levels of B-catenin, cyclin D1, and ¢-Myc, and hinder the
development of cancer cells via the Wnt/B-catenin pathway. For
example, a study conducted by Wang et al, 2018 showed that
curcumin inhibits lung cancer cell proliferation via the Wnt/B-
catenin pathway. Their study found that curcumin inhibited the
expression of [3-catenin, as well as the expression of downstream
cyclin D1 and c-Myc (27). Also, curcumin inhibited the
proliferation of malignant cells in breast cancer cell lines (MCE-7
and MDA-MB-231) by blocking numerous sites along this route,
which resulted in the reduction of disheveled, GSK3[3, B-catenin,
and cyclin-D1 (28). Furthermore, curcumin inhibited axin
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recruitment to the cell membrane and reduced B-catenin activity
ultimately decreasing activation of the P-catenin target genes
causing apoptosis in a human hepatocellular carcinoma cell line
(29) Additionally, in the study conducted by Jian-Huang et al., they
effectively abolished lung CSC traits as it reduced tumorshere
formation and decreased Wnt/B-catenin and sonic Hedgehog
pathways (4). Moreover, Hongling et al., demonstrated that
curcumin can suppress osteogenesis via the upregulation of miR-
126a-3p expression directly inhibiting LRP6 to block WNT
activation. The research suggested that using curcumin as an anti-
tumor agent may decrease bone mass (30). Furthermore, Zhu et al.,
demonstrated that curcumin inhibits EMT, cell invasion, and cell
growth in hepatocellular carcinoma cell lines HepG2 and Huh-7,
via the Wnt/B-catenin signal pathway (31, 32). Additionally,
curcumin acts as an agonist of PPARY in the WNT signaling
pathway (1).

Hedgehog signaling pathway

Hedgehog (Hh) signaling pathways are essential for tissue
homeostasis in adult organisms and embryonic development (33).
Research has demonstrated that Notch and Hh signaling work
together to promote cell development in several body systems (34).
The primary elements of the Hh cascade are: Hh ligands including
Indian (Ihh), Sonic (Shh), and Desert Hedgehog (Dhh), two
transmembrane proteins [Patched (PTCH)] and Smoothened
(SMO) and GLI transcription factors (GLI1, GLI2, and GLI3)
(35). Dysregulations in Hh signaling lead to a variety of prenatal
disorders, oncological cancers, and immunological abnormalities
(33). Hh signaling cascade is initiated when the cell-surface receptor
PTCH, which typically inhibits the activity of SMO, binds to the Hh
ligand. Then, PTCHI loses its inhibitory hold on SMO, causing GLI
to accumulate nuclearly and target genes to become activated. These
events encourage several carcinogenic traits in tumor cells (36). The
Suppressor of Fused (SUFU) protein controls GLI activity in the
absence of binding by blocking its translocation from the cytoplasm
to the nucleus (37). The study conducted by Zhang et al., observed
that curcumin suppressed the expression of Shh, Glil and Foxmlin
SGC-7901 cells both in mRNA and Protein, thus resulting in
cellular migration, invasion and cytoskeletal remodelling ability
were decreased and cells were arrested in S phase of the cell cycle
(38). In a study, glioma cells were exposed to curcumin for varying
lengths of time to see if it had any effect on the Hh pathway. They
observed that curcumin decreases GLI1 levels intracellularly and
intranuclearly in glioma cell lines. Additionally, they demonstrated
that curcumin might promote glioma cell apoptosis by causing a
significant decreases in the expression of Bcl-2, an anti-apoptotic
effector and direct target of Hh signaling (39). This finding aligns
with another study that showed curcumin promoted Bcl-2 and
apoptosis in glioma cells (40). Additionally, Curcumin was the most
successful in reducing Gli activity and preventing the proliferation
of prostate cancer cell line. Based on previous studies, the Hh, and
Wnt pathways interact to promote cancer synergistically. There is
evidence that drug resistance observed in CSCs may be caused by
Hh and Wnt pathways (41). A study examined the effects of
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curcumin on MCF7 and SUM159 breast CSCs. The study found
that curcumin dramatically reduced the expression of key Hh
pathway components, including Smo, Glil, and Gli2. Also,
curcumin blocked Wnt/B-catenin, which prevented breast CSCs
from increasing (36). Li et al., observed that curcumin reduced the
invasion and migration abilities in stable Glil-overexpressing
MDA-MB-231 cells and that vimentin interacted with Glil (42).
Additionally, an in vivo study demonstrated that curcumin
downregulated the Hh pathway and restored normal liver
pathology in hepatocellular carcinoma-induced rats (43).

Notch signaling pathway

The Notch pathway defines the interaction between two
neighboring cells. The first cell carries a ligand including Jagged-
1, Jagged-2, and Delta-like (DLL)-1, -3, and -4, and the second cell
has a receptor (Notch-1, -2, -3, -4) that has been programmed to
combine with the ligand (44). This interaction initiates the notch
pathway and allows the cleavage of the Notch extracellular domain
by A Disintegrin and Metalloprotease (ADAM)-10. Thereafter the
gamma-secretase complex’s (y-secretase) cleavage of the Notch
intracellular domain (NICD) then translocates into the cell
nucleus where it binds to CSL transcription factor. This binding
causes the protein known as mastermind-like (MAML) to be
recruited in which Notch target genes are transcribed (45). A
group of genes involved in angiogenesis, including the VEGF
receptors, are regulated by Notch signaling. The ultimate
objective of this process is to establish a capillary network that
can sustain organ growth, immune system function, and
homeostasis (46). Because Notch signaling is elevated in
esophageal malignancies, it has been suggested that notch
signaling could be a therapeutic target for these diseases (47)
Curcumin may inhibit the function of the Notch pathway in
cancer by inhibiting Notch pathway activators such as gamma
secretases, Notch ligands, or ADAM10. According to a study, in
esophageal cancer cells, curcumin inhibits the y-secretase complex,
Notch-1, and its ligand Jagged-1, hence downregulating Notch
signaling (43). Further, curcumin downregulated Notch-1 and
caused hepatoma cells to undergo apoptosis (48). The modulatory
effect of curcumin on the Notch signaling are shown in Figure 2.
According to recent research, there is a link between curcumin,
Notch, and NF-xB. Several downstream target genes are up-
regulated because of the expression of several NF-kB subunits in
response to Notch. The NF-«kB pathway’s activation may have
contributed to Notch-induced cell proliferation and apoptosis
inhibition (49). In oral squamous cell carcinoma cells, curcumin-
mediated reduction of Notch-1 activation also resulted in the
downregulation of NF-kB and its target genes, such as Bcl-2,
cyclin D1, VEGF, and MMP-9 (50) While in pancreatic cancer
cells, curcumin suppressed the Notch signaling pathway, impeded
cell development and triggered apoptosis. Thus, inhibiting the
activity of NF-xB (51). These data demonstrate a molecular
relationship between the Notch-1 signaling system, NF-xB
activation, and curcumin’s anticancer properties. Liu et al.
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demonstrated that increasing doses of curcumin led to greater
inhibition of SMMC-7721 hepatoma cells in culture, with
corresponding reductions in NOTCH-1 mRNA and protein
expression (48). Additionally, the study conducted by Zhang
et al., demonstrated that Notch-P53 signaling pathway was down
regulated in the presence of curcumin in multiple myeloma cells in
Mouse myeloma P3X63Ag8 cells (52)

