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Abstract Coffee is the second most popular beverage in
the world after water with a consumption of approximately
two billion cups per day. Due to its low cost and ease of
preparation, it is consumed in almost all countries and by
all social classes of the population through different modes
of preparation. Despites its simple appearance, a cup of
coffee is in fact a complex mixture that contains hundreds
of molecules, the composition and concentration of which
vary widely and depend on factors including the origin of
the coffee tree or its metabolism. Although an excessive
consumption of coffee can be harmful, many molecules
that are present in this black decoction exert anticancer
properties. This review aims to describe the different pri-
mary coffee-containing substances that exert chemopre-
ventive and bioactive activities against the different
hallmarks and enabling characteristics of cancer, thus
explaining the anticancer health benefit of black coffee.
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Introduction

Cancer is currently a major public health problem, and the
physical or chemical tools used to fight against this fre-
quently fatal disease remain few and, too often, ineffective.
The figures recently released by the World Health Orga-
nization (WHO) reveal that 14.1 million new cancer cases
and 8.2 million cancer-related deaths occurred in 2012
(GLOBOCAN 2012, http://globocan.iarc.fr/pages/fact_
sheets_cancer.aspx. Accessed October 2015). In Europe,
more than 1.3 million people are estimated to die of cancer
in 2015 (Malvezzi et al. 2015). However, cancer is a pre-
ventable disease, and between 25 and 40 % of cancer cases
are estimated to be directly related to an unhealthy lifestyle
and living in a polluted environment (White et al. 2013).
Cancer is a complex and evolving disease that may have
endogenous (genetic) or exogenous (environment) origins
and which is triggered by the accumulation of mutations,
leading to the transformation of a healthy normal cell into a
cancer cell. Carcinogenesis is a slow process that requires
several years and occurs in different stages and can be
compared to a Darwinian evolution process, where each
mutation gives an advantage to the new mutated protein
(Heng et al. 2011; Merlo et al. 2006). In 2011, Hanahan
and Weinberg proposed a model that suggests that the slow
transformation of a normal cell into a cancer cells requires
ten cellular physiological rearrangements. These different
hallmarks of cancer are (1) sustaining proliferative sig-
naling, (2) evading growth suppressors, (3) reprogramming
energy metabolism, (4) inducing angiogenesis, (5) acti-
vating invasion and metastasis, (6) enabling replicative
immortality, (7) evading immune destruction, (8) resisting
cell death and the two enabling characteristics that con-
stitute the cornerstone of carcinogenesis: (9) genome
instability that provide mutations and (10) inflammation
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that results in signaling molecules and growth factors
(Hanahan and Weinberg 2011).

Used empirically in traditional medicine for thousands
of years without fully knowing their mechanisms of action,
natural products from marine or terrestrial organisms fea-
ture a wide variability of chemical structures that modulate
a wide range of biological effects (Cerella et al. 2014;
Morceau et al. 2015; Schnekenburger et al. 2014, 2015;
Schumacher et al. 2011). These compounds act on a
number of therapeutic targets, including processes involved
in cancer development and progression (Gaascht et al.
2010; Lee et al. 2015; Muller et al. 2015; Sawadogo et al.
2012, 2015; Teiten et al. 2013). Among the vast natural
chemical library, we can note isolated plant substances,
such as curcumin (Teiten et al. 2010, 2011), aurones
(Zwergel et al. 2012), plumbagin (Gaascht et al. 2014) and
fungal secondary metabolites embellicines (Ebrahim et al.
2013), which were recently investigated for their chemo-
preventive and anticancer properties.

According to a legend, Kaldi, a goat herder living in
Abyssinia or current-day Northern Ethiopia discovered
coffee when he noticed the excited nature of his goats after
they had consumed the red berries that had fallen from a
shrub. Surprised by the power of these berries, he brought
them to a monk who, frightened of their effect and thinking
that these berries were Devil’s fruits, threw the berries into
the fire. After a few minutes in the fire, the coffee beans
released a pleasant aroma that intrigued the monk, who
decided to remove the seeds from the fire, grind and
immerse them in water to preserve their stimulating prop-
erties to help monks stay awake during their long nightly
sessions of prayers (Bond 2011). Today, coffee is produced
mainly by two species of Coffea (C. arabica and C.
canephora syn. C. robusta) in the tropical regions of the
world, and over 546,000 tons were exported by more than
48 coffee-producing countries in August 2015 (Interna-
tional Coffee Organization, http://www.ico.org/prices/m3-
exports.pdf. Accessed October 2015). With an estimated
consumption of more than two billion cups per day, coffee
has become the most widely drunk beverage in the world
after water. With this popularity, coffee has become the
first cash crop in the world and the second most traded
commodity after oil, and its price is reevaluated every day
(International Coffee Organization, http://www.ico.org/
coffee_prices.asp. Accessed October 2015).

A pharmacy in your cup
A cup of coffee is a complex mixture of several hundred
molecules whose concentration and composition depend on

many parameters: Water is the most abundant molecule in
a cup of coffee and plays the role of solvent in the
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extraction of the compounds present in coffee. These
diversified compounds include chemical elements, amino
acids, polyphenols, acids, diterpenes, melanoidins, lipids
and sugars (Fig. 1) (Pohl et al. 2013; Rodrigues and Bra-
gagnolo 2013). No less than 1000 volatile compounds are
generated during the roasting process, and between 25 and
35 are responsible for the coffee aroma (Mestdagh et al.
2014). Thus, many factors that change from the harvest of
green coffee beans to the consumption of a steaming cup of
coffee influence the metabolome of this beverage: Coffee
plant species (genetic factor) (Kitzberger et al. 2014) as
well as geographical origin and growing conditions (cli-
mate, altitude, light, soil, temperature...) (Wei et al.
2012a), diseases and symbiosis (pest and fungi) (Sbrana
et al. 2014), harvesting (period), fruit development (Sridevi
and Parvatam 2013), drying (dry or wet method) (Duarte
et al. 2010), roasting process (duration, shaking, tempera-
ture, sugar addition) (Ludwig et al. 2013a; Wei et al.
2012b), grinding, storage (duration, conditions) (Belviso
et al. 2014; Yeretzian et al. 2012) and coffee-making and
serving techniques (process, time, hot or cold water,
additives...) (Afify et al. 2011; Andueza et al. 2009;
Caporaso et al. 2014; Durak et al. 2014; Ludwig et al.
2012; Tagliazucchi et al. 2012) are factors known to
influence and modulate the chemical composition of a cup
of coffee ready for consumption. Finally, after ingestion,
the native coffee metabolites are degraded and modified by
the gut microbiome and endogenous enzymes during the
digestion process to generate new bioactive compounds
(Fig. 2) (Ludwig et al. 2013b; Redeuil et al. 2011).

