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Abstract: In the last two decades, targeted therapies have enhanced tumor patient care and treatment
success, however, metastatic growth still cannot be stopped efficiently and, therefore, mortality rates
remain high. Prevention strategies against formation of metastases are the most promising approach
we have, however, due to lack of clinical validation studies, they have not yet entered routine
clinical care. In order to smooth the way for efficient prevention, further preclinical and large
clinical studies are required. In this context, the underlying molecular mechanisms and factors that
lead to metastatic growth have to be explored, and potential preventive agents have to be tested.
Thereby, special attention has to be paid to natural bioactive compounds which do not exert major
adverse effects, like the plant-derived polyphenol Curcumin, which is known to be a powerful
antitumor agent. So far, most of the preclinical studies with Curcumin have focused on its effect on
inhibiting tumor cell proliferation and invasion, although, it is known that it also inhibits metastatic
spread in vivo. This review discusses the preventive potential of this natural compound not only
against tumor onset, but also against formation of metastases.
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1. Introduction

The number of tumor cases are continuously rising, and while today there are 14.1 million new
cancer cases registered worldwide, it is expected to be 23.6 million in the year 2030 (International
Agency for Research on Cancer: http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx; accessed on
May 2018). At present, 8.2 million persons die due to metastases from malignant tumors. In most
cases, formation of metastases is an irreversible process accompanied by therapy resistance [1].

At present, tumors in the metastatic setting are treated predominantly with chemotherapy,
which exerts harmful side effects and, in many cases, results in therapy resistance, confronting the
vast majority of patients with a terminal illness that is to a large extent incurable by current
therapeutic regimens.

Therefore, it is more beneficial to prevent cancer and its progression to the metastatic disease
before this process starts. Efficient prevention strategies comprise the use of pharmacological agents
or bioactive substances to impede, arrest, or reverse tumorigenesis at its early stage, which is the
definition for chemoprevention, a term introduced in the early 1990s by Michael Sporn [2]. Since these
days, chemoprevention was successful in many preclinical and clinical studies [3]. The outcome
was that chemopreventive agents—which are natural substances, molecules, or synthetic derivates
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with negligible side effects—can control signal transduction and protein expression and thereby exert
antitumor and antimetastatic potency.

While conventional cancer therapies in terms of synthesized antineoplastic drugs, which can be
targeted (e.g., antibodies) or nontargeted (e.g., most chemotherapeutic agents), are accompanied by
severe side effects and drug resistance, prevention is a strategy that applies predominantly plant-derived
nontoxic natural substances or synthetic molecules with preclinically proven antitumorigenic effects and
low side effects.

The term “prevention” was originally used in health management and was then translated
into cancer patients’ care. Prevention is divided into primary, secondary, and tertiary prevention.
The definitions are:

Primary prevention aims to prevent disease or injury before it ever occurs. It refers to activities or
measures that are directed at reducing the risk of exposure to a risk factor or health determinant.

Secondary prevention aims to reduce the impact of a disease or injury that has already occurred.
This is done by detecting and treating disease or injury as soon as possible to halt or slow its progress.
In terms of cancer this would apply at the stage of tumor initiation in order to prevent progression.

Tertiary prevention aims to soften the impact of an ongoing illness or injury that has lasting effects.
This is done by helping people manage long-term, often-complex health problems in order to improve
their ability to function, their quality of life and their life expectancy (https://www.iwh.on.ca/wrmb/
primary-secondary-and-tertiary-prevention, accessed on 8 June 2018).

Translated into terms of cancer patients’ care, primary prevention encompasses all interventions
that impede the development of the cancerous process and includes, for example, lifestyle counseling
and coaching and product safety. All sets of interventions leading to the discovery and control of
cancerous or precancerous processes, like screening, early detection, and effective treatment, belong to
secondary prevention [4]. The goal of tertiary prevention is to reduce morbidity and disability in
people diagnosed with, and being treated for, cancer. An additional challenge of tertiary prevention is
to increase the overall efficiency of patient treatment through the inclusion of interventions in order to
prevent comorbidities, risk of recurrence, and second cancers.

The polyphenol Curcumin (diferuloylmethane) is extracted from the plant turmeric
(Curcuma longa) and widely used as a spice component. The antioxidant compound is applied in
traditional Indian and Chinese medicine to treat inflammatory disorders [5]./Current preclinical and
clinical studies revealed that Curcumin exerts antiproliferative and proapoptotic effects against various
tumors in vitro [6-8] and in vivo, and that it suppresses carcinogenesis of the breast [9] and other
organs [10-12]. Curcumin is able to suppress cancer cell growth by interfering with the tumor cell
cycle [13] and inhibits tumor cell invasion through regulation of cytokines, growth factors and their
receptors, enzymes, and adhesion molecules [14-19]. Furthermore, Curcumin modulates the activity
of transcription factors and their signaling pathways, as well as oncogenes and tumor suppressor
genes [18,20]. Our group has extensively studied the preventive effect of Curcumin on metastatic
growth in various in vivo models of breast and prostate cancer [14,16] and the underlying molecular
mechanisms [14,15,21]. Because of its potency against tumor progression and formation of metastases
and its negligible side effects, Curcumin is highly suitable for chemoprevention of cancer on all levels
embracing primary, secondary, and tertiary prevention.

By preventing or retarding tumor initiation, progression, metastatic disease, and comorbidities,
people can have high quality of life instead of waiting until the malignancy proceeds and only
antineoplastic therapies with huge side effects have to be applied. The goal of cancer prevention is
to expand the lifespan with high quality of life, where people might then die of another disease of
advanced age.
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2. Chemopreventive Properties of Curcumin

Many preclinical studies in the last 20 years have focused on unraveling the molecular mechanisms
of the antitumorigenic properties of Curcumin in order to evaluate the chemopreventive potential of
this natural bioactive compound [14-16,21-24].

