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Abstract Epigenetic regulation, which includes changes

in DNA methylation, histone modifications, and alteration

in microRNA (miRNA) expression without any change in

the DNA sequence, constitutes an important mechanism by

which dietary components can selectively activate or

inactivate gene expression. Curcumin (diferuloylmethane),

a component of the golden spice Curcuma longa, com-

monly known as turmeric, has recently been determined to

induce epigenetic changes. This review summarizes current

knowledge about the effect of curcumin on the regulation

of histone deacetylases, histone acetyltransferases, DNA

methyltransferase I, and miRNAs. How these changes lead

to modulation of gene expression is also discussed. We also

discuss other nutraceuticals which exhibit similar proper-

ties. The development of curcumin for clinical use as a

regulator of epigenetic changes, however, needs further

investigation to determine novel and effective chemopre-

ventive strategies, either alone or in combination with other

anticancer agents, for improving cancer treatment.
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Introduction

Epigenetics, heritable changes in gene expression that

occur without a change in the DNA sequence, constitute an

important mechanism by which dietary components can

selectively activate or inactivate gene expression (Davis

and Ross 2007). Epigenetic mechanisms include changes in

DNA methylation, histone modifications, and altered

microRNA (miRNA) expression (Yoo and Jones 2006;

Winter et al. 2009).

Changes to the structure of chromatin influence gene

expression by either inactivating genes, which occurs when

the chromatin is closed (heterochromatin), or by activat-

ing genes when the chromatin is open (euchromatin)

(Rodenhiser and Mann 2006). The nucleosome (Fig. 1a),

which is the fundamental repeating unit of chromatin, is

composed of DNA wrapped around a histone octamer,

formed by four histone partners, an H3-H4 tetramer, and

two H2A-H2B-dimers. Each successive nucleosomal core

is separated by a DNA linker associated with a single

molecule of histone H1. Chromatin modifications usually

occur at the amino acids of the N-terminal tails of histones

(Fig. 1b) and either facilitate or hinder the association

of DNA repair proteins and transcription factors with

chromatin. These core histones undergo a wide range of

post-translational modifications, including acetylation,

controlled by histone acetyltransferases (HATs), and

associated with gene expression (Zhang and Dent

2005); deacetylation, controlled by histone deacetylases

(HDACs), and associated with gene inactivation; and

methylation, phosphorylation, ubiquitination, sumoyla-

tion, ADP-ribosylation, and possibly biotinylation (Davis

and Ross 2007).

In addition, epigenetic factors can also affect the

expression of miRNAs (Croce 2009). Aberrant expression
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of miRNAs can arise through numerous mechanisms,

including genomic abnormalities, transcriptional regula-

tion, and processing of miRNAs (Winter et al. 2009).

miRNAs are small, endogenous, single-stranded RNAs of

19–25 nucleotides in length that regulate gene expression,

for example, by binding imperfectly to the 30 untranslated

region of target mRNAs, leading to translational repres-

sion, or by targeting mRNA cleavage because of the

imperfect complementarity between miRNA and mRNA.

Recently, natural compounds, such as curcumin,

epigallocatechin gallate (EGCG), and resveratrol, have

been shown to alter epigenetic mechanisms, which may

lead to increased sensitivity of cancer cells to conventional

agents and thus inhibition of tumor growth (Li et al. 2010).

Curcumin (diferuloylmethane), a yellow spice and the

active component of the perennial herb Curcuma longa,

commonly known as turmeric (Aggarwal and Sung 2009),

is one of the most powerful and promising chemopreven-

tive and anticancer agents, and epidemiological evidence

demonstrates that people who incorporate high doses of

this spice in their diets have a lower incidence of cancer

(Wargovich 1997). Furthermore, epidemiological evidence

exists indicating that there is a correlation between

increased dietary intake of antioxidants and a lower inci-

dence of morbidity and mortality (Devasagayam et al.

2004). For instance, a population-based case–control study

in approximately 500 newly diagnosed gastric adenocar-

cinoma patients and approximately 1,100 control subjects

in Sweden found that the total antioxidant potential of

several plant-based dietary components was inversely

associated with gastric cancer risk (Serafini et al. 2002).