The first structure that comes to mind is certainly caf-
feine (Fig. 1). Isolated in 1820 from coffee beans, it is also
naturally found in kola nuts (Cola acuminate), cocoa beans
(Theobroma cacao), tea leaves (Camellia sinensis) or citrus
(Citrus sp.). In plants, it acts as a repellent and protective
agent against pests and pathogens, but it also secures secure
pollinator fidelity in flowers (Wright et al. 2013). Caffeine
(1,3,7-trimethylxanthine) is mainly known for its ability to
increase blood pressure and its psychostimulatory and
diuretic properties. It is a xanthine alkaloid, a secondary
metabolite derived from guanine, and similar to theo-
bromine, it is also present in tea, cocoa and coffee (Mejia
and Ramirez-Mares 2014). As previously mentioned, its
concentration in coffee beverages depends on many fac-
tors. Coffee roasting, the process that consists of the
heating of green coffee beans to transform them into black
coffee beans decreases the concentration of caffeine
(Fig. 2) (HecCimovic et al. 2011; Wei et al. 2012b). More-
over, caffeine can also be removed from coffee to provide
decaffeinated coffee. Brewing techniques also strongly
affect the caffeine quantity; a cup of espresso (25 mL)
contains approximately 60.25 mg of caffeine (2.44 mg/
mL), whereas a mug of filtered coffee (125 mL) prepared
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«Fig. 1 Chemical structures of main anticancer compounds present in
coffee and their constituents. Marvin was used to draw and display
chemical structures, substructures and reactions, Marvin 14.10.20,
2014, ChemAxon (http://www.chemaxon.com)

with the same coffee contains 173.25 mg (1.39 mg/mL)
(Caporaso et al. 2014).

Trigonelline (1-methylpyridinium-3-carboxylate)
(Fig. 1) is an alkaloid with phytoestrogen activity whose
concentration increases as the coffee fruit develops (Sri-
devi and Parvatam 2013). Trigonelline is abundant in green
coffee beans and partially pyrolyzed into nicotinic acid and
N-methylpyridinium (Fig. 1) during roasting process
(Fig. 2) (Wei et al. 2012b).

Phenols and polyphenols are a heterogeneous group of
secondary metabolites found in plants; these compounds
primarily defend against pathogens and environmental
factors (Ebrahim et al. 2013). The most abundant group of
phenolic compounds identified in coffee consists of
approximately 45 different compounds known as chloro-
genic acids (CGA), which are formed by an esterified
quinic acid moiety and one or several hydroxycinnamic
acid moieties, such as caffeic, ferulic, p-coumaric, vanillic
acid (Fig. 1) (Mills et al. 2013; Mullen et al. 2011;

Coffee tree

Caffeine
Trigonelline
Lipids
(Kahweol, Cafestol)

Polyphenols
(Chlorogenic acids)

Melanoidins

Polysaccharides
Fig. 2 Trend lines of the main classes of coffee natural products

during the different major steps of maturation and preparation. This
original figure is a compilation of data obtained from different articles
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Green beans

Somporn et al. 2011). Roasting reduces the initial con-
centrations of phenolic compounds; therefore, CGAs are
more abundant in green coffee beans. However, we cannot
strictly comment on this loss because some of these com-
pounds undergo biotransformation, such as hydrolysis and
esterification, or are used to form new compounds, such as
chlorogenic acid derivatives and melanoidins. The actions
of the gut microbiome and enzymes during the digestion
process also release various phenolic compounds (Ludwig
et al. 2013b; Redeuil et al. 2011). Preparing coffee with a
filter decreases the total phenol content and thus the
antioxidant capacity of coffee (Fig. 2) (Niseteo et al. 2012).

A cup of coffee also contains lipids, which are mainly
found in the form of two diterpene alcohols: cafestol and
kahweol (Fig. 1). These molecules are sensitive to the
roasting process and also largely removed from coffee
when it is brewed using a paper filter (Fig. 2) (Silva et al.
2012).

Arabinogalactans and galactomannans (Fig. 1) are
complex polysaccharides that comprise approximately
20 % of the dry weight of green coffee beans and serve as
an energy source for germination. Galactomannans consist
of a linear backbone of p-mannose residues substituted
with side chains of single D-galactose residues. In

Patrtial hydrolysis in nicotinic acid

and N-methylpyridinium

Partial hydrolysis
and formation of
derivatives and
melanoidins
A4

release of phenolic
compounds by the
gut microbiome

/o Partial hydrolysis,
l (de)polymerisation
and formation of
derivatives and
melanoidins

Slight decrease

(Hecimovié¢ et al. 2011; Matulova et al. 2011; Mills et al. 2013;
Moreira et al. 2012; Mullen et al. 2011; Silva et al. 2012; Somporn
et al. 2011; Wei et al. 2012b)
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arabinogalactans, a linear chain of p-galactose residues is
substituted by linear chains of p-galactose and p-arabinose.
Combinations of polysaccharides can also include proteins
(arabinogalactan proteins) and other functional groups
(acetyl, glucuronic acid...). During roasting, polysaccha-
rides tend to degrade and become less branched (depoly-
merisation); however, they can also polymerize and be
modified to form melanoidins (Fig. 2) (Matulova et al.
2011; Moreira et al. 2012).

Melanoidins are heterogeneous complex polymeric
macromolecules that are predominantly responsible for the
dark brown color of coffee and black beer, soy sauce or
balsamic vinegar; they are also present in bakery products.
Produced by the Maillard reaction during roasting and
heating processes, they are the product of the reaction of
reducing polysaccharides (arabinogalactans and galac-
tomannans) (Fig. 1), free amino groups from amino acids
or proteins and phenolic compounds, mainly chlorogenic
acids (Fig. 2) (Perrone et al. 2012). With a molecular
weight of up to several kilodaltons (>10 kDa), melanoidins
exert several biological functions, such as antimicrobial,
antihypertensive, antioxidative, anti-cariogenic or anti-in-
flammatory activities (Moreira et al. 2012).

Coffee compounds as anticancer agents

As described above, coffee is a complex mixture whose
composition and concentration of molecules depend on
multiple factors, from growing to brewing. For this review,
we will focus our analysis on the chemopreventive and
anticancer potential of bioactive molecules that target the
hallmarks of cancer described by Hanahan and Weinberg
(Hanahan and Weinberg 2011) and which are theoretically
present in a standard cup of black coffee, without taking
into account the type of coffee used (origin, grinding...),
the mode of preparation or consumption.