JAK/STATS3 signaling pathway

Janus Kinase (JAK)/Signal transducer and activator of the
transcription 3 (STAT3) signaling pathway is a cascade of reactions
among proteins within the cell that undergo cell growth,
proliferation, differentiation, and cell death (53). Considerable
evidence demonstrates that the JAK/STAT3 pathway is the primary
signaling pathway upregulated to induce cancer-associated fibroblast
(CAF) cells in gastric cancer resulting in the proliferation and
metastasis of cancer cells. On the other hand, curcumin down-
regulates cell proliferation by upregulating the cytokine and
chemokine storm to destroy cancer cells (54). Additionally, the
JAK/STATS3 signaling pathway has been extensively studied on
retinoblastoma cells and they have shown therapeutic effects by
promoting cell apoptosis, via enhancing Bax and cleaved caspases
3/9 levels. Moreover, it inhibits proliferation by activating cyclin D
and P21 expression in cells (29, 55). Furthermore, another study
conducted on papillary thyroid cancer observed that curcumin
inhibited PTC by upregulating matrix metalloprotein and inhibited
colony formation (55). Therefore, the blockade of STAT3 by
inhibitors is a promising therapeutic agent for tumorigenesis and
metastasis in gastric cancer, breast cancer, and thyroid cancer.
Curcumin exponentially suppressed the viability, invasion, and
migration observed in retinoblastoma cells via the phosphorylation
of JAK1, STAT1, and STAT3 (56). However, curcumin remarkably
inhibits the NSCLS growth and represses tumor angiogenesis (57).
Moreover, curcumin downregulated VEGF, B cell lymphoma-extra-
large (Bcl-xL), and cyclin D1 via phosphorylation of JAK and STAT3
in NSCLC. Therefore, curcumin might be a potential STAt3-targeting
agent for NSCLC therapy. Curcumin is sought to show anti-
angiogenic properties by downregulating MMP-2 and VEGF by
inhibiting JAK-2 expression and pSTAT3. Moreover, curcumin
demonstrated anti-invasive properties by depleting STAT3 in SCLC
(58). The study demonstrates that curcumin has the potential to
enhance apoptosis in retinoblastoma cells by reducing the anti-
apoptotic protein Bcl-2 and increasing the expression of the pro-
apoptotic protein Bax and cleaved-caspase-3/9. Additionally,
curcumin shows promise in synergistically enhancing the anti-
tumor activity of cisplatin on papillary thyroid cancer (PTC) cells
and tumor stem cell-like cells by inhibiting STAT3 activity. This
indicates that combining curcumin with chemotherapy drugs may
lead to a more effective therapeutic outcome, potentially through the
JAK/STAT signaling pathway (55). Furthermore, the study
conducted by Liang et al., observed that curcumin could inhibit the
viability, migration, and invasion of TPC-1 cells by regulating the
miR-301a-3p/STAT3 axis (59).
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NF-kB pathway

The nuclear factor-kappa B (NF - kB) signaling pathway plays a
critical role in promoting cell survival, inflammation, and
differentiation (60). Curcumin was found to induce inhibitory
action in the NFkB activation on hepatoma cells by inhibiting
proteins such as JNK, Cyclin D1 and STAT3 (61). Thus, inducing
anti-tumorigenic changes. Furthermore, curcumin was studied to
induce the inhibitory action on the NFkB pathways in MDA-MB-
231 cells by decreasing the expression of transcription factor IAP-1.
Thus, inhibiting the survival and anti-apoptotic properties (62).
Moreover, curcumin inhibits the invasion and proliferation of
cervical cancer cells via impairment of NFkB pathway (47). It was
observed to be a potential chemosensitizer via regulation of the
NFkB pathway, for instance, a study conducted by Vinod et al.
showed that curcumin suppressed the 5-fluorouracil-activated
NFkB pathway in MCF-10A. This effect was mediated through
the hindrance of IKK activation, phosphorylation, and degradation.
Alongside, other proteins such as COX-2, cyclin D1, Bcl, and Bax
(60). Another study analyzed that curcumin reduces the expression
of the p65 subunit of NFkB in breast cancer cells, resulting in the
downregulation of FABP5, PPAR/S, and eventually VEGF-A and
PDKI1 as the downstream target genes involved in cell proliferation,
survival, and angiogenesis (62). Furthermore, a recent study
conducted by Qiu et al. found that Curcumin slowed
osteoarthritis conditions in mice by reducing the expression of
ADAMTSs-5 and MMP-13 (31). Moreover, curcumin delays the
initiation and progression of non-small lung cancer (58).
Additionally, the anti-metastatic effect of curcumin in MDA-MB-
231 breast cancer was correlated with the reduction in
inflammatory cytokine CXCL1 and CXCL2 mRNA and proteins
(173). Moreover, miR181b regulates cancer progression by
enhancing the cytokine action of CXCLI and CXCL2 (63).

Curcumin modification to
enhance bioavailability

Pre-clinical studies revealed that oral administration of 10 to
12g of curcumin ultimately results in less than 50nM present in the
increased liver metabolism and short half-life, Therefore, curcumin
formulations have been explored to increase low oral bioavailability
enhancing the compound anticancer potential in patients via
optimization of its absorption and serum concentrations (4).
Hence, novel approaches have been implemented to combine
curcumin with specific adjuvants and formulations in micelles,
liposomes, nanoparticles, and phospholipid complexes (5).

Despite the promising anticancer mechanisms, the efficacy of
curcumin is hindered by its low bioavailability. Multiple research
studies have reported that low concentrations of curcumin were
detected in blood, tumors, or extraintestinal tissues, which may be
attributed to poor absorption, rapid metabolism or elimination, and
chemical instability (3). For instance, a study reported that the oral
administration of curcumin at a dose of 500mg/kg only had a 0.06ug/
mL serum concentration after 4 hours indicating a bioavailability of
1% (64). Moreover, Muangnoi et al. observed the levels of curcumin
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at different time intervals. They exposed Caco-2 cells to 5 uM of
curcumin and observed that the amount of curcumin in the
bioavailable fraction at 15 min was 0.013 pM, with a gradual
increase over time, reaching maximum concentrations of 0.055 uM
at 60 min. The remaining amount at 4 h was only 0.031 uM
indicating the rapid metabolism of curcumin in cells (65).
Additionally, the chemical structure of curcumin results in low
solubility at neutral or acidic pH levels. It becomes fully protonated
in these conditions and can be hydrolyzed in alkaline conditions,
particularly in the intestinal environment (pH 6.8). Furthermore,
rapid metabolism and systemic elimination occur through the
formation of glucuronides and sulfates by conjugation in the
intestine. Studies have shown that free curcumin was undetectable,
while curcumin glucuronides and sulfates were highly detected in the
serum samples of most subjects who were administered curcumin.
This indicates the rapid metabolism of curcumin (2).