Dietary and other environmental factors induce epige-

netic alterations which may have important consequences

for cancer development (Penn et al. 2009). Butyrate was

the first food-derived substance shown to affect posttrans-

lational modifications of histones through its action as

an inhibitor of class 1 HDACs (Davie 2003; Kruh 1982;

Vidali et al. 1978). More recently, a number of other
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Fig. 1 a The fundamental

repeating unit of the chromatin

is the nucleosome. A single

nucleosomal core is composed

of a DNA fragment wrapped

around a histone octamer,

formed by an H3-H4 tetramer

and two H2A-H2B dimers. Each

successive nucleosomal core is

separated by a DNA linker

associated with a single

molecule of histone H1.

b Chromatin modifications

usually occur at the amino acids

of the N-terminal tails of

histones. These histone tails are

the site for a wide range of post-

translational modifications,

including acetylation controlled

by histone acetyltransferases

(HATs), deacetylation

controlled by histone

deacetylases (HDACs), and

methylation controlled by DNA

methyltransferases (DNMTs)
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dietary components have been identified which modulate

the acetylation state of histones or affect the activities of

HDACs and/or histone acetyl transferases [reviewed by

Delage and Dashwood (2008)]. Proof of principle that

dietary exposures may have lifelong consequences for

epigenetic marks comes from recent studies of the adult

offspring of women exposed to famine during pregnancy.

Methylation of the imprinted gene insulin-like growth

factor 2 was lower in adults (approximately 60 years of

age) who were periconceptionally exposed to famine dur-

ing the Dutch Hunger Winter of 1944–1945 (Heijmans

et al. 2008). Interest in the effects of dietary compounds

such as resveratrol which activate class III HDACs (sirtuins)

is growing rapidly because of their demonstrable role in

extending lifespan and in reducing, or delaying, age-related

diseases including cancers (Baur 2010).

How curcumin exerts its powerful anticancer activities

has been thoroughly investigated, and several mechanisms

of action have been discovered. Although pharmacokinetic

studies have shown that curcumin is present in much lower

plasma concentration in humans than in vitro, numerous

preclinical reports have demonstrated curcumin’s antican-

cer activity (Sharma et al. 2004; Cheng et al. 2001). One

explanation for its activity in humans, even at lower con-

centrations, might be that curcumin exerts its biological

activities through epigenetic modulation (Fig. 2).

Effect of curcumin on histone acetylation/deacetylation

Histone modifications are among the most important epi-

genetic changes, because it can alter gene expression and

modify cancer risk (Gibbons 2005). Abnormal activity of

both HATs and HDACs has been linked to the pathogen-

esis of cancer. HDACs are a class of enzymes that remove

acetyl groups from an e-N-acetyl lysine amino acid on a

histone. Its action is opposite to that of HATs. HDAC

enzymes do not bind to DNA directly but rather interact

with DNA through multiprotein complexes that include

corepressors and coactivators. At least 18 HDACs have

been identified in humans, primarily occupying 4 classes

based on homology with yeast deacetylases (Xu et al.

2007). HDAC inhibitors are being explored as cancer

therapeutic compounds because of their ability to alter

several cellular functions known to be deregulated in

cancer cells (Davis and Ross 2007).

Recently, various studies have investigated the effect of

curcumin on HDAC expression. Of these, Bora-Tatar et al.

(2009) reported that among 33 carboxylic acid derivatives,

curcumin was the most effective HDAC inhibitor, and that

it was even more potent than valproic acid and sodium

butyrate, which are well-known HDAC inhibitors. Another

study revealed that HDAC 1, 3, and 8 protein levels were

significantly decreased by curcumin, resulting in increased

levels of acetylated histone H4 (Liu et al. 2005). Similarly,

significant decreases in the amounts of HDAC1 and

HDAC3 were detected by Chen et al. (2007) after treat-

ment with curcumin.

By contrast, HDAC2, a critical component of cortico-

steroid anti-inflammatory action and impaired in lungs of

patients with chronic obstructive pulmonary disease and by

cigarette smoke extract, was restored by curcumin (Meja

et al. 2008). Because of the differing effect of curcumin on

the different subtypes of HDAC enzymes, further research

is required to understand the mechanism of curcumin on

HDAC expression.

HATs, enzymes that acetylate conserved lysine amino

acids on histone proteins by transferring an acetyl group

from acetyl CoA to form e-N-acetyl lysine, are other

important targets for dietary components. HATs include at

least 25 members and are organized into 4 families based

on primary structure homology (Lee and Workman 2007).

Several studies have recently reported that curcumin is a

potent HAT inhibitor. In 2004, Balasubramanyam et al.

(2004) reported that curcumin is a specific inhibitor of

p300/CREB-binding protein (CBP) HAT activity in vitro

and in vivo but not of p300/CBP-associated factor.

Furthermore, they showed that curcumin inhibited the

p300-mediated acetylation of p53 in vivo and significantly

repressed acetylation of HIV-Tat protein in vitro as well as

proliferation of the virus (Balasubramanyam et al. 2004).

Another group that identified curcumin as a specific

inhibitor of p300/CBP HAT activity in vitro and in vivo

discovered that inhibition of p300 HAT activity by cur-

cumin prevented also against heart failure in rats

(Morimoto et al. 2008). Marcu et al. (2006) found that

curcumin’s binding site on p300/CBP was specific and that

binding led to a conformational change, resulting in a

decrease in the binding efficiency of histones H3 and H4

and acetyl CoA.