Anti-genotoxic, antioxidant and pro-oxidant agents

The transformation of a normal cell into a cancer cell is
based on the acquisition of several hallmarks that thrive
due to the accumulation of multiple mutations provided by
genomic instability. Genomic instability is based primarily
on a greater exposure and increased sensitivity to muta-
gens, as well as on inefficient DNA integrity control sys-
tems, such as cell cycle checkpoints control tools (pS3) or
the DNA-repair machinery (BRCA) (Negrini et al. 2010).
Reactive oxygen species (ROS) are essential mediators in
cellular communication, and they act by regulating bio-
logical processes including inflammation, proliferation and
cell differentiation. Although ROS are essential for cell
survival, large quantities of ROS may damage cells and

result in DNA mutations or the oxidation of lipids and
proteins (Liou and Storz 2010). From a cancer therapeutic
view, driver mutations are responsible for the appearance
and progression of cancer, and anti-ROS agents that pre-
vent this damage, such as antioxidants, are attested
chemopreventive compounds. However, anticancer thera-
pies (drugs, irradiation) that induce mutations or irre-
versible DNA damage are also commonly used, and these
approaches may also kill healthy cells. Moreover, cancer
cells grow under the pressure of permanent oxidative stress
and are closer to the lethal threshold than healthy cells.
Thus, pro-oxidant compounds can also be considered as
therapeutic drugs to selectively induce the death of cancer
cells (Trachootham et al. 2009).

In this context, various analyses and experiments have
underlined the high antioxidant potential of a simple cup of
coffee (Caporaso et al. 2014; Rodrigues et al. 2013;
Vicente et al. 2014). Two aqueous extracts prepared from
C. arabica and robusta spent coffee by Bravo et al. sig-
nificantly reduced the basal intracellular ROS level in
HeLa cells after two hours of treatment starting from a
concentration of 37 pg/mL. Moreover, the same team
reported that a concentration of 1000 pg/mL prevents
H,0;-induced ROS generation in a time- and dose-de-
pendent manner, and a 24 h pre-treatment with 111 pg/mL
of the same extracts protected against DNA damage (Bravo
et al. 2013). It has also been shown that a daily con-
sumption of 750 mL of coffee during 4 weeks significantly
decreases spontaneous DNA strand breaks in peripheral
white blood cells (Bakuradze et al. 2015). This strong
antioxidant and anti-genotoxic potential of coffee is regu-
larly correlated with the presence of numerous phenolic
compounds and melanoidins, molecules widely known and
described as ROS scavengers (Cheong et al. 2013; Niseteo
et al. 2012; Perrone et al. 2012; Rodrigues et al. 2013;
Troup et al. 2015). Further studies showed that the mela-
noidin fraction from instant coffee possesses antioxidant
activity and protects against lipid peroxidation and oxida-
tive DNA damage (Del Pino-Garcia et al. 2012).

By analyzing the effects of the consumption of coffee by
rats, Ferk et al. (2014) noticed that coffee consumption
prevents DNA damage and that this protective effect is
stronger when the coffee is prepared using a metal filter,
which releases more caffeine, cafestol and kahweol
(Fig. 1). The two coffee lipids, cafestol and kahweol, are
anti-genotoxic compounds that prevent the deleterious
effects of reference carcinogens N-nitrosodimethylamine,
2-amino- 1-methyl-6-phenylimidazo[4,5-b]pyridine, ferric
ion-nitrilotriacetic acid and H,O, in human hepatoma
HepG2 cells (Majer et al. 2005), NIH/3T3 mouse embryo
fibroblast cell line (Lee and Jeong 2007) and healthy
human lymphocytes (Bichler et al. 2007). They act directly
as ROS scavengers, and they increase the level of UDP-
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glucuronosyltransferase and glutathione S-transferase
(GST), two enzymes involved in the detoxification of
DNA-reactive metabolites. In addition, they act also on the
DNA -repair machinery by activating the induction of O-6-
methylguanine-DNA methyltransferase, a DNA-repair
enzyme (Huber et al. 2003). In a more recent study, both
cafestol and kahweol were also described as inhibitors of
cytochrome P450, an enzyme responsible, among other
things, for the activation of carcinogens and thus DNA
damage (Silva et al. 2012).

Caffeine (Fig. 1) is a compound that inhibits the repa-
ration of DNA double-strand breaks in HeLa cells by act-
ing on two nucleases (Sae2, Dna2) involved in the DNA-
repair machinery at the resection step (Tsabar et al. 2015).
It is also an inhibitor of ataxia telangiectasia mutated
(ATM) and ATM-related (ATR), two sensor kinases acti-
vated by DNA double-strand breaks inducing a cell cycle
arrest in DNA damage response pathway in breast cancer
cell lines (Alao and Sunnerhagen 2009).

Chlorogenic and caffeic acids (Fig. 1) are two coffee
phenolic compounds that exert antioxidant activities,
although caffeic acid is more potent than chlorogenic acid
(Bufalo et al. 2013; Sato et al. 2011). The ability of the
caffeine and chlorogenic acids 5-O-caffeoylquinic acid (5-
CQA) and 3,5-O-dicaffeoylquinic acid (3,5-DCQA)
(Fig. 1) to protect against ROS-induced oxidation has also
been investigated in HepG2 cancer cells. Except for caf-
feine, a concentration of 1 pM of both hydroxycinnamic
acids is sufficient to decrease the basal ROS level. Tert-
butyl hydroperoxide (-BOOH), a pro-oxidant and glu-
tathione (GSH)-depleting agent, remains ineffective in
HepG2 cells pre-treated with all compounds. However,
only the two phenolic acids can recover GSH depletion and
reverse the activities of the two antioxidant enzymes GPx
(glutathione peroxidase) and GR (glutathione reductase). A
concentration of 10 uM of the same compounds also pre-
vented lipid and protein oxidation, whereas caffeine did not
exert a protective effect (Baeza et al. 2014).

Ferulic acid (Fig. 1), another phenolic chlorogenic acid,
inhibits gamma radiation-induced DNA strand breaks and
sepsis-induced oxidative damage, enhances the survival of
rodent models and increases GSH levels and SOD (super-
oxide dismutase) and GPx activities (Bacanl et al. 2014;
Maurya and Devasagayam 2013). In human cells, it pre-
vents ultraviolet (UV)-B radiation-induced oxidative DNA
damage (Ambothi and Nagarajan 2014).

Several phenolic compounds that also exert genopro-
tective activities have been described as pro-oxidants and
inducers of DNA damage. Thus, caffeic acid (Fig. 1),
which has mainly been described as an antioxidant phe-
nolic compound, can decompose and act as a pro-oxidant
when coffee is stored in a thermos (Andueza et al. 2009).
Chlorogenic acid (Fig. 1) alone induces DNA damage via
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the formation of topoisomerase I- and topoisomerase II-
DNA complexes, more strong in lung cancer cells than in
normal lung fibroblasts. Therefore, the level of hydrogen
peroxide seems to inhibit the DNA damage induction by
chlorogenic acid (Burgos-Moron et al. 2012).