Therefore, the preliminary step of pharmaceutical strategies is
to improve curcumin solubility, absorption, and delivery of
hydrophobic curcumin into the system. To achieve this,
researchers have implemented the use of curcumin with various
delivery systems such as nanoparticles, micelles, conjugates,
liposomes, and phytosomal (5, 66). Studies demonstrated that
curcumin-loaded noisome nanoparticles (CM-NP) effectively
suppressed the viability, proliferation and migration of GSCs by
inducing cell cycle arrest and apoptosis (5). The application of CM-
NP demonstrates enhanced efficacy in suppressing tumor growth
and reducing the invasiveness of GSCs when compared to curcumin
alone. Additionally, it exhibits inhibition of monocyte
chemoattractant protein 1 (MCP1). Moreover, rats receiving
injections of curcumin-loaded PLGA nanoparticles manifested
significantly reduced tumor size after five days, whereas the
cohort injected with curcumin alone exhibited no significant
alterations (67). In addition, hydrophilic poloxamers including
poloxamer 407 (PXM - 407) were employed in the formulation of
a binary complex solid dispersion (SD). This formulation notably
enhanced the solubility of curcumin to 1.266 + 0.0242 mg/mL and
achieved a dissolution rate of 91.36 + 0.431% within 30 minutes.
Importantly, the amorphous nature of the complex ensured the
absence of any chemical modification. Consequently, this led to cell
cycle arrest at the G2/M phase, ultimately culminating in cellular
apoptosis (68). Another in vivo study demonstrated that the
combination of antisense-oligonucleotide against miR-21 with
curcumin-loaded DP micelle complex reduced the tumor volume
more effectively than single therapy curcumin or miR21ASO (69).

Moreover, curcumin liposomes are spherules formed by
aggregations of hundreds of phospholipid molecules. They
compartmentalize bioactive compounds, offering a drug delivery
system that can improve treatment by precisely delivering drugs to
the targeted site and maintaining therapeutic drug levels over
extended periods (70). For instance, in the study conducted by
Wang et al,, they observed that curcumin and quinacrine liposomes
modified with p-aminophenyl-a-D-mannopyranoside were a
potential preparation to treat brain glioma cells and brain glioma
stem cells by inducing apoptosis. Additionally, in vitro results
suggest that liposomal curcumin induces similar unconjugated
curcumin on human pancreatic carcinoma cell proliferation and
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nuclear factor kappa-light-chain enhancer of activated B-cell (NF-
kB) signaling at equimolar concentrations (16). Liposomal
curcumin downregulated the NF-xB pathway by consistently
suppressing NF-xB binding to DNA, by decreasing the expression
of NF-kB-regulated genes, including cyclooxygenase-2 (COX-2)
and interleukin (IL)-8, both implicated in tumor growth and
invasiveness and subsequently induced apoptosis. In vivo, data
demonstrated improved bioavailability: liposomal curcumin
suppressed pancreatic carcinoma growth in murine xenograft
models and inhibited tumor angiogenesis by decreasing the
expression of CD31 (endothelial cell marker), vascular endothelial
growth factor (VEGF) and IL-8 (71). Furthermore, curcumin-
loaded targeted liposomes cross the BBB two-fold higher than the
non-targeted liposomes loaded with curcumin For instance,
Curcumin-loaded targeted liposomes exhibit enhanced efficacy in
inhibiting GBM tumor growth and improving the survival rate of
tumor-bearing mice when compared to free curcumin and non-
targeted liposome-loaded curcumin (72). Additionally, curcumin
phytosome meriva (CCP) demonstrated to improve curcumin
bioavailability, which then helps to activate natural killer cells and
mediate the elimination of GBM and GBM stem cells (73, 74).
Curcumin conjugates with piperine (1-piperoyl piperidine) and
amino acids decrease the metabolism of curcumin in the liver and the
intestinal wall thus enhancing the bioavailability by 20 folds without
resulting in any adverse effect in vivo and in vitro (75). A study
conducted with human adenocarcinoma cell line showed that the
systemic bioavailability of curcumin was increased to 154% with the
use of piperine. When piperine was administered with a curcumin
volume of 2000mg/kg (76). The study conducted by Patial et al,
observed that when Curcumin -piperin conjugation therapy was
administered to hepatocellular induced mice, the number of
apoptotic cells, was elevated compared to when Curcumin was
administered alone. The high apoptotic activity was enhanced via
the downregulation of Bcl-2 activity (77). Additionally, curcumin was
also conjugated with glycine, glutamic acid, valine and
demethylenated piperic acid. These protein carriers or curcumin
prevents the metabolic degradation of curcumin thus enhancing tis
bioavailability. Additionally, it is aimed to enhance the
pharmacological activities, lower the toxicity, improve target
specificity and enhance absorption via peptide transporters (78).
For instance, in the study performed by, Panada et al., observed
that the synthesized conjugates of Curcumin with 3a-q,5a-k and 6a-k
exhibited anti-proliferative properties when treated on MCF7, PC3
cells (79). Furthermore, it was observed that curcumin conjugated to
(1,7-bis(4-O-1-prolinoyl-3-methoxyphenyl)-1,4,6-heptatriene-5-ol-3-
one) showed a potent inhibition on the STAT3 dimerization resulting
in downregulating the STAT3 transcription factor resulting in
inhibition of cell growth and survival (80). However, the
conjugation of curcumin with GnRH, a naturally occurring peptide
hormone has shown effects of targeted cancer therapy, for instance,
the effect of this hybrid was evaluated with MIA-PaCa-2, BxPC-3 and
Pan-1 cells, and it presented with inhibition in pancreatic cancer
proliferation by inducing apoptotic cell death mediated by caspases-3
and PARP. Interestingly this conjugate presents enhanced water
solubility compared to free curcumin, which allows intravenous
administration (81). Curcumin in conjugation with antiandrogens
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induced antiproliferative indices by inhibiting actin-based
pseudopodia formation which highly impacted cell migration and
tumor metastasis. The study conducted by, Li et al., observed that
curcumin in conjugation with bicalutamide enhanced the growth
inhibition of androgen-independent prostate cancer cells via SAPK/
JNK and MEK/ERK1/2-mediated NF-kB and MUCI-C signaling
pathways by inhibiting subunit p65 (82). Whereas, the synergistic
effect of Curcumin with immunoconjugates such an antibody has an
immunomodulatory and inhibition of tumor growth by targeting the
vascular endothelial growth factors (VEGF) and cytokine such as
TNE- o. For instance, the study conducted by Nguyen et al., observed
that curcumin conjugated with anti-death receptor 5 (DR5) antibody
by regulating the ROS and iNOS levels activated in HScs, and it
additionally, suppressed the o-SMA expression in fibroblast
suppressing the cancer-associated fibroblast activity in enhancing
cancer progression (83).