It is well known that curcumin induces apoptosis of

numerous cancer cell lines, but its mechanism may vary.

Curcumin
p300/CBP 

HDAC 1,3,8

miRNA-22

DNMT1 miRNA-199a*

miRNA-186a*

Fig. 2 Schematic representation of epigenetic factors modulated by

curcumin
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Induction of apoptosis by curcumin in cervical cancer cells,

for example, was associated with inhibition of histone and

p53 acetylation through specific inhibition of p300/CBP

(Balasubramanyam et al. 2004). For example, curcumin

activated poly (ADP) ribose polymerase- and caspase-3–

mediated apoptosis in brain glioma cells through induction

of histone hypoacetylation (Kang et al. 2006).

Histones are acetylated and deacetylated on lysine res-

idues, but HATs and HDACs can also modify the acety-

lation status of non-histone proteins (Sadoul et al. 2008).

The regulation of transcription factors, effector proteins,

molecular chaperones, and cytoskeletal proteins by acet-

ylation/deacetylation is emerging as a significant post-

translational regulatory mechanism (Glozak et al. 2005).

NF-jB, a pro-inflammatory transcription factor, under-

goes acetylation before it activates hundreds of genes

involved in different cellular processes (Chen et al. 2001;

Gupta et al. 2010a). Acetylation of NF-jB takes place at

multiple lysine residues with the p300/CBP acetyltransfer-

ases. Curcumin inhibited p300-mediated acetylation of

RelA, an isoform of NF-jB, which attenuated interaction

with IjBa, leading to decreased IjBa-dependent nuclear

export of the complex through a chromosomal region

maintenance-1–dependent pathway (Chen et al. 2001). In

the same way, Yun et al. (2010) found that curcumin

treatment significantly reduced HAT activity, p300 levels,

and acetylated CBP/p300 gene expression and consequently

suppressed NF-jB binding. Thus, curcumin’s ability to

suppress p300/CBP HAT activity may be responsible, at

least in part, for its potent NF-jB inhibitory activity.

Curcumin also inhibited the hypertrophy-induced acet-

ylation and DNA-binding abilities of GATA4, a hypertro-

phy-responsive transcription factor, in rat cardiomyocytes,

which indicates that inhibition of p300 HAT activity by

curcumin may also provide a novel therapeutic strategy for

heart failure in humans (Morimoto et al. 2008). Finally,

curcumin also induced recontrolling of neural stem cell

fates by decreasing histone H3 and H4 acetylation (Kang

et al. 2006).

Since curcumin can modulate both HDAC and HAT, a

common mechanism may be underlying. For example,

oxidative stress can activate NF-jB through the activation

of intrinsic HAT activity, resulting in the expression of pro-

inflammatory mediators, but it can also inhibit HDAC

activity (Rahman et al. 2004). As such, curcumin, a known

antioxidant, may regulate both acetylation and deacetyla-

tion through the modulation of oxidative stress.

Effect of curcumin on DNA methylation

DNA methylation plays an essential role in regulating

normal biological processes in addition to carcinogenesis

(Esteller 2007). DNA methylation is a heritable modifica-

tion of the DNA structure that does not alter the specific

sequence of base pairs responsible for encoding the gen-

ome but that can directly inhibit gene expression (Das and

Singal 2004). Two patterns of DNA methylation have been

observed in cancer cells: global hypomethylation, or

decreased methylation that can facilitate the expression of

quiescent proto-oncogenes and prometastatic genes and

promote tumor progression, or localized hypermethylation,

an increased methylation at specific CpG islands within the

gene promoter regions of specific genes, such as tumor

suppressor genes, that can result in transcriptional silencing

and an inability to control tumorigenesis (Ehrlich 2009).

DNA methylation is regulated by DNA methyltransferases

(DNMT1, DNMT3a, and DNMT3b) in the presence of

S-adenosyl-methionine, which serves as a methyl donor for

methylation of cytosine residues at the C-5 position to yield

5-methylcytosine (Herman and Baylin 2003).

Only a few reports have so far investigated the effect of

curcumin on DNA methylation. Molecular docking of the

interaction between curcumin and DNMT1 suggested that

curcumin covalently blocks the catalytic thiolate of

DNMT1 to exert its inhibitory effect on DNA methylation

(Liu et al. 2009). However, a more recent study showed no

curcumin-dependent demethylation, which suggested that

curcumin has little or no pharmacologically relevant

activity as a DNMT inhibitor (Medina-Franco et al. 2010).

To clarify these contradictions, more research is urgently

needed.

Given that 5-azacitidine and decitabine, two FDA-

approved hypomethylating agents for treating myelodys-

plastic syndrome, have a demonstrated ability to sensitize

cancer cells to chemotherapeutic agents, it would be

worthwhile to explore whether the hypomethylation effect

of curcumin can also induce cancer cell chemosensitiza-

tion. Interestingly, a phase 1 trial with curcumin adminis-

tered several days before docetaxel in patients with

metastatic breast cancer resulted in 5 partial remissions and

stable disease in 3 of 8 patients (Bayet-Robert et al. 2011).