Anti-inflammatory agents

Inflammation is an immune defense response of an
organism in response to an attack, such as pathogen inva-
sion or injury. This natural reaction initiates a complex
system based on immune cells and the secretion of medi-
ators, such as factors that regulate angiogenesis, invasion,
tissue growth and cell proliferation, which in normal con-
ditions allow the reconstruction and restoration of healthy
tissue. However, chronic infections and inflammation are
regularly associated with cancer development. In a chron-
ically inflamed or tumor microenvironment, the presence of
autocrine and exocrine cytokines, pro-survival and pro-
angiogenic factors stimulates cell activity. In the case of
cancer, the nuclear factor-kB (NF-xB) and signal trans-
ducer and activator of transcription (STAT)-3 signaling
pathways, which are mutated or constitutively activated by
TNF-o (tumor necrosis factor-a), induce the expression of
growth factors (VEGF, vascular endothelial growth factor),
pro-survival factors [B cell lymphoma (Bcl)-2, Bel-xL] and
cytokines, such as interleukin (IL)-8 (Grivennikov et al.
2010; Hanahan and Weinberg 2011).

A study conducted on 84 healthy volunteers aimed to
demonstrate the effect of coffee on obesity and revealed
that the regular consumption of coffee significantly
decreases the transcription of the inflammatory genes NF-
E2-related factor (Nrf)2, peroxisome proliferator-activated
receptor (PPAR)y and IL-6. Using two different types of
coffee of known composition, the authors concluded after
an analytical study that the anti-inflammatory effect
observed correlated with the presence of chlorogenic acids
and their metabolites (Winkler et al. 2014). This conclusion
is strengthened by a previous study, which analyzed the
anti-inflammatory and antioxidant effects of aqueous
extracts of green and roasted coffee beans in rodent mod-
els. The results showed that the antioxidant activity of the
extracts is higher than that of the reference compounds
ascorbic acid and butylated hydroxytoluene and that this
and the anti-inflammatory effect are likely due to the
presence of flavonoids and chlorogenic acids (Moreira
et al. 2013).

Treatment with 75 and 25 puM of the diterpene kahweol
(Fig. 1), respectively, reduced the expression of
cyclooxygenase-2 (COX-2), a pro-inflammatory enzyme,
and the secretion of monocyte chemo-attractant protein 1
(MCP-1), an inflammatory regulator, in human umbilical
vein endothelial cells (HUVEC) (Cardenas et al. 2011).
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Treating MDA-MB-231 cells with 10 pM of this com-
pound inhibits the constitutive phosphorylation and tran-
scriptional activity of STAT-3, a transcription factor
involved in inflammation, proliferation and angiogenesis
(Kim et al. 2012).

A chlorogenic acid (5-O-caffeoylquinic acid) and N-
methylpyridinium, a roasting degradation product of tri-
gonelline (Fig. 1), were identified as inducers of the Nrf2/
antioxidant-response element (ARE) detoxifying pathway
that lead to an increase in the GST enzyme activity in vitro
and in vivo. A study of healthy volunteers confirmed these
results, but showed substantial inter-individual variations
(Boettler et al. 2011; Volz et al. 2012).

Both chlorogenic acid and caffeic acid (Fig. 1), two
phenolic compounds, were reported to inhibit the induced-
TLR4 (toll-like receptor 4)/NF-«kB signaling pathways by
preventing inhibitor of kappaB (IkB)a degradation via
phosphorylation and thus the expression of target genes,
such as TLR4 itself, iNOS (inducible nitric oxide syn-
thase), COX-2, TNF-a and IL-6 (Bufalo et al. 2013;
Hwang et al. 2014; Kwak et al. 2013; Shi et al. 2013).

Caffeine (Fig. 1) decreases the secretion of the pro-in-
flammatory cytokines IL-lra (interleukin-1 receptor
antagonist) and IL-10 by cancer cell-stimulated PBMCs
(peripheral blood mononuclear cells) (Bessler et al. 2012).
This anti-inflammatory effect was also observed in healthy
trained rats based on a decrease in two different anti-in-
flammatory markers (Barcelos et al. 2014). As a chemo-
preventive and anti-inflammatory agent, caffeine also acts
as protective agent against cirrhosis and hepatic fibrosis,
two chronic inflammatory diseases that can lead to liver
cancer development. Thus, in a cirrhotic rat model, caf-
feine attenuates periportal inflammation and the level of
inflammatory cells (Shim et al. 2013). This protective
effect against hepatic fibrosis was confirmed on human
drinking two cups of coffee per day over a 6-month period
(Modi et al. 2010). By comparing the effect of a regular
coffee and a similar coffee rich in melanoidins on the NF-
kB pathway activity, Chu et al. (2013) highlighted the anti-
inflammatory properties of these complex compounds.
Similar results were obtained with melanoidins generated
during the CO,-decaffeination process (Chen et al. 2011).

Cell proliferation inhibitors

Elevated cell proliferation rates that characterize cancer are
acquired via the deregulated production of growth factors,
but can also be caused by an erroneous integration and
interpretation of the induced signal. One of the main causes
behind the out-of-control growth of tumor cells is an
overproduction and elevated concentration of growth fac-
tors, such as hepatocyte growth factor (HGF) or VEGF,
which are secreted by surrounding cells (paracrine

signaling) as well as cancer cells themselves (autocrine
signaling). The cancer cells can also overexpress or self-
activate receptors, such as human epidermal growth factor
receptor (HER) or epidermal growth factor receptor
(EGFR), and utilize mutations and alterations in receptor
signaling pathways [e.g., Wnt, phosphoinositide 3-kinase
(PI3K)-Akt pathways] that regulate cell growth (Hanahan
and Weinberg 2011; Witsch et al. 2010).

As an anti-proliferative agent, kahweol (Fig. 1)
decreases VEGF mRNA expression and protein expression
in human breast cancer cells (MDA-MB-231) without
affecting healthy cells (MCF-10A) (Kim et al. 2012). It
also affects the proliferation of HN22 and HSC4 oral
squamous cell lines by directly decreasing the level of the
Spl (specificity protein 1) transcription factor (Chae et al.
2014).

Caffeine and caffeic acid (Fig. 1) inhibit the prolifera-
tion of two different breast cancer cell lines (MCF-7 and
MDA-MB-231) by modulating the level of estrogen
receptors (ER). Moreover, caffeine reduces the expression
of the mitogenic insulin-like growth factor type I receptor
(IGF-IR) in the same models (Rosendahl et al. 2014).
Caffeine alone was also reported to decrease the human
fibroblast growth factor 19 (FGF 19) mRNA level in the
colorectal adenocarcinoma cell line LS174T and repress
the expression of VEGF and EGFR in a dose-dependent
manner in HeLa cells (Lu et al. 2014; Styer et al. 2014).