Clinical trials

To investigate the effect of curcumin on various cancer types,
clinical trials were carried out; however, their numbers were lower,
and their outcomes were less consistent than those of preclinical
research. In a phase I/II experiment, curcumin was found to be safe
and acceptable. Research done on patients with inoperable
metastatic colorectal cancer demonstrated the efficacy of given
oral curcumin at doses up to 2 g daily along with a 12-cycle
chemotherapy regimen consisting of 5-fluorouracil, folinic acid,
and oxaliplatin (84). Another phase 1 study used curcumin as
chemo preventive agent for colorectal neoplasia. Following an
initial screening for colonoscopies, the investigators assessed forty
patients and examined rectal biopsy samples after four weeks of
curcumin (4 g daily) treatment. This study aimed to employ
microarray analysis to ascertain curcumin-modified genes that
may serve as biomarkers in subsequent chemoprevention
investigations. Tolerability and toxicity will also be assessed in
this research (NCT01333917). While subjects with recently
diagnosed head and neck cancer participate in an open-label,
exploratory biomarker phase 1 trial to evaluate the short-term
effects of supplementing with a turmeric extract called curcumin
C3 complex®. The research revealed that consuming turmeric may
prevent the growth of cancer (NCT01160302). To find out if
curcumin can prevent tumor-induced inflammation in
endometrial cancer patients, a phase II study was conducted.
Seven patients used Curcuphyt, a standardized 100 mg
curcuminoids root extract from Curcuma longa, as a dietary
supplement. For two weeks, 2 g/day of curcuphyt capsules were
administered. However, Curcuphyt-treated group did not vary from
control group in terms of inflammatory biomarkers, frequency of
immune cell types, T-cell activation, or cyclooxygenase-2
expression (NCT02017353). In a breast cancer patients treated
with chemotherapy, a phase II trial was carried out to compare
the activity of NF-«xB after curcumin intervention versus placebo.
The experimental arm received 500 mg of Meriva®, a patented
curcumin lecithin delivery method, twice a day. The final results are
still not published yet (NCT01740323).
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On the other hand, data on the therapeutic effect of curcumin in
cancer patients is gathered through a systemic evaluation. According to
a study, the researchers discontinued two of their trials due to sample
size, and they completed the other study even though they knew that
the number of patients enrolled was not as high as what was estimated
in the protocol description. Furthermore, it was observed that some
clinical studies had minimal bias risk, but others had numerous
dropouts, which further reduced the overall number of patients and
the outcomes found. Therefore, the reported inconsistent results made
it difficult to compare the efficacy of curcumin (85).

Curcumin holds a great deal of promise for treating cancer
patients, according to newly available clinical study data.
Nevertheless, it is unclear if long-term curcumin treatment will
have comparable effects. Furthermore, there is inconsistent
evidence that curcumin is helpful in treating hematologic
malignancies or solid tumors, whether it is used alone or in
combination with other traditional antineoplastic drugs. The
limited number of clinical trials, the small sample size, the way
curcumin is delivered, and the stage of the tumors could all be
contributing factors to these contradictory results.

Future directions of curcumin as an
anticancer agent

The main challenges of using curcumin in the treatment of cancer
are due to the poor bioavailability, rapid metabolism, and limited
stability. Recent advancements in curcumin Nano formulations, have
significantly improved its pharmacokinetic profile, making it a
promising candidate for cancer therapy. Nanotechnology-based
approaches have enhanced curcumin’s bioavailability and stability by
converting it into nanoforms that protect it from degradation, improve
solubility, and ensure sustained therapeutic effects. These advanced
nanoformulations, such as niosomes and cubosomes, encapsulate both
hydrophilic and hydrophobic drugs, reduce toxicity, and protect
curcumin from physical, chemical, and biological degradation. Such
systems have demonstrated superior drug delivery efficiency compared
to traditional carriers like liposomes, and they also support topical
application, broadening curcumin’s therapeutic utility. The future of
curcumin in cancer treatment lies in combination therapies, where it is
used alongside conventional chemotherapy, radiation, or
immunotherapy. Curcumin’s ability to downregulate pro-survival
signaling pathways, enhance drug sensitivity, and modulate immune
responses presents opportunities to amplify the effects of standard
cancer treatments while minimizing their side effects. Notably,
curcumin’s role in overcoming multidrug resistance (MDR) through
the inhibition of drug efflux pumps and modulation of drug resistance
pathways underscores its potential as an adjunct in combination
regimens. Additionally, curcumin’s ability to modulate epigenetic
mechanisms, such as DNA methylation and histone modification,
highlights its potential to reverse aberrant gene expression in cancer
cells. The exploration of curcumin as an epigenetic modulator,
particularly when combined with other epigenetic drugs, could
provide new strategies to overcome resistance and enhance treatment
efficacy. Curcumin’s immunomodulatory effects, including its ability to
enhance the activity of immune cells and augment the efficacy of
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immune checkpoint inhibitors, further expand its therapeutic scope.
These properties make curcumin an attractive candidate for integration
into immunotherapy protocols, especially in cancers resistant to
conventional treatments.

However, despite the promising advances in curcumin research,
significant gaps remain in understanding the complete therapeutic
profile of nanocurcumin, including optimal dosages, long-term
safety, and potential toxic effects. Further studies are needed to
fully map its therapeutic potential, explore novel targets and
pathways, and develop robust combination therapies that leverage
curcumin’s diverse mechanisms of action.

Conclusion

Curcumin, a common culinary spice, has demonstrated a wide
range of benefits in the management and prevention of numerous
illnesses. It has been shown to inhibit the growth, proliferation,
invasion, metastasis, and angiogenesis of tumor cells, as well as
induce apoptosis and overcome treatment resistance. Clinical trials
across various cancer types support curcumin’s potential as a
significant cancer treatment. However, its poor water solubility and
low bioavailability limit its therapeutic effectiveness in clinical settings.
Ongoing research aims to address these challenges and enhance
curcumin’s therapeutic benefits. Notably, the development of nano-
curcumin formulations has improved its anticancer properties. Future
advancements in cancer prevention and treatment are likely to
increasingly focus on optimizing curcumin’s application.

Author contributions

MM: Writing - review & editing, Writing — original draft. SA:
Writing - original draft, Writing — review & editing. QE: Writing -
review & editing. ES: Writing — review & editing, Conceptualization,
Funding acquisition, Investigation, Project administration. WI:

Conceptualization, Investigation, Supervision, Validation, Writing —
review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

Publication of this article was supported by Qatar University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1438040
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Ameer et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Vallee A, Lecarpentier Y, Vallée JN. Curcumin: a therapeutic strategy in cancers
by inhibiting the canonical WNT/B-catenin pathway. ] Exp Clin Cancer Res. (2019)
38:323. doi: 10.1186/s13046-019-1320-y

2. Noguchi-Shinohara M, Hamaguchi T, Yamada M. The potential role of curcumin
in treatment and prevention for neurological disorders, in: Curcumin for neurological
and psychiatric disorders (2019). Elsevier. Available online at: https://linkinghub.
elsevier.com/retrieve/pii/B9780128154618000050 (Accessed August 31, 2024).

3. Ma Z, Wang N, He H, Tang X. Pharmaceutical strategies of improving oral
systemic bioavailability of curcumin for clinical application. ] Control Release. (2019)
316:359-80. doi: 10.1016/j.jconrel.2019.10.053

4. Baharuddin P, Satar N, Fakiruddin KS, Zakaria N, Lim MN, Yusoff NM, et al.
Curcumin improves the efficacy of cisplatin by targeting cancer stem-like cells through
p21 and cyclin DI-mediated tumour cell inhibition in non-small cell lung cancer cell
lines. Oncol Rep. (2016) 35:13-25. doi: 10.3892/0r.2015.4371

5. Sahab-Negah S, Ariakia F, Jalili-Nik M, Afshari AR, Salehi S, Samini F, et al.
Curcumin loaded in niosomal nanoparticles improved the anti-tumor effects of free
curcumin on glioblastoma stem-like cells: an in vitro study. Mol Neurobiol. (2020)
57:3391-411. doi: 10.1007/s12035-020-01922-5