This unexpected high response might have resulted from

the clever sequential delivery of these two agents, which

capitalized on and maximized curcumin’s epigenetic

activity for cancer treatment.

Effect of curcumin on miRNA expression

miRNAs, small noncoding regulatory RNAs, range in size

from 17 to 25 nucleotides (Croce 2009) and are responsible

for a reduced translation rate and/or increased degradation

of mRNAs if aberrantly expressed. miRNAs play important

roles in cell cycling, programmed cell death, cell differ-

entiation, tumor development, invasion, metastasis, and
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angiogenesis (Negrini et al. 2007). To date, more than 500

human miRNA genes have been identified, and it is

believed that at least 500 have yet to be discovered within

the human genome (Bentwich et al. 2005). The specific

function of most mammalian miRNAs is still unknown

(Bentwich et al. 2005), but it is speculated that miRNAs

could regulate *30% of the human genome (Bartel 2004).

Disturbances in the expression of miRNAs, processing of

miRNA precursors, or mutations in the sequence of the

miRNA, its precursor, or its target mRNA may have det-

rimental effects on cellular function and have been asso-

ciated with cancer (Davis and Ross 2008). Some miRNAs

could, for example, regulate the formation of cancer stem

cells and the epithelial-mesenchymal transition (EMT)

phenotype of cancer cells, which are typically drug resis-

tant (Li et al. 2010).

It is known that curcumin regulates the expression of

genes that are critically involved in the regulation of cel-

lular signaling pathways, including NF-jB, Akt, MAPK,

and other pathways (Mukhopadhyay et al. 2001; Sarkar and

Li 2004). These signaling pathways could be regulated by

miRNAs.

Recently, Sun et al. (2008) reported that curcumin altered

miRNA expression in human pancreatic cancer cells. After

72 h of incubation, 11 miRNAs were significantly up-regu-

lated and 18 were down-regulated by curcumin. Among

these, miRNA-22 was the most significantly up-regulated

and miRNA-199a* the most down-regulated. Those

researchers also found that up-regulation of miR-22

expression by curcumin suppressed the expression of its

target genes Sp1 and estrogen receptor 1 (Sun et al. 2008).

These results suggest that curcumin could inhibit the pro-

liferation of pancreatic cancer cells through the regulation of

specific miRNAs. In addition, curcumin has been shown to

promote apoptosis in A549/DDP multidrug-resistant human

lung adenocarcinoma cells through an miRNA signaling

pathway (Zhang et al. 2010). In these cells, curcumin sig-

nificantly down-regulated the expression of miR-186*

(Zhang et al. 2010). A major challenge for current miRNA

studies is to identify the biologically relevant downstream

targets that they regulate. In the study by Sun et al. (2008) at

least 50 target genes for miRNA-22 were found, showing

that a key effect of curcumin on pancreatic cancer cells could

be mediated by epigenetic modulation of miRNAs.

In addition, a recent report showed that gemcitabine

sensitivity can be induced in pancreatic cancer cells

through modulation of miR-200 and miR-21 expression by

curcumin (Ali et al. 2010). The miR-200 family has been

shown to inhibit the EMT, the initiating step of metastasis,

by maintaining the epithelial phenotype through direct

targeting of the transcriptional repressors of E-cadherin,

ZEB1, and ZEB2 (Korpal and Kang 2008). Therefore,

targeting specific miRNAs could be a novel therapeutic

approach for the treatment of cancers, especially by elim-

inating cancer stem cells or EMT-type cells that are typi-

cally drug resistant. In contrast, miR-21 is an oncomiR

and is overexpressed in many tumors, thereby promoting

cancer progression and metastasis. Curcumin treatment

has been shown to reduce miR-21 promoter activity

and expression in primary tumors by inhibiting AP-1

binding to the promoter and to induce expression of the

tumor suppressor Pdcd4, a target of miR-21 (Mudduluru

et al. 2011).

These novel findings suggest that the use of natural

agents could open new avenues for the successful treatment

of cancers, especially by combining conventional thera-

peutics with natural chemopreventive agents that are

known to be nontoxic to humans (Li et al. 2010).

Curcumin and DNA binding

Curcumin’s antioxidant (Miquel et al. 2002), anti-inflam-

matory (Surh 1999), antimicrobial (Saleheen et al. 2002;

Taher et al. 2003), and chemopreventive (Aggarwal et al.