Cell cycle progression inhibitors

Growth factors are not the only agents involved in cellular
proliferation. Indeed, this essential mechanism that ensures
the homeostasis of an organism is also negatively regulated
by other factors, such as tumor suppressor genes and pro-
teins involved in cell cycle progression. Tumor suppressor
genes, such as retinoblastoma (Rb), p53, adenomatous
polyposis coli (APC) or phosphatase and tensin homolog
(PTEN), act as sensors of cellular and genomic integrity
and prevent cell cycle progression if necessary, whereas
cyclins and cyclin-dependent kinases (cdks) are the key
molecules of cell cycle progression that act by regulating
the passage from one phase to the next phase of the cell
cycle. Mutations or deregulations that affect tumor sup-
pressor genes, cyclins, cdks or any related pathways that
regulate cell cycle progression are regularly observed in
cancer cells and held liable for their anarchic proliferation
(Diaz-Moralli et al. 2013; Hanahan and Weinberg 2011).
In RT-2 malignant glioma cells, caffeine (Fig. 1) indu-
ces cell cycle arrest by increasing the level of phospho-elF-
2a (eukaryotic translation initiation factor-2a), which
decreases the level of cyclin D1 and leads to secondary
cancer cell death via caspase-dependent and caspase-in-
dependent cell death pathways (Chen et al. 2014a). Similar

@ Springer



51 Page 8 of 17

Genes Nutr (2015) 10:51

results showing cell death by apoptosis after caffeine-in-
duced cell cycle arrests were also observed in HeLa cells
(Saiki et al. 2011).

5-Hydroxymethylfurfural (Fig. 1), a compound gener-
ated during the roasting process, indirectly results in cell
cycle arrest in GO/G1 by inducing ROS generation and
DNA damage and activating p53 as well as the Akt and
MAPK pathways. This process leads to cell death by
apoptosis after caspase cleavage (Zhao et al. 2014).

Oleaga et al. (2012) used microarray data and subse-
quent western blot analysis to confirm that caffeic acid
(Fig. 1) decreases the level of cyclin D1 in MCF-7 breast
and HT-29 colon cancer cell lines by modulating STAT-5B
and activating transcription factor-2 (ATF-2). Caffeic acid
and caffeine also reportedly arrest cells in the G1/S phase
of the cell cycle in two breast cancer models (Rosendahl
et al. 2014).

Two other small phenolic compounds found in coffee,
ferulic acid and p-coumaric acid (Fig. 1) delay cell cycle
progression. Although structurally very similar, they act
differently in human Caco-2 epithelial colorectal adeno-
carcinoma cells; ferulic acid up-regulates genes involved in
centrosome assembly, such as RABGAP1 (RAB GTPase-
activating protein 1) and CEP2 (Cdc42 effector protein 2)
or genes responsible for the S phase checkpoint, such as
SMCILI (structural maintenance of chromosomes protein
1A). p-coumaric acid up-regulates CDKNI1A (cyclin-de-
pendent kinase inhibitor 1), CCNA2 (cyclin A2) and
CCNBI1 (cyclin B1) (Janicke et al. 2011). In an in vivo
inducible hamster buccal pouch carcinoma model, the oral
administration of ferulic acid prevented cancer formation
and down-regulated the expression of PCNA (proliferating
cell nuclear antigen) and cyclin D1 (Prabhakar et al. 2012).
After inducing cell cycle arrest in the GO/Gl phase,
chlorogenic acid (Fig. 1) also reportedly triggered cell
death via apoptosis in human acute promyelocytic leuke-
mia HL-60 cells (Liu et al. 2013).

The heterogeneous melanoidins reduce proliferation and
induce cell cycle arrest in GO in the colon cancer cell line
LS180 by affecting several key cell cycle regulators
including cyclin D1, the cdk4, cdk6, p21, p27, p53 and
pRb. However, melanoidins act differently in C6 glioma
cells; they induce cell cycle arrest in the G1/S phase by
increasing p21 levels and decreasing the level of cyclin D1
(Langner et al. 2011, 2013).

Aberrant metabolism modulators

The exacerbated metabolic activity required for growth and
proliferation rates beyond those of healthy cells requires
the cancer cell to reorganize and increase its metabolic
capacity. To this end, cancer cells require a more consistent
supply of nutrients and oxygen via the formation of new
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blood vessels by angiogenesis (see “Angiogenesis inhibi-
tors” section) and the up-regulation of the expression of
glucose transporters and glycolytic enzymes. The cancer
cell also adapts its canonical glucose metabolism and
specifically complements the latter with the glutamine and
lipid metabolisms. PPARs (peroxisome proliferator-acti-
vated receptors) are a family of nuclear receptors that
regulate the expression of genes involved in glucose and
lipid metabolism as well as genes involved in inflamma-
tion, immunity, angiogenesis, proliferation, migration and
apoptosis. A recent analysis showed that they are one of the
most promising targets for the development of drugs to
fight metabolic diseases including diabetes, chronic
inflammation and cancer (Hanahan and Weinberg 2011;
Peters et al. 2012; Ward and Thompson 2012).

In a recent study, Aoyagi et al. analyzed the effect of
coffee on the differentiation of mouse pre-adipocytes and
the expression of PPARYy-target genes involved in glucose
metabolism. Their results show that both green and roasted
coffee extracts inhibit the expression of PPARY, although
the roasted extract was more efficient, which suggested that
one or several compounds produced by roasting exert an
inhibitory effect. A separate analysis excluded the role of
caffeine, chlorogenic acids, caffeic acid and trigonelline in
the negative modulation of PPARYy gene expression
(Aoyagi et al. 2014). In this context, a previous study had
already described hydroxyhydroquinone (Fig. 1), a com-
pound found in roasted beans, as a repressor of the
expression of glycolytic enzymes phosphoglycerate kinase
1 (PGK1) and pyruvate kinase M2 (PKM2) via PPARY
(Shashni et al. 2013).

Caffeine (Fig. 1) decreases the mRNA level of FGF 19
(fibroblast growth factor 19), a growth factor known to
modulate genes involved in glucose uptake and metabolism
(Styer et al. 2014). Caffeine and other methylxanthines
including theophylline have also been reported as non-
competitive glucose transporter 1 (GLUT1) inhibitors, a
transporter protein that is regularly overexpressed in cancer
cells (Ojeda et al. 2012).

Two different decaffeinated green coffee bean extracts
enriched in chlorogenic acid (Fig. 1) reportedly decrease
the postprandial blood glucose level in healthy rat and
human models. Deeper investigations revealed that
chlorogenic acids, mainly caffeoylquinic acids and dicaf-
feoylquinic acids (Fig. 1), competitively inhibit the activity
of glucose-6-phosphatase (G6Pase), the glycolytic enzyme
responsible for the hydrolysis of glucose-6-phosphate
(G6P) (Henry-Vitrac et al. 2010; Iwai et al. 2012).
Chlorogenic acid and caffeic acid (Fig. 1) were shown to
significantly decrease the body weight of mice fed with a
high-fat diet. Both compounds significantly inhibited the
activities of enzymes involved in lipid metabolism, such
as fatty acid synthase, 3-hydroxy-3-methylglutaryl CoA
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reductase and acyl-CoA/cholesterol acyltransferase, while
they increased the expression of PPARa. The authors
noticed that chlorogenic acid was a more potent lipid
metabolism inhibitor than caffeic acid (Cho et al. 2010).