6. Peng Y, Wang Y, Zhou C, Mei W, Zeng C. PI3K/akt/mTOR pathway and its role
in cancer therapeutics: are we making headway? Front Oncol. (2022) 12:819128.
doi: 10.3389/fonc.2022.819128

7. Murugan AK. mTOR: Role in cancer, metastasis and drug resistance. Semin
Cancer Biol. (2019) 59:92-111. doi: 10.1016/j.semcancer.2019.07.003

8. Stefani C, Miricescu D, Stanescu-Spinu II, Nica RI, Greabu M, Totan AR, et al.
Growth factors, PI3K/AKT/mTOR and MAPK signaling pathways in colorectal cancer
pathogenesis: where are we now? Int ] Mol Sci. (2021) 22:10260. doi: 10.3390/
ijms221910260

9. Zhang Y, Kwok-Shing Ng P, Kucherlapati M, Chen F, Liu Y, Tsang YH, et al. A
pan-cancer proteogenomic atlas of PI3K/AKT/mTOR pathway alterations. Cancer Cell.
(2017) 31:820-32. doi: 10.1016/j.ccell.2017.04.013

10. Tamaddoni A, Mohammadi E, Sedaghat F, Qujeq D, As’Habi A. The anticancer
effects of curcumin via targeting the mammalian target of rapamycin complex 1
(mTORC1) signaling pathway. Pharmacol Res. (2020) 156:104798. doi: 10.1016/
j.phrs.2020.104798

11. Khan K, Quispe C, Javed Z, Igbal MJ, Sadia H, Raza S, et al. Resveratrol, curcumin,
paclitaxel and miRNAs mediated regulation of PI3K/Akt/mTOR pathway: go four better
to treat bladder cancer. Cancer Cell Int. (2020) 20:560. doi: 10.1186/s12935-020-01660-7

12. Li W, Saud SM, Young MR, Chen G, Hua B. Targeting AMPK for cancer prevention
and treatment. Oncotarget. (2015) 6:7365-78. doi: 10.18632/oncotarget.v6il0

13. Qiang Z, Meng L, Yi C, Yu L, Chen W, Sha W. Curcumin regulates the miR-21/
PTEN/Akt pathway and acts in synergy with PD98059 to induce apoptosis of human
gastric cancer MGC-803 cells. J Int Med Res. (2019) 47:1288-97. doi: 10.1177/
0300060518822213

14. Vallée A, Lecarpentier Y. Crosstalk between peroxisome proliferator-activated
receptor gamma and the canonical WNT/B-catenin pathway in chronic inflammation
and oxidative stress during carcinogenesis. Front Immunol. (2018) 9:745. doi: 10.3389/
fimmu.2018.00745

15. Muhanmode Y, Wen MK, Maitinuri A, Shen G. Curcumin and resveratrol inhibit
chemoresistance in cisplatin-resistant epithelial ovarian cancer cells via targeting P13K
pathway. Hum Exp Toxicol. (2022) 41:096032712210959. doi: 10.1177/09603271221095929

16. Wang Z, Liu F, Liao W, Yu L, Hu Z, Li M, et al. Curcumin suppresses
glioblastoma cell proliferation by p-AKT/mTOR pathway and increases the PTEN
expression. Arch Biochem Biophys. (2020) 689:108412. doi: 10.1016/j.abb.2020.108412

17. Farghadani R, Naidu R. Curcumin: modulator of key molecular signaling
pathways in hormone-independent breast cancer. Cancers. (2021) 13:3427.
doi: 10.3390/cancers13143427

18. Yu X, Zhong ], Yan L, Li J, Wang H, Wen Y, et al. Curcumin exerts antitumor
effects in retinoblastoma cells by regulating the JNK and p38 MAPK pathways. Int |
Mol Med. (2016) 38:861-8. doi: 10.3892/ijmm.2016.2676

19. GuoJ, Li W, Shi H, Xie X, Li L, Tang H, et al. Synergistic effects of curcumin with
emodin against the proliferation and invasion of breast cancer cells through upregulation
of miR-34a. Mol Cell Biochem. (2013) 382:103-11. doi: 10.1007/s11010-013-1723-6

20. MdK H, Kumar D, SA P, Dixit M. EEF1A2 triggers stronger ERK mediated

metastatic program in ER negative breast cancer cells than in ER positive cells. Life Sci.
(2020) 262:118553. doi: 10.1016/j.1f5.2020.118553

Frontiers in Oncology

10.3389/fonc.2024.1438040

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

21. Li ZN, Zhao L, Yu LF, Wei MJ. BRAF and KRAS mutations in metastatic
colorectal cancer: future perspectives for personalized therapy. Gastroenterol Rep.
(2020) 8:192-205. doi: 10.1093/gastro/goaa022

22. Zhai LL, Li WB, Chen L], Wang W, Ju TF, Yin DL. Curcumin inhibits the
invasion and migration of pancreatic cancer cells by upregulating TFPI-2 to regulate
ERK- and JNK-mediated epithelial-mesenchymal transition. Eur ] Nutr. (2024)
63:639-51. doi: 10.1007/s00394-023-03296-5

23. Pai SG, Carneiro BA, Mota JM, Costa R, Leite CA, Barroso-Sousa R, et al. Wnt/
beta-catenin pathway: modulating anticancer immune response. ] Hematol Oncol]
Hematol Oncol. (2017) 10:101. doi: 10.1186/s13045-017-0471-6

24. Zhang Y, Wang X. Targeting the Wnt/B-catenin signaling pathway in cancer. ]
Hematol Oncol] Hematol Oncol. (2020) 13:165. doi: 10.1186/s13045-020-00990-3

25. Shang S, Hua F, Hu ZW. The regulation of B-catenin activity and function in
cancer: therapeutic opportunities. Oncotarget. (2017) 8:33972-89. doi: 10.18632/
oncotarget.v8i20

26. Zheng R, Deng Q, Liu Y, Zhao P. Curcumin inhibits gastric carcinoma cell
growth and induces apoptosis by suppressing the wnt/B-catenin signaling pathway.
Med Sci Monit. (2017) 23:163-71. doi: 10.12659/MSM.902711

27. Wang JY, Wang X, Wang XJ, Zheng BZ, Wang Y, Wang X, et al. Curcumin
inhibits the growth via Wnt/B-catenin pathway in non-small-cell lung cancer cells. Eur
Rev Med Pharmacol Sci. (2018) 22:7492-9. doi: 10.26355/eurrev_201811_16290

28. Castagnoli L, Tagliabue E, Pupa SM. Inhibition of the wnt signalling pathway: an
avenue to control breast cancer aggressiveness. Int | Mol Sci. (2020) 21:9069.
doi: 10.3390/ijms21239069

29. Wang H, Zhang K, Liu J, Yang J, Tian Y, Yang C, et al. Curcumin regulates
cancer progression: focus on ncRNAs and molecular signaling pathways. Front Oncol.
(2021) 11:660712. doi: 10.3389/fonc.2021.660712

30. LiH, Yue L, Xu H, Li N, Li ], Zhang Z, et al. Curcumin suppresses osteogenesis
by inducing miR-126a-3p and subsequently suppressing the WNT/LRP6 pathway.
Aging. (2019) 11:6983-98. doi: 10.18632/aging.v11il7

31. Thulasiraman P, McAndrews DJ, Mohiudddin IQ. Curcumin restores sensitivity
to retinoic acid in triple negative breast cancer cells. BMC Cancer. (2014) 14:724.
doi: 10.1186/1471-2407-14-724