2003) properties are attributed to various mechanisms,

including an anti-angiogenic action; up-regulation of

enzymes detoxifying carcinogens, such as glutathione

S-transferase; inhibition of signal transduction pathways

critical for tumor cell growth (e.g., NF-jB); suppression of

cyclooxygenase expression; and neutralization of carcino-

genic free radicals (Aggarwal et al. 2003; Chauhan 2002;

Itokawa et al. 2008). However, the molecular basis of

curcumin’s various therapeutic actions is far from estab-

lished, perhaps because research has focused so far only on

proteins as the potential macromolecular targets of curcu-

min and less on its ability to bind directly to the DNA and

to modulate epigenetic mechanisms directly as a DNA

binding agent.

In 2004, a direct interaction between curcumin and both

natural and synthetic DNA duplexes was demonstrated by

using circular dichroism and absorption spectroscopy

techniques (Zsila et al. 2004). Evaluation of the spectral

data and molecular modeling calculations suggested that

curcumin binds to the minor groove of the double helix and

that it is also a promising molecular probe to study bio-

logically important pH- and cation-induced conformational

polymorphisms of nucleic acids (Zsila et al. 2004). Based

on these results, curcumin has to be considered as a new

phenolic minor groove-binding agent, which may explain

the observed anticancer potential and other pharmacolog-

ical effects of this natural compound.

In the same way, Fourier transform infrared (FTIR) and

UV analysis of the binding of curcumin to the DNA

showed that curcumin can bind to the major and minor

grooves of the DNA duplex, to RNA bases, and to the
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backbone phosphate group (Nafisi et al. 2009). No con-

formational changes were observed upon the interaction

between curcumin and these biopolymers. Instead, Nafisi

et al. (2009) found that curcumin binds to DNA through

thymine O2 in the minor groove and through guanine and

adenine N7 in the major groove, as well as to the backbone

PO2 group. RNA binding occurs via uracil O2 and guanine

and adenine N7 atoms as well as the backbone phosphate

group. Interestingly, the interaction of curcumin was

stronger with DNA than RNA.

Pentamidine, a diarylamidine antibiotic that is currently

in clinical use for treatment of leishmaniasis, trypanoso-

miasis, and Pneumocystis carinii pneumonia (Fairlamb

2003), has been suggested to interact directly with the

pathogenic genome. It binds selectively to the minor

groove of the DNA, similar to curcumin, and interferes

with the normal functioning of the pathogen topoisome-

rases (Reddy et al. 1999; Neidle 2001; Bischoff and

Hoffmann 2002). Interestingly, curcumin was also found to

be effective against trypanosomiasis (Saleheen et al. 2002;

Araujo and Leon 2001), which could be due to its binding

ability to the minor groove of the DNA.

Effect of curcumin on transcription factors

Extensive research over the past five decades has indicated

that curcumin reduces blood cholesterol levels; prevents

low-density lipoprotein oxidation; inhibits platelet aggre-

gation; suppresses thrombosis and myocardial infarction;

suppresses symptoms associated with type II diabetes,

rheumatoid arthritis, multiple sclerosis, and Alzheimer

disease; inhibits HIV replication; suppresses tumor

formation; enhances wound healing; protects against liver

injury; increases bile secretion; protects against cataract

formation; and protects against pulmonary toxicity and

fibrosis (Shishodia et al. 2007). These divergent effects of

curcumin seem to depend on its pleiotropic molecular

effects, including the regulation of signal transduction

pathways, and direct modulation of several enzymatic

activities. Most of these signaling cascades lead to the

activation of transcription factors.

Transcription factors are proteins that bind to DNA at a

specific promoter or enhancer region, probably at histone

tails, which are considered to be the platform for tran-

scription factors (Fig. 1b), and thus regulate the expression

of various genes. Hundreds of transcription factors with

functionally different domains essential for DNA binding

and activation have been identified and characterized in

several organisms—some of the transcription factors are

important targets for therapeutic intervention in several

types of disease (Shishodia et al. 2007). For example, the

transcription factors NF-jB, activator protein (AP)–1, and

Signal transducer and activator of transcription (STAT)

control the expression of genes that affect cell transfor-

mation, proliferation, cell survival, invasion, metastasis,

adhesion, angiogenesis, and apoptosis (Aggarwal 2004;

Aggarwal et al. 2009; Gupta et al. 2010b; Shishodia and

Aggarwal 2004). Other transcription factors involved in

cancer are early growth response-1 (Egr-1), peroxisome

proliferator-activated receptor-c (PPAR- c), electrophile

response element (EpRE), b-catenin, NF-E2-related factor

2 (Nrf2), and androgen receptor (AR).

Our laboratory has previously shown that curcumin

down-regulates the activation of NF-jB by various tumor

promoters, including phorbol ester, tumor necrosis factor,

hydrogen peroxide, and cigarette smoke (Shishodia et al.

2003; Singh and Aggarwal 1995). Curcumin-induced

down-regulation of NF-jB was shown to be mediated

through suppressed activation of IjBa kinase (IKK)

(Shishodia et al. 2003; Jobin et al. 1999; Plummer et al.