Angiogenesis inhibitors

Because of its high metabolic rate, the tumor needs a
constant supply of oxygen and nutrients and should also
ensure the elimination of metabolic waste. Therefore, the
formation of a dense network of blood vessels is an
essential step in the tumor’s development and spread.
This process, which is quiescently and transiently reacti-
vated in healthy tissues during wound healing, is regu-
lated by the pressure of a complex balance between
angiogenic activators, such as vascular endothelial growth
factor (VEGF) and TNF-o, and angiogenic inhibitors,
such as thrombospondin, tissue inhibitor of metallopro-
teinase (TIMP). This process is also assisted by various
types of healthy cells within the tumor microenvironment
and cancer cells (Hanahan and Weinberg 2011; Welti
et al. 2013).

Kahweol (Fig. 1), which is present at low concentrations
in filtered coffee, is an anti-angiogenic polyvalent com-
pound. A concentration of 10 nM is sufficient to inhibit
in vivo angiogenesis in a chicken chorioallantoic mem-
brane (CAM) assay, and 75 puM is sufficient in a zebrafish
model. An ex vivo mouse aortic ring assay confirmed
previous results, which showed that 25 ptM of kahweol
completely inhibits angiogenesis. Moreover, kahweol
inhibits the proliferation of proliferative and nonprolifera-
tive HUVEC cells at doses of approximately 50 and
150 uM, respectively. It also prevents the tubule formation
of endothelial cells and their invasion in a Matrigel assay
starting at a concentration of 25 uM (Cardenas et al. 2011).
In the same cells, kahweol dose-dependently decreases the
IL-6-induced mRNA and protein expression levels of
VEGEF as well as the IL-6 induced migration and tubule
formation after treatment with a minimal concentration of
1 uM (Kim et al. 2012).

Cafestol (Fig. 1), a diterpene homologous to kahweol,
also inhibits HUVEC proliferation and migration in a dose-
dependent manner at concentrations as low as 20 uM. At
the same concentration, the mechanistic analysis shows
that it partially or completely inhibits the phosphorylation
of VEGFR2, Akt and focal adhesion kinase (FAK), but
does not affect Erk 1/2, although a concentration of 5 uM
was sufficient to significantly decrease the tube formation
in a Matrigel assay (Wang et al. 2012).

Caffeine (Fig. 1) exerts in vivo anti-angiogenic activity,
as revealed by assays on chicken chorioallantoic membrane
(CAM) and zebrafish embryos. Deeper investigations on
human cells showed that caffeine inhibits the proliferation

of HUVEC cells and induces their apoptosis by modulating
caspase-3 and Bcl-2 (Li et al. 2013; Yeh et al. 2012).

Chlorogenic acid (Fig. 1) reportedly inhibited laser-in-
duced choroidal neovascularization (CNV) in a rat model
(Kim et al. 2010). p-coumaric acid (Fig. 1), a phenolic
constituent of chlorogenic acid that is released during its
catabolism, inhibits the sprouting of endothelial cells in rat
aortic rings and blocks the tube formation and migration of
endothelial cells. It also decreases the secretion of growth
factors (FGF, VEGF) at the mRNA level by acting on the
Akt and Erk pathways (Kong et al. 2013).

Invasion and metastasis inhibitors

Like any living entity, cancer has a natural tendency to
expand and spread to colonize cancer subtype-specific host
organism niches. The hallmarks of metastasis and angio-
genesis usually occur in advanced stages of the disease and
require epithelial-mesenchymal transition (EMT). While
cancer cells are initially anchored by adherence molecules,
the influence of several activators, repressors and matrix
metalloproteinases (MMPs) in the absence of TIMPs trig-
gers the down-regulation or the loss of these molecules and
allows the cancer cell to detach. After remodeling of the
cytoskeleton, the cancer cell then moves and migrates
through the body via blood and lymphatic vessels to
healthy tissues and forms a metastasis (Hanahan and
Weinberg 2011; Palmer et al. 2011).

Caffeine (Fig. 1) regulates the epithelial-mesenchymal
transition and decreases the mRNA and protein levels of
MMP-2 and MMP-9. In U937 cells, it increases the intra-
cellular level of Ca’t and ROS, inactivates extracellular-
signal-regulated kinase (ERK) and activates p38 mitogen-
activated protein kinase (MAPK) (Liu and Chang 2010; Lu
et al. 2014). Caffeine was also reported to inhibit the
migration of rat and human glioma cells and down-regulate
the expression of phosphorylated (p)-FAK and p-paxillin,
two proteins involved in the formation of focal adhesions
(Chen et al. 2014b).

In agreement with its anti-angiogenic properties, kah-
weol (Fig. 1) (25 pM) reduces the expression of MMP-2
and completely inhibits this enzyme and the protease
urokinase (50 pM) (Cardenas et al. 2011). At a lower
concentration (5 pM), it inhibits the migration and invasion
of several human cancer cells lines, such as MDA-MB-231
(breast), A549 (lung) and PC3 (prostate). Under the same
conditions, kahweol decreases the expression levels and
activities of MMP-2 and MMP-9 in MDA-MB-231 cells
via STAT-3 inactivation (Kim et al. 2012).

Chlorogenic and caffeic acid (Fig. 1), two phenolic
compounds, suppress CT-26 cell-induced lung metastasis
in a murine model. Chlorogenic acid reduces the activities
of MMP-2 and MMP-9 and prevents the phosphorylation
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of ERK (mitogen-activated protein kinase). Moreover,
caffeic acid inhibits the activities of MEK1 (dual speci-
ficity mitogen-activated protein kinase 1) and T-(lym-
phokine-activated killer) LAK cell-originated protein
kinase (TOPK/PBK), which are known upstream activators
of ERK, via non-competitive binding. These results, which
demonstrated the inhibition of phospho-ERK, were con-
firmed in human samples by immunohistochemical analy-
sis (Kang et al. 2011).

Melanoidins, which are nitrogen-containing products,
are potent and selective inhibitors of the human zinc-con-
taining endopeptidases MMP-1, MMP-2 and MMP-9, but
are ineffective against ACE (angiotensin I-converting
enzyme) and ChC (Clostridium histolyticum collagenase).
This finding suggests that while melanoidins are known as
zinc chelating agents, they specifically block the MMP
active pocket (De Marco et al. 2011).

Immortality

To maintain homeostasis, healthy cells are limited to a
defined number of growth-and-division cycles; this defined
number is the Hayflick limit, which is estimated to 50
generations. The survival of cells depends on their ability
to maintain telomeres, which are DNA sequences present at
the ends of chromosomes and whose length decreases
during each cycle of replication. To compensate for
telomere erosion and achieve immortality, cancer cells
activate telomerases, DNA polymerases responsible for the
addition of a hexameric DNA sequence, or the alternative
lengthening of telomeres (ALT) pathway, a telomerase-
independent mechanism, to maintain telomere integrity
(Conomos et al. 2013; Hanahan and Weinberg 2011).