32. Entezari M, Deldar Abad Paskeh M, Orouei S, Kakavand A, Rezaei S, Sadat
Hejazi E, et al. Wnt/B-catenin signaling in lung cancer: association with proliferation,
Metastasis, and therapy resistance. Curr Cancer Drug Targets. (2024) 24:94-113.
doi: 10.2174/1568009623666230413094317

33. Akyala Al Peppelenbosch MP. Gastric cancer and Hedgehog signaling pathway:
emerging new paradigms. Genes Cancer. (2018) 9:1-10. doi: 10.18632/genesandcancer.v9il -2

34. Xia R, Xu M, Yang J, Ma X. The role of Hedgehog and Notch signaling pathway
in cancer. Mol Biomed. (2022) 3:44. doi: 10.1186/s43556-022-00099-8

35. WangJ, Cui B, Li X, Zhao X, Huang T, Ding X. The emerging roles of Hedgehog
signaling in tumor immune microenvironment. Front Oncol. (2023) 13:1171418.
doi: 10.3389/fonc.2023.1171418

36. Li X, Wang X, Xie C, Zhu ], Meng Y, Chen Y, et al. Sonic hedgehog and Wnt/B-
catenin pathways mediate curcumin inhibition of breast cancer stem cells. Anticancer
Drugs. (2018) 29:208-15. doi: 10.1097/CAD.0000000000000584

37. Zhang ], Fan J, Zeng X, Nie M, Luan J, Wang Y, et al. Hedgehog signaling in
gastrointestinal carcinogenesis and the gastrointestinal tumor microenvironment. Acta
Pharm Sin B. (2021) 11:609-20. doi: 10.1016/j.apsb.2020.10.022

38. Zhang X, Zhang C, Ren Z, Zhang F, Xu ], Zhang X, et al. Curcumin affects gastric
cancer cell migration, invasion and cytoskeletal remodeling through glil-B-catenin.
Cancer Manag Res. (2020) 12:3795-806. doi: 10.2147/CMAR.S244384

39. Valdés-Rives SA, Casique-Aguirre D, German-Castelan L, Velasco-Velazquez MA,
Gonzalez-Arenas A. Apoptotic signaling pathways in glioblastoma and therapeutic
implications. BioMed Res Int. (2017) 2017:1-12. doi: 10.1155/2017/7403747

40. Lian N, Jiang Y, Zhang F, Jin H, Lu C, Wu X, et al. Curcumin regulates cell fate
and metabolism by inhibiting hedgehog signaling in hepatic stellate cells. Lab Invest.
(2015) 95:790-803. doi: 10.1038/labinvest.2015.59

41. Takebe N, Miele L, Harris PJ, Jeong W, Bando H, Kahn M, et al. Targeting
Notch, Hedgehog, and Wnt pathways in cancer stem cells: clinical update. Nat Rev Clin
Oncol. (2015) 12:445-64. doi: 10.1038/nrclinonc.2015.61

42. Li M, Guo T, Lin ], Huang X, Ke Q, Wu Y, et al. Curcumin inhibits the invasion
and metastasis of triple negative breast cancer via Hedgehog/Glil signaling pathway. |
Ethnopharmacol. (2022) 283:114689. doi: 10.1016/j.jep.2021.114689

frontiersin.org


https://doi.org/10.1186/s13046-019-1320-y
https://linkinghub.elsevier.com/retrieve/pii/B9780128154618000050
https://linkinghub.elsevier.com/retrieve/pii/B9780128154618000050
https://doi.org/10.1016/j.jconrel.2019.10.053
https://doi.org/10.3892/or.2015.4371
https://doi.org/10.1007/s12035-020-01922-5
https://doi.org/10.3389/fonc.2022.819128
https://doi.org/10.1016/j.semcancer.2019.07.003
https://doi.org/10.3390/ijms221910260
https://doi.org/10.3390/ijms221910260
https://doi.org/10.1016/j.ccell.2017.04.013
https://doi.org/10.1016/j.phrs.2020.104798
https://doi.org/10.1016/j.phrs.2020.104798
https://doi.org/10.1186/s12935-020-01660-7
https://doi.org/10.18632/oncotarget.v6i10
https://doi.org/10.1177/0300060518822213
https://doi.org/10.1177/0300060518822213
https://doi.org/10.3389/fimmu.2018.00745
https://doi.org/10.3389/fimmu.2018.00745
https://doi.org/10.1177/09603271221095929
https://doi.org/10.1016/j.abb.2020.108412
https://doi.org/10.3390/cancers13143427
https://doi.org/10.3892/ijmm.2016.2676
https://doi.org/10.1007/s11010-013-1723-6
https://doi.org/10.1016/j.lfs.2020.118553
https://doi.org/10.1093/gastro/goaa022
https://doi.org/10.1007/s00394-023-03296-5
https://doi.org/10.1186/s13045-017-0471-6
https://doi.org/10.1186/s13045-020-00990-3
https://doi.org/10.18632/oncotarget.v8i20
https://doi.org/10.18632/oncotarget.v8i20
https://doi.org/10.12659/MSM.902711
https://doi.org/10.26355/eurrev_201811_16290
https://doi.org/10.3390/ijms21239069
https://doi.org/10.3389/fonc.2021.660712
https://doi.org/10.18632/aging.v11i17
https://doi.org/10.1186/1471-2407-14-724
https://doi.org/10.2174/1568009623666230413094317
https://doi.org/10.18632/genesandcancer.v9i1-2
https://doi.org/10.1186/s43556-022-00099-8
https://doi.org/10.3389/fonc.2023.1171418
https://doi.org/10.1097/CAD.0000000000000584
https://doi.org/10.1016/j.apsb.2020.10.022
https://doi.org/10.2147/CMAR.S244384
https://doi.org/10.1155/2017/7403747
https://doi.org/10.1038/labinvest.2015.59
https://doi.org/10.1038/nrclinonc.2015.61
https://doi.org/10.1016/j.jep.2021.114689
https://doi.org/10.3389/fonc.2024.1438040
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Ameer et al.

43. Abdel-Tawab MS, Fouad H, Sedeak AY, Doudar NA, Rateb EE, Faruk E, et al.
Effects of mesenchymal stem cells versus curcumin on sonic hedgehog signaling in
experimental model of Hepatocellular Carcinoma. Mol Biol Rep. (2024) 51:740.
doi: 10.1007/s11033-024-09613-3

44. Kontomanolis EN, Kalagasidou S, Pouliliou S, Anthoulaki X, Georgiou N,
Papamanolis V, et al. The notch pathway in breast cancer progression. Sci World J.
(2018) 2018:1-11. doi: 10.1155/2018/2415489

45. Palmer WH, Deng WM. Ligand-independent mechanisms of notch activity.
Trends Cell Biol. (2015) 25:697-707. doi: 10.1016/j.tcb.2015.07.010

46. Zhang P, Yan X, Chen Y, Yang Z, Han H. Notch signaling in blood vessels: from
morphogenesis to homeostasis. Sci China Life Sci. (2014) 57:774-80. doi: 10.1007/
s11427-014-4716-0

47. Shi Q, Xue C, Zeng Y, Yuan X, Chu Q, Jiang S, et al. Notch signaling pathway in
cancer: from mechanistic insights to targeted therapies. Signal Transduct Target Ther.
(2024) 9:128. doi: 10.1038/s41392-024-01828-x

48. Liu ZC, Yang ZX, Zhou JS, Zhang HT, Huang QK, Dang LL, et al. Curcumin
regulates hepatoma cell proliferation and apoptosis through the Notch signaling
pathway. Int J Clin Exp Med. (2014) 7:714-8.