1999). Moreover, curcumin can suppress constitutively

active NF-jB in mantle cell lymphoma through the

suppression of IKK (Shishodia et al. 2005). This leads to

the down-regulation of cyclin D1, cyclooxygenase-2, and

matrix metalloproteinase–9. Also, we found that curcumin

suppressed the paclitaxel-induced NF-jB pathway in breast

cancer cells and inhibits lung metastasis of human breast

cancer in nude mice (Aggarwal et al. 2005).

AP-1 has also been closely linked with the proliferation

and transformation of tumor cells (Karin et al. 1997).

Curcumin has been shown to inhibit the activation of AP-1

induced by tumor promoters (Huang et al. 1991) and JNK

activation by carcinogens (Chen and Tan 1998). Bierhaus

et al. (1997) demonstrated that curcumin-induced inhibi-

tion of AP-1 was due to its direct interaction with the AP-1

DNA-binding motif.

Curcumin was also shown to modulate STATs, and

constitutive STAT activation can be observed in a large

number of tumors. Curcumin inhibited both NF-jB and

STAT3 activation, leading to decreased expression of

proteins involved in cell proliferation and apoptosis, such

as Bcl-2, Bcl-xL, c-FLIP, XIAP, c-IAP1, survivin, c-Myc,

and cyclin D1 (Mackenzie et al. 2008). The constitutive

phosphorylation of STAT3 found in certain multiple

myeloma cells was abrogated by treatment with curcumin

(Bharti et al. 2003), and inhibition of STAT3 by curcumin

led to the induction of apoptosis (Bharti et al. 2004). In

addition, curcumin has been shown to modulate the Egr-1,

PPAR-c, EpRE, b-catenin, Nrf-2, and AR signaling path-

ways (Shishodia et al. 2003).

The evidence that curcumin modulates many important

transcription factors, which are either constitutively

expressed or overexpressed in cancer cells, might explain

in part the molecular basis of the wide and complex effects

of this phytochemical. The versatile chemical structure of
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curcumin enables it to interact with a large number of

molecules inside the cell, leading to a variety of biological

effects, such as modulation of the cell cycle, suppression of

growth, induction of differentiation, up-regulation of

proapoptotic factors, and inhibition of reactive oxygen

species production.

Effect of other natural compounds on epigenetics

Evidence in the past decade has provided important clues

that natural compounds present in plants and/or in the diet

directly influence epigenetic mechanisms in humans

(Table 1). Indeed, some dietary polyphenols may exert

their chemopreventive effects in part by modulating vari-

ous components of the epigenetic machinery in humans

(Link et al. 2010).

EGCG, the ester of epigallocatechin and gallic acid

and the major polyphenol in green tea, has been exten-

sively studied as a potential demethylating agent. It has

been hypothesized that generation of S-adenosyl-

S-homocysteine, a potent inhibitor of DNA methylation,

is one of the mechanisms for the demethylating proper-

ties of this compound. EGCG can form hydrogen

bonds with different residues in the catalytic pocket of

DNMT and thus act as a direct inhibitor of DNMT1

(Fang et al. 2003; Lee et al. 2005). EGCG has also

been recently found to modulate miRNA expression in

human hepatocellular carcinoma HepG2 cells. Tsang and

Kwok performed microarray analysis in this cell line

after EGCG treatment and found that the compound

modified the expression of 61 miRNAs (Tsang and Kwok

2010).

Choi et al. found that another compound, gallic acid—an

organic acid found in gallnuts, sumac, witch hazel, tea

leaves, oak bark, and other plants can inhibit p300-induced

p65 acetylation, increase the level of cytosolic IjBa, pre-

vent lipopolysaccharide (LPS)–induced p65 translocation

to the nucleus, and suppress LPS-induced NF-jB activa-

tion in A549 lung cancer cells (Choi et al. 2009b). In

addition, gallic acid inhibits the acetylation of p65 and

LPS-induced serum levels of interleukin-6 in vivo.

Sanguinarine, an extract from several plants such as

bloodroot (Sanguinaria canadensis) and in the root, stem,

and leaves of the opium poppy, has been shown to induce

conformational changes by interacting with chromatin

(Selvi et al. 2009). Sanguinarine potently inhibited HAT

activity in rat liver and cervical cancer cell lines, and this

was associated with a dose-dependent decrease in H3/H4

acetylation.

Resveratrol, a natural compound found in the skin of

red grapes and a constituent of red wine, is believed to

play a significant role in the reduction of cardiovascular

events (Artaud-Wild et al. 1993; Gupta et al. 2011).