Chlorogenic acid (Fig. 1) acts on topoisomerases I and
IT that introduce transient single and double DNA strand
breaks during DNA replication and chromatin remodeling.
It induces the formation of topoisomerase I- and II-DNA
complexes that arrest the cell until activation of apoptosis
(Burgos-Moron et al. 2012). In an inducible oral tumor
mouse model, ferulic acid (Fig. 1), a phenolic compound
released during chlorogenic acid catabolism, decreased the
expression of PCNA, an essential processivity factor of
DNA replication (Prabhakar et al. 2012).

Immune modulators

Even though humans have evolved an effective innate and
adaptive immune defense against a large number of dis-
eases, pathogens and abnormal cells, this defense seems
impotent toward cancer. On the contrary, immune cells
present in the tumor microenvironment are deregulated and
participate in cancer progression by secreting ROS, as well
as pro-inflammatory, growth and angiogenic factors. This

@ Springer

cellular reprogramming of immune cells, the difficulty to
develop an antibody against self-antigens to specifically
target cancer cells and ineffective or mutated antigen
processing and presentation pathways, the loss of specific
membrane markers and a resistance to cell death can mask
the tumor from immune cell detection and protect against
destruction (Hanahan and Weinberg 2011; Vesely et al.
2011).

An alcoholic extract or instant coffee powders prepared
from Coffea arabica were reported to act as immunos-
timulants based on their ability to increase the level of total
leukocytes in the blood of mice, induce the secretion of
free radicals and IL-2 by mouse immunocytes and activate
B lymphocytes. After fractionation, the observed
immunological activity was primarily attributed to differ-
ent non-toxic arabinogalactan proteins and the polysac-
charides arabinogalactans and galactomannans (Fig. 1)
(Capek et al. 2014; Haque et al. 2013; Passos et al. 2014).
An arabinogalactan protein composed of galactose and
arabinose isolated from an instant coffee powder was
shown to stimulate immunocompetent cells by inducing the
release of IL-2, TNF-a and interferon (IFN)-y in ex vivo
murine models (Nosal'ova et al. 2011).

Cytotoxic agents

One of the most recognized hallmarks of a cancer cell
undoubtedly is its ability to resist apoptosis, a natural
programmed cell death process that occurs in healthy cells
to maintain homeostasis in the body. Apoptosis is triggered
when the balance between pro-apoptotic (Bax, Bak...) and
anti-apoptotic Bcl-2 family proteins [Bcl-2, Bel-xL, mye-
loid cell leukemia (Mcl)-1] is disrupted. Two types of
signals can initiate programmed cell death, intracellular
signals including DNA damage or mitochondrial stress and
extracellular signals by activation of death receptors by Fas
ligand and TNF-o among others. The intrinsic and extrinsic
pathways lead to the activation of initiator and executioner
caspases responsible for the proteolysis of intracellular
proteins and execution of apoptosis. While apoptosis is the
best-known cell death mechanism, recent studies and
observations have shown that a cell can die via various
caspase-dependent and caspase-independent mechanisms.
Moreover, controlled necrosis comprises by now an
increasing number of cell demise modalities including
parthanatos, oxytosis, ferroptosis, NETosis, pyronecrosis
and pyroptosis, among other. Altogether cancer cells have
developed several strategies to prevent the execution of cell
death mechanisms, such as the inactivation of the p53
tumor suppressor gene, a DNA damage sensor, the over-
expression of anti-apoptotic factors or the down-regulation
of pro-apoptotic factors (Hanahan and Weinberg 2011;
Ouyang et al. 2012).
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Two aqueous spent coffee extracts of C. arabica and
robusta are reportedly cytotoxic to HeLa cells. Both
treatments induce cell death in a dose-dependent manner
after 24 h of treatment in a range of 37-3000 pg/mL
(ICs¢ = 1000 pg/mL) (Bravo et al. 2013). The cytotoxic
potential of the different coffee compounds has also been
investigated in different cell models and in various
conditions.

Thus, caffeine (Fig. 1) induced death of HeLa cells, and
a western blot analysis showed the cleavage of PARP (poly
ADP ribose polymerase) and caspase-3, prototypical
markers of apoptosis. A flow cytometry analysis indicated
dose-dependent increase in the sub-G1, S and G2/M pop-
ulations and decrease in the G1 population after treatment.
This alkaloid acts by down-regulating the mRNA levels of
p53a in favor of p53p, leading to the down-regulation of
SRSF3 (serine/arginine-rich splicing factor 3), a factor that
regulates the expression of VEGF, EGFR, COX-2 and
GLUT1 (Lu et al. 2014).

Cafestol (Fig. 1), one of the main diterpene alcohols,
induces apoptosis in renal carcinoma Caki-1 cells by pro-
moting the up-regulation of the pro-apoptotic proteins Bim
and Bax and the down-regulation of the anti-apoptotic
proteins cellular FLICE (FADD-like IL-1(-converting
enzyme) inhibitory protein (cFLIP), Bcl-2, Mcl-1, and Bcl-
xL via the inhibition of the Akt pathway (Choi et al. 2011).
With kahweol (Fig. 1), these proteins can both trigger the
apoptosis of human malignant pleural mesothelioma cells
by decreasing protein and mRNA levels of the transcription
factor Spl. Although structurally similar, cafestol most
effectively cleaved Bid, caspase-3 and PARP, whereas
kahweol induced apoptosis by up-regulating Bax and
down-regulating Bcl-xL (Lee et al. 2012).

In acute myelogenous leukemia (AML) U937 cells,
chlorogenic acid (Fig. 1) induces ROS generation, reduces
the mitochondrial membrane potential and activates cas-
pase cleavage, which leads to apoptosis via caspase- and
mitochondria-dependent pathways (Yang et al. 2012).
Chlorogenic acid has also been reported as a cytotoxic
agent; it induced cell death by apoptosis after cell cycle
arrest in the human acute promyelocytic leukemia cell line
HL-60 (Liu et al. 2013).