49. Ferrandino F, Grazioli P, Bellavia D, Campese AF, Screpanti I, Felli MP. Notch
and NF-kB: coach and players of regulatory T-cell response in cancer. Front Immunol.
(2018) 9:2165. doi: 10.3389/fimmu.2018.02165

50. Singh A, Sharma N, Mishra N, Mahajan A, Krishnan A, Rajpoot R, et al. Effects
of curcumin on oral cancer at molecular level: A systematic review. Natl ] Maxillofac
Surg. (2023) 14:9. doi: 10.4103/njms.njms_29_22

51. Li Y, Zhao B, Peng J, Tang H, Wang S, Peng S, et al. Inhibition of NF-«xB
signaling unveils novel strategies to overcome drug resistance in cancers. Drug Resist
Updat. (2024) 73:101042. doi: 10.1016/j.drup.2023.101042

52. Zhang Y, Lin X, Zhang J, Xie Z, Deng H, Huang Y, et al. Apoptosis of mouse
myeloma cells induced by curcumin via the Notch3-p53 signaling axis(2018)
(Accessed 2024 Aug 31).

53. MaJ, Song X, Xu X, Mou Y. Cancer-associated fibroblasts promote the chemo-
resistance in gastric cancer through secreting IL-11 targeting JAK/STAT3/bcl2
pathway. Cancer Res Treat. (2019) 51:194-210. doi: 10.4143/crt.2018.031

54. Ham IH, Wang L, Lee D, Woo J, Kim T, Jeong H, et al. Curcumin inhibits the
cancer—associated fibroblast—derived chemoresistance of gastric cancer through the
suppression of the JAK/STAT3 signaling pathway. Int J Oncol. (2022) 61:85.
doi: 10.3892/ijo

55. Khan AQ, Ahmed EI, Elareer N, Fathima H, Prabhu KS, Siveen KS, et al.
Curcumin-mediated apoptotic cell death in papillary thyroid cancer and cancer stem-
like cells through targeting of the JAK/STATS3 signaling pathway. Int J Mol Sci. (2020)
21:438. doi: 10.3390/ijms21020438

56. Wu C, Zheng W, Zhang J, He X. Exploring the mechanism of curcumin on
retinoblastoma based on network pharmacology and molecular docking. Li Q editor.
Evid Based Complement Alternat Med. (2022) 2022:1-8. doi: 10.1155/2022/2407462

57. Tang C, Liu J, Yang C, Ma J, Chen X, Liu D, et al. Curcumin and its analogs in
non-small cell lung cancer treatment: challenges and expectations. Biomolecules. (2022)
12:1636. doi: 10.3390/biom12111636

58. Salehi M, Movahedpour A, Tayarani A, Shabaninejad Z, Pourhanifeh MH,
Mortezapour E, et al. Therapeutic potentials of curcumin in the treatment of non-
small-cell lung carcinoma. Phytother Res. (2020) 34:2557-76. doi: 10.1002/ptr.6704

59. Liang Y, Kong D, Zhang Y, Li S, Li Y, Dong L, et al. Curcumin inhibits the
viability, migration and invasion of papillary thyroid cancer cells by regulating the miR
—301a—-3p/STAT3 axis. Exp Ther Med. (2021) 22:875. doi: 10.3892/etm

60. Bennett J, Capece D, Begalli F, Verzella D, D’Andrea D, Tornatore L, et al. NF-
B in the crosshairs: Rethinking an old riddle. Int ] Biochem Cell Biol. (2018) 95:108-12.
doi: 10.1016/j.biocel.2017.12.020

61. Verzella D, Pescatore A, Capece D, Vecchiotti D, Ursini MV, Franzoso G, et al.
Life, death, and autophagy in cancer: NF-xB turns up everywhere. Cell Death Dis.
(2020) 11:210. doi: 10.1038/s41419-020-2399-y

62. Poma P, Labbozzetta M, D’Alessandro N, Notarbartolo M. NF-kB is a potential
molecular drug target in triple-negative breast cancers. Omics ] Integr Biol. (2017)
21:225-31. doi: 10.1089/0mi.2017.0020

63. Kronski E, Fiori ME, Barbieri O, Astigiano S, Mirisola V, Killian PH, et al.
miR181b is induced by the chemopreventive polyphenol curcumin and inhibits breast
cancer metastasis via down-regulation of the inflammatory cytokines CXCLI and -2.
Mol Oncol. (2014) 8:581-95. doi: 10.1016/j.molonc.2014.01.005

64. Tapal A, Tiku PK. Complexation of curcumin with soy protein isolate and its
implications on solubility and stability of curcumin. Food Chem. (2012) 130:960-5.
doi: 10.1016/j.foodchem.2011.08.025

Frontiers in Oncology

11

10.3389/fonc.2024.1438040

65. Muangnoi C, Ratnatilaka Na Bhuket P, Jithavech P, Supasena W, Paraoan L,
Patumraj S, et al. Curcumin diethyl disuccinate, a prodrug of curcumin, enhances anti-
proliferative effect of curcumin against HepG2 cells via apoptosis induction. Sci Rep.
(2019) 9:11718. doi: 10.1038/s41598-019-48124-1

66. Chen TC, Chuang JY, Ko CY, Kao TJ, Yang PY, Yu CH, et al. AR ubiquitination
induced by the curcumin analog suppresses growth of temozolomide-resistant
glioblastoma through disrupting GPX4-Mediated redox homeostasis. Redox Biol.
(2020) 30:101413. doi: 10.1016/j.redox.2019.101413

67. Orunoglu M, Kaffashi A, Pehlivan SB, Sahin S, Soylemezoglu F, Oguz KK, et al.
Effects of curcumin-loaded PLGA nanoparticles on the RG2 rat glioma model. Mater
Sci Eng C. (2017) 78:32-8. doi: 10.1016/j.msec.2017.03.292

68. Mohamed JMM, Alqgahtani A, Ahmad F, Krishnaraju V, Kalpana K.
Stoichiometrically governed curcumin solid dispersion and its cytotoxic evaluation
on colorectal adenocarcinoma cells. Drug Des Devel Ther. (2020) 14:4639-58.
doi: 10.2147/DDDT.S273322

69. Tan X, Kim G, Lee D, Oh J, Kim M, Piao C, et al. A curcumin-loaded polymeric
micelle as a carrier of a microRNA-21 antisense-oligonucleotide for enhanced anti-
tumor effects in a glioblastoma animal model. Biomater Sci. (2018) 6:407-17.
doi: 10.1039/C7BM01088E

70. Wong SC, Kamarudin MNA, Naidu R. Anticancer mechanism of curcumin on
human glioblastoma. Nutrients. (2021) 13:950. doi: 10.3390/nu13030950

71. Li L, Braiteh FS, Kurzrock R. Liposome-encapsulated curcumin: In vitro and in
vivo effects on proliferation, apoptosis, signaling, and angiogenesis. Cancer. (2005)
104:1322-31. doi: 10.1002/cncr.21300