Multiple studies have shown that resveratrol can activate

sirtuin 1 (SIRT1), a histone deacetylase, and inhibit p300

(Howitz et al. 2003; Gracia-Sancho et al. 2010). Sirtuins,

the class III HDACs, are widely distributed and have

been shown to regulate a variety of physiopathologic

processes, such as inflammation, cellular senescence and

aging, cellular apoptosis and proliferation, differentiation,

metabolism, stem cell pluri-potency, and cell cycle

regulation. Polyphenols, including not only resveratrol

but also quercetin and catechins, have been shown

to activate SIRT1, the best characterized of the seven

mammalian sirtuins, SIRT1–7 (Kaeberlein et al. 2005;

Borra et al. 2005; de Boer et al. 2006).

Similar to EGCG, resveratrol showed weak inhibition

of DNMT activity in nuclear extracts from MCF7 cells

(Paluszczak et al. 2010). In these cells, resveratrol

improved the action of adenosine analogues to inhibit

methylation and to increase expression of the retinoic

acid receptor beta 2 gene (Stefanska et al. 2010). In

addition, resveratrol decreased the levels of the miR-155

by up-regulating miR-663, an miRNA targeting JunB and

JunD (Tili et al. 2010a), and modulated expression levels

of miRNA target genes, such as tumor suppressors and

effectors of the transforming growth factor–b signaling

pathway, in SW480 cells (Tili et al. 2010b).

Anacardic acid, an active compound found in cashew

nuts, has also been shown to be a specific HAT inhibitor

(Balasubramanyam et al. 2003; Sun et al. 2006). Anacardic

acid can inhibit p300, PCAF, and Tip60 HAT factors.

Garcinol, a highly cytotoxic polyisoprenylated benzo-

phenone derived from garcinia fruit rinds, is also a potent

inhibitor of different HATs, such as p300 and PCAF (Mai

et al. 2006; Chandregowda et al. 2009; Balasubramanyam

et al. 2004).

Plumbagin is another agent, derived from Plumbago

rosea root extract, that has been found to potently inhibit

HAT activity (Ravindra et al. 2009). Plumbagin derivatives

without a hydroxyl group lost HAT inhibitory activity,

indicating that the hydroxyl group is required for this

activity.

Finally, genistein, one of the many phytoestrogens

present in soybeans, has been recently studied as a deme-

thylating agent. Genistein induced a dose-dependent inhi-

bition of DNMT activity stronger than that of other soy

isoflavones (biochanin A or diadzein) (Fang et al. 2005; Li

et al. 2009). The continuously growing list of natural

compounds (Table 1) that modulate epigenetic mecha-

nisms shows the great interest in this exciting field and

clinical trials performed with several of these compounds

(Table 2) confirm their efficiency.
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Table 1 Common HDAC,

HAT and DNMT modulators

derived from natural sources

SAHA Suberoylanilide

hydroxamic acid, EGCG
epigallocatechin gallate

Natural inhibitor References

HDAC

Allyl mercaptan Nian et al. (2008)

Amamistatin Fennell and Miller (2007)

Apicidin Darkin-Rattray et al. (1996)

Azumamide E Maulucci et al. (2007)

Caffeic acid Waldecker et al. (2008)

Chlamydocin Brosch et al. (1995)

Chlorogenic acid Bora-Tatar et al. (2009)

Cinnamic acid Bora-Tatar et al. (2009)

Coumaric/hydroxycinnamic acid Waldecker et al. (2008)

Curcumin Bora-Tatar et al. (2009)

Depudecin Kwon et al. (1998)

Diallyl disulfide Lea et al. (1999)

Equol Hong et al. (2004)

Flavone Bontempo et al. (2007)

Genistein Kikuno et al. (2008)

Histacin Haggarty et al. (2003)

Isothiocyanates Ma et al. (2006)

Largazole Ying et al. (2008)

Pomiferin Son et al. (2007)

Psammaplin Pina et al. (2003)

SAHA (Vorinostat) Richon et al. (1998)

S-allylmercaptocysteine Lea et al. (2002)

Sulforaphane Myzak et al. (2004)

Trapoxin (Kijima et al. 1993)

Ursolic acid Chen et al. (2009)

Zerumbone Chung et al. (2008)

HAT

Allspice Lee et al. (2007)

Anarcardic acid Balasubramanyam et al. (2003),

Ghizzoni et al. (2010)

EGCG Choi et al. (2009a)

Curcumin Balasubramanyam et al. (2004),

Marcu et al. (2006)

Gallic acid Choi et al. (2009b)

Garcinol Balasubramanyam et al. (2004)

Quercetin Ruiz et al. (2007)

Sanguinarine Selvi et al. (2009)

Plumbagin Ravindra et al. (2009)

DNMT

Genistein Day et al. (2002)

EGCG Fang et al. (2003)

Psammaplins Pina et al. (2003)

Quercetin, fisetin, myricetin Lee et al. (2005)

Caffeic acid Lee and Zhu (2006)

Chlorogenic acid Lee and Zhu (2006)

Curcumin Moiseeva et al. (2007)