Epidemiological studies and bioavailability

Coffee consumption was sometimes considered a bad
habit, and an excessive intake can induce side effects,
notably due to caffeine, such as increased blood pressure,
nausea or heart diseases (Cano-Marquina et al. 2013).
Thus, coffee consumption is not recommended or at a
reduced dose to children, pregnant women or patients
with cardiovascular conditions. Recently, however, coffee

consumption, more precisely the stimulatory molecule
caffeine, was demonstrated to prevent depression and
memory dysfunction caused by chronic stress in a rodent
model (Kaster et al. 2015). Coffee consumption is also
regularly associated with several health problems, such as
heart disease and cancer development. Recently, an
important study associated esophageal cancer development
with the consumption of overheated beverages, such as tea,
and not directly with the molecular components of coffee
(Islami et al. 2009). Worldwide consumption of coffee
products clearly demonstrates its non-toxicity. It is never-
theless important to know that caffeine becomes lethal at
very high doses (150-200 mg/kg (http://toxnet.nlm.nih.
gov. Accessed October 2015) corresponding to 11.25-15 g
for a 75 kg adult, >65, 125-mL cups of brewed coffee
(based on a concentration of 1.39 mg of caffeine/mL)
corresponding to 8 L. This extreme value has to be com-
pared to the amounts used in cohort studies that highlighted
the chemopreventive effect of coffee on several types of
cancer taken over a few days to several decades. Overall,
most studies have demonstrated that an average con-
sumption of 4-6 cups of coffee per day, which corresponds
to a total consumption of 750 mL, is sufficient to prevent
carcinogenesis and slow the progression of different types
of cancer (Yu et al. 2011). This recommendation is in line
with other studies that attest that 400 mg of caffeine per
day, which is roughly the amount of caffeine contained in
4-6 cups, is safe for adults (Mejia and Ramirez-Mares
2014). Interestingly, the consumption of 750 mL of black
coffee per day (3 x 250 mL) has been shown to benefi-
cially affect health after 4 weeks by contributing to the
maintenance of DNA integrity and by significantly
decreasing the expression of genes involved in the
inflammation process (Nrf2, IL-6, PPARa and PPARY)
(Bakuradze et al. 2014; Winkler et al. 2014).

The consumption of caffeinated coffee is more common
than that of decaffeinated coffee; thus, data that demon-
strate that the consumption of a special type of coffee
confers an advantage are lacking, even though caffeine
exerts anticancer activities, as discussed in this review. By
comparing the effects of regular coffee consumption and
decaffeinated coffee consumption, several clinical studies
revealed that caffeinated coffee drinkers are at a lower risk
of developing cancer, unlike decaffeinated coffee con-
sumers (Ferrucci et al. 2014; Giri et al. 2011; Hildebrand
et al. 2013).

Numerous clinical studies and multiple additional
studied have confirmed that the daily consumption of
several cups of coffee prevents and fights cancer. This
finding demonstrates that coffee contains anticancer com-
pounds that are naturally present at a therapeutic concen-
tration. In-depth analyses have revealed the presence of
several dozens of different molecules in a single cup of
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Fig. 3 Natural compounds from coffee targeting the hallmarks of
cancer, based on Hanahan and Weinberg (2011), with modifications.
This figure adapted from (Hanahan and Weinberg 2011) summarizes
the anticancer effects of all molecules presented in this review. A
non-exhaustive recent bibliography includes (Ambothi and Nagarajan
2014; Baeza et al. 2014; Bravo et al. 2013; Burgos-Moron et al. 2012;
Capek et al. 2014; Caporaso et al. 2014; Chen et al. 2014a; Haque

coffee that could be described as a coffeome based on the
abundance and diversity of molecules (Ludwig et al.
2013b; Rodrigues and Bragagnolo 2013). In fact, this
complexity is amplified once the coffee is drunk; the gut
microbiome and human enzymes catalyze and modify the
coffeome to release yet new compounds with unique
activities.

Because of their abundance, structural heterogeneity or
biological activity, caffeine and chlorogenic acids are the
compounds whose bioavailability (amount of absorbed
substance available for physiological functions), bio-ac-
cessibility (amount of absorbed substance available for
assimilation in the gut after digestion) and catabolism after
coffee ingestion (Mills et al. 2013; Mullen et al. 2011) are
mainly being studied.

The consumption of 400 mL of coffee leads to the
release of at least 34 coffee metabolites (22 phenolic acid
derivatives and 12 chlorogenic acids derivatives) in human
plasma. These compounds mainly consist of glu-
curonidated and sulfonated forms of caffeic acid, coumaric
acid, caffeoylquinic acid and more complex compounds,
such as dihydro-isoferulic acid-3-O-glucuronide or (dihy-
dro)coumaric acid O-sulfates (Crozier et al. 2010; Redeuil
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et al. 2013; Passos et al. 2014; Rodrigues et al. 2013; Vicente et al.
2014). Caf caffeine, Col cafestol, Cid caffeic acid, Cga chlorogenic
acids, Cou p-coumaric acid, Fer ferulic acid, Hhq hydroxyhydro-
quinone, Hyd 5-hydroxymethylfurfural, Kah kahweol, Mel melanoi-
dins, Num N-methylpyridinium, Phe phenolic compounds, Pol
polysaccharides

et al. 2011). Ludwig et al. incubated freshly prepared
coffee with human colonic microflora at 37 °C to specifi-
cally analyze the effect of the human colonic microbiota
and discovered that the pool of 20 chlorogenic acids ini-
tially present in coffee shifts to 11 catabolites after 6 h.
However, this decrease in the number of compounds
should be qualified by the fact that many molecules are
isomers of the initial chlorogenic acids (Ludwig et al.
2013b).

The metabolism of the molecules originally contained in
coffee and the appearance of novel catabolites allows new
biological properties to emerge that were initially absent in
coffee at the time of consumption. In a comparative study,
the anti-radical activity of a raw coffee extract increased;
the ECsy value decreased from 1.86 to 1.47 mg/mL after
in vitro digestion. Lipoxygenase (LOX), an enzyme
responsible for the generation of ROS and involved in the
inflammation process, was similarly inhibited; the ICs
decreased from 4.22 to 1.45 mg/mL after simulated gas-
trointestinal digestion (Durak et al. 2014). Similarly, the
products obtained from a simulated gastrointestinal diges-
tion of melanoidins from coffee exerted a higher hydroxyl
radical scavenging activity and more efficiently protected
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DNA than non-digested melanoidins. This effect could be
explained by the release of free phenolic compounds from
melanoidins during the digestion process (Del Pino-Garcia
et al. 2012).

Conclusion

Coffee is one of the most widely consumed beverages in
the world due notably to its low cost and ease of prepa-
ration. As underlined in our review, coffee is also clearly
one of the most chemically complex natural drinks, and a
cup of regular dark coffee contains abundant heteroge-
neous bioactive compounds which are naturally present in
coffee but which are also generated during the production
process and also after ingestion during catabolism by the
human microbiota (Figs. 1, 2). Many of these molecules
act on the different hallmarks and enabling characteristics
of cancer and thus help to prevent the appearance and
development of this disease (Fig. 3), which have been
confirmed by numerous studies that have highlighted that a
daily consumption of 750 mL of regular dark coffee helps
to protect and prevent cancer progression.

Nevertheless, it goes without saying that coffee con-
sumption alone cannot be considered as the perfect natural
chemopreventive and chemotherapeutic medicine, but must
be with good reason included into a healthy lifestyle which
only it can contribute to prevent cancer development and
progression.
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