72. Gabay M, Weizman A, Zeineh N, Kahana M, Obeid F, Allon N, et al. Liposomal
carrier conjugated to APP-derived peptide for brain cancer treatment. Cell Mol
Neurobiol. (2021) 41:1019-29. doi: 10.1007/s10571-020-00969-1

73. Mirzaei H, Shakeri A, Rashidi B, Jalili A, Banikazemi Z, Sahebkar A. Phytosomal
curcumin: A review of pharmacokinetic, experimental and clinical studies. BioMed
Pharmacother. (2017) 85:102-12. doi: 10.1016/j.biopha.2016.11.098

74. Mukherjee S, Fried A, Hussaini R, White R, Baidoo J, Yalamanchi S, et al. Phytosomal
curcumin causes natural killer cell-dependent repolarization of glioblastoma (GBM) tumor-
associated microglia/macrophages and elimination of GBM and GBM stem cells. ] Exp Clin
Cancer Res. (2018) 37:168. doi: 10.1186/s13046-018-0792-5

75. Pawar KS, Mastud RN, Pawar SK, Pawar SS, Bhoite RR, Bhoite RR, et al. Oral
curcumin with piperine as adjuvant therapy for the treatment of COVID-19: A randomized
clinical trial. Front Pharmacol. (2021) 12:669362. doi: 10.3389/fphar.2021.669362

76. Pratti VL, Thomas M, Bhoite R, Satyavrat V. Investigating bioavailability of
curcumin and piperine combination in comparison to turmeric rhizomes: an in vitro
study. J Exp Pharmacol. (2024) 16:37-47. doi: 10.2147/JEP.S427818

77. Patial V SM, Sharma S, Pratap K, Singh D, Padwad YS. Synergistic effect of
curcumin and piperine in suppression of DENA-induced hepatocellular carcinoma in
rats. Environ Toxicol Pharmacol. (2015) 40:445-52. doi: 10.1016/j.etap.2015.07.012

78. Arifian H, Maharani R, Megantara S, Gazzali AM, Muchtaridi M. Amino-acid-
conjugated natural compounds: aims, designs and results. Molecules. (2022) 27:7631.
doi: 10.3390/molecules27217631

79. Panda SS, Girgis AS, Thomas SJ, Capito JE, George RF, Salman A, et al.
Synthesis, pharmacological profile and 2D-QSAR studies of curcumin-amino acid
conjugates as potential drug candidates. Eur ] Med Chem. (2020) 196:112293.
doi: 10.1016/j.ejmech.2020.112293

80. Teiten MH, Dicato M, Diederich M. Hybrid curcumin compounds: A new strategy
for cancer treatment. Molecules. (2014) 19:20839-63. doi: 10.3390/molecules191220839

81. Ghaly HSA, Varamini P. New drug delivery strategies targeting the GnRH
receptor in breast and other cancers. Endocr Relat Cancer. (2021) 28:R251-69.
doi: 10.1530/ERC-20-0442

82. LiJ, Xiang S, Zhang Q, Wu J, Tang Q, Zhou J, et al. Combination of curcumin
and bicalutamide enhanced the growth inhibition of androgen-independent prostate
cancer cells through SAPK/JNK and MEK/ERK1/2-mediated targeting NF-xB/p65 and
MUCI-C. ] Exp Clin Cancer Res. (2015) 34:46. doi: 10.1186/s13046-015-0168-z

83. Nguyen VQ, You DG, Kim CH, Kwon S, Um W, Oh BH, et al. An anti-DR5
antibody-curcumin conjugate for the enhanced clearance of activated hepatic stellate
cells. Int J Biol Macromol. (2021) 192:1231-9. doi: 10.1016/j.ijbiomac.2021.09.176

84. Howells LM, Iwuji COO, Irving GRB, Barber S, Walter H, Sidat Z, et al.
Curcumin combined with FOLFOX chemotherapy is safe and tolerable in patients
with metastatic colorectal cancer in a randomized phase Ila trial. J Nutr. (2019)
149:1133-9. doi: 10.1093/jn/nxz029

85. De Waure C, Bertola C, Baccarini G, Chiavarini M, Mancuso C. Exploring the
contribution of curcumin to cancer therapy: A systematic review of randomized
controlled trials. Pharmaceutics. (2023) 15:1275. doi: 10.3390/pharmaceutics15041275

frontiersin.org


https://doi.org/10.1007/s11033-024-09613-3
https://doi.org/10.1155/2018/2415489
https://doi.org/10.1016/j.tcb.2015.07.010
https://doi.org/10.1007/s11427-014-4716-0
https://doi.org/10.1007/s11427-014-4716-0
https://doi.org/10.1038/s41392-024-01828-x
https://doi.org/10.3389/fimmu.2018.02165
https://doi.org/10.4103/njms.njms_29_22
https://doi.org/10.1016/j.drup.2023.101042
https://doi.org/10.4143/crt.2018.031
https://doi.org/10.3892/ijo
https://doi.org/10.3390/ijms21020438
https://doi.org/10.1155/2022/2407462
https://doi.org/10.3390/biom12111636
https://doi.org/10.1002/ptr.6704
https://doi.org/10.3892/etm
https://doi.org/10.1016/j.biocel.2017.12.020
https://doi.org/10.1038/s41419-020-2399-y
https://doi.org/10.1089/omi.2017.0020
https://doi.org/10.1016/j.molonc.2014.01.005
https://doi.org/10.1016/j.foodchem.2011.08.025
https://doi.org/10.1038/s41598-019-48124-1
https://doi.org/10.1016/j.redox.2019.101413
https://doi.org/10.1016/j.msec.2017.03.292
https://doi.org/10.2147/DDDT.S273322
https://doi.org/10.1039/C7BM01088E
https://doi.org/10.3390/nu13030950
https://doi.org/10.1002/cncr.21300
https://doi.org/10.1007/s10571-020-00969-1
https://doi.org/10.1016/j.biopha.2016.11.098
https://doi.org/10.1186/s13046-018-0792-5
https://doi.org/10.3389/fphar.2021.669362
https://doi.org/10.2147/JEP.S427818
https://doi.org/10.1016/j.etap.2015.07.012
https://doi.org/10.3390/molecules27217631
https://doi.org/10.1016/j.ejmech.2020.112293
https://doi.org/10.3390/molecules191220839
https://doi.org/10.1530/ERC-20-0442
https://doi.org/10.1186/s13046-015-0168-z
https://doi.org/10.1016/j.ijbiomac.2021.09.176
https://doi.org/10.1093/jn/nxz029
https://doi.org/10.3390/pharmaceutics15041275
https://doi.org/10.3389/fonc.2024.1438040
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Curcumin as a novel therapeutic candidate for cancer: can this natural compound revolutionize cancer treatment?
	Introduction
	Background
	Signaling pathways linked to curcumin for combating the neoplastic effects of cancer
	PI3K-Akt-mTOR pathway
	MAPK-RAS-RAF-MEK-ERK pathway
	Wnt/β-catenin pathway
	Hedgehog signaling pathway
	Notch signaling pathway
	JAK/STAT3 signaling pathway
	NF-kβ pathway
	Curcumin modification to enhance bioavailability
	Clinical trials
	Future directions of curcumin as an anticancer agent

	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