The chemopreventive activities of Curcumin involve a variety of mechanisms playing a role in
tumorigenesis and tumor progression, for example, strong antioxidant effect by direct scavenge of
reactive oxygen species, upregulation of carcinogen-detoxifying enzymes/antioxidants, as well as
activation of programmed cell death (apoptosis), and the inhibition of various transcription factors
with nuclear factor- B (NF B). It has been shown by us and others that Curcumin is able to modulate
several signal transcription pathways and mainly acts by inhibiting the activity of NF B, a transcription
factor associated with inflammatory diseases and tumor progression [13-16,24].

In particular, the inhibition of the NF B pathway by Curcumin leads to the alteration of various
tumor-associated genes, gene products, and noncoding RNAs (miRNAS). In this context, proinflammatory
cytokines and the mRNA expression of pro-metastatic enzymes, such as matrix metalloproteinases (MMPS)
are inhibited. Similarly, other factors/enzymes, such as cyclooxygenase (COX)-2, are repressed and
several other important cellular effectors are influenced. In consequence, Curcumin has been shown to
interfere with a multitude of tumor-associated processes, including inflammation, cell cycle, apoptosis,
cell survival, proliferation (by growth factor receptor inhibition), invasion, and metastasis [15,16].

We have extensively investigated the NF B pathway preclinically in cell models of metastatic
breast and prostate cancer. Curcumin prevents NF B activation by blocking phosphorylation and
degradation of I B , the inhibitor of B . Thereby, the NF B subunit p65 does not get phosphorylated
and does not translocate into the nucleus [14,15]. In consequence, tumor-associated genes and
gene products are not expressed (Figure 1). NF B-regulated gene products that control tumor cell
invasion are, among others, matrix-degrading proteases like matrix metalloproteinases (MMPs) and
urokinase-type plasminogen activator (uPA) or inflammatory cytokines [25]. The inhibitory effect
of Curcumin on NF B leads to reduced tumor cell proliferation and growth and induced apoptosis.
The concerted action of all these effects prevents tumor cell invasion and metastases, as illustrated in
Figure 2, based on our results on metastatic prostate cancer cells [14]. The inhibition of the transcription
factor NF B is therefore a major target for prevention of cancer onset and progression.

2.1. Curcumin Induces Apoptosis and Inhibits Proliferation and Cell Growth

The loss of a fully functional apoptotic program of malignant tumor cells is a major target of
chemoprevention of cancer. Apoptosis can be initiated by p53 (intrinsic pathway), as well as through
a variety of extracellular signals (extrinsic pathway). The caspase-3, -8 and -9 are activated upon an
interplay between the extrinsic and the intrinsic apoptotic pathways. In addition, the signaling pathways
of PI3K/Akt (Phosphatidylinositol-3-Kinase and Protein Kinase B), MAPK (Mitogen-Activated Protein
Kinase), and NF B, which control cell proliferation and survival, are indirectly involved in the
regulation of apoptotic cell death.

Curcumin has been found to suppress carcinogenesis of the breast [26] and other organs [10-12]
in vivo and against diverse tumors in vitro [6-8,27], exerting significant antiproliferative and
proapoptotic effects. Curcumin-induced activation of caspases and release of cytochrome C [28] and
the repression of cell survival factors via the inhibition of the NF B pathway (see below) are discussed
as molecular mechanisms underlying the strong anticancer effect of Curcumin. The plant-derived
polyphenol activated caspases-3, -7, -8, and -9 in several colon cancer cell lines, but reduced activation
of caspases related to the mitochondrial pathway, together with a partial blocking of apoptosis-inducing
factor (AIF) [29]. Curcumin has been shown to increase the permeability of the mitochondrial
membrane and the collapse of its membrane potential. Further effects of Curcumin include the
inhibition of Akt/protein kinase B (PKB) phosphorylation in breast cancer cells, leading to increased
apoptosis [30].
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Figure 1. Schematic illustration of nuclear factor- B (NF B) signaling in the tumor environment.
In resting cells, the NF B dimer is bound to its inhibitor (I B) and remains inactive in the
cytoplasm. The activation cascade starts through binding of a ligand (TNF = tumor necrosis factor ,
TNF R=TNF -receptor, GF/CR = growth-factor/chemokine-receptor) to its receptor. Activation via
TNF occurs mainly through Takl (TGF -activated kinase 1) and via growth factors and/or cytokines,
mainly through Akt (v-akt murine thymoma viral oncogene homolog). This leads to activation of
the IKK complex (inhibitor of B kinases; IKK , , ). By activating the IKK-complex, the inhibitor
of B (I B) is phosphorylated and the NF B dimer is released and phosphorylated, which leads to
translocation into the nucleus, where NF B binds to the respective DNA promotor regions, which leads
to transcription of genes related to proliferation, immunoregulation, matrix modulation, angiogenesis,
and formation of metastasis. Curcumin inhibits the activation of NF B by blocking the IKK-complex.

Figure 2. Schematic illustration of the effects of curcumin on prostate cancer. Curcumin has various
effects on the development and progression of cancer via inhibition of NF B signaling, followed by a
downregulation of its target genes. Curcumin reduces tumor cell proliferation, induces apoptosis (d,e),
and inhibits angiogenesis (c). Additionally, Curcumin inhibits gene expression of matrix-degrading
proteases (matrix metalloproteases) and thereby invasion of tumor cells (a,b). Furthermore, the expression
of metastasis-associated genes is reduced (f). As a summation of the single effects, the inhibition of lung
metastasis in an animal model (murine mouse model) can be considered (g).
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