Parthenolide Liu et al. (2009)

Mahanine Sheikh et al. (2010)
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Table 2 Clinical studies with curcumin and other natural compounds

Disease Dose/frequency Patients End point modulation References

Curcumin

Safety trials

Phase 1 2,000 mg/day 10 Piperine enhanced bioavailability

by 2,000%

Shoba et al. (1998)

Phase 1 500–12,000 mg/day 9 90 days 25 Histologic improvement of

precancerous lesions

Cheng et al. (2001)

Phase 1 500–12,000 mg/day 24 Safe, well-tolerated even at 12 g/

day

Lao et al. (2006)

Efficacy trials

Alzheimer’s disease 1 g once daily, 4 g once daily 36 – Baum et al. (2008)

Atherosclerosis 10 mg; 29/day 9 28 days 12 Lowered LDL and ApoB,

increased HDL and ApoA

Ramirez Bosca et al. (2000)

Cadaveric renal

transplantation

480 mg; 1–2/day 9 30 days 43 Improved renal function, reduced

neurotoxicity

Shoskes et al. (2005)

Cardiovascular disease 500 mg/day 9 7 days 10 Decreased serum lipid peroxidase

(33%), increased HDL

cholesterol (29%), decreased

total serum cholesterol (12%)

Soni and Kuttan (1992)

Chronic anterior uveitis 375 mg; 39/day 9 84 days 32 86% decrease in chronic anterior

uveitis

Lal et al. (1999)

Crohn’s disease 360 mg; 3/day 9 30 days; 4 for

60 days

5 Improved symptoms Holt et al. (2005)

CRC 36–180 mg/day 9 120 days 15 Lowered GST Sharma et al. (2001)

CRC 450–3,600 mg/day 9 120 days 15 Lowered inducible serum PGE2

levels

Sharma et al. (2004)

CRC 450–3,600 mg/day 9 7 days 12 Decreased M1G DNA adducts Garcea et al. (2005)

Colon cancer 10 g (n = 6) and 12 g (n = 6) 12 Pharmacokinetics Vareed et al. (2008)

CRC, ACF 2 g or 4 g/day for 30 days 44 A significant 40% reduction in

ACF number occurred with the

4 g dose (P \ 0.005), whereas

ACF were not reduced in the 2 g

group

Carroll et al. (2011)

External cancerous 1% ointment for several months 62 Reduction in smell in 90%

patients, reduction of itching in

all cases, dry lesions in 70%

patients, reduction in lesion size

and pain in 10% patients

Kuttan et al. (1987)

FAP 480 mg; 3/day 9 180 days 5 Decrease in the number of polyps

(60.4%), decrease in the size of

polyps (50.9%)

Cruz-Correa et al. (2006)

H. pylori infection 300 mg/day 9 7 days 25 Significant improvement of

dyspeptic symptoms

Di Mario et al. (2007)

HIV 625 mg; 49/day 9 56 days 40 Well tolerated James (1996)

IIOP 375 mg; 39/day 9 180–660 days 8 Four patients recovered

completely; one patient showed

decrease in swelling, no

recurrence

Lal et al. (2000)

Gall bladder function 20 mg, single dose 12 Decreased gall bladder volume

(29%)

Rasyid and Lelo (1999)

Gall bladder function 20–80 mg, single dose 12 Decreased gall bladder volume

(72%)

Rasyid et al. (2002)

ICF – 1,010 Better MMSE score Ng et al. (2006)

IBS 72–144 mg/day 9 56 days 207 Reduced symptoms Bundy et al. (2004)

Liver metastasis 450–3,600 mg/day 9 7 day 12 Low bioavailability Garcea et al. (2004)
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Table 2 continued

Disease Dose/frequency Patients End point modulation References

Pancreatic cancer 8 g by mouth daily every 2 months 25 Oral curcumin is well tolerated

and, despite its limited

absorption, has biological

activity in some patients with

pancreatic cancer

Dhillon et al. (2008)

Pancreatic cancer 8 g 21 Safe and feasible in patients with

pancreatic cancer

Kanai et al. (2010)

Postoperative inflammation 400 mg; 39/day 9 5 days 46 Decrease in inflammation Satoskar et al. (1986)

PIN – 24 – Rafailov et al. (2007)

Psoriasis 1% curcumin gel 40 Decreased PhK2, TRR3,

parakeratosis, and density of

epidermal CD8? T cells

Heng et al. (2000)

Psoriasis 4.5 g/d 18 The response rate was low Kurd et al. (2008)

Rheumatoid arthritis 1,200 mg/day 9 14 days 18 Improved symptoms Deodhar et al. (1980)

Tropical pancreatitis 500 mg/day 9 42 days 20 Reduction in the erythrocyte MDA

levels, increased erythrocyte

GSH levels

Durgaprasad and Pai (2005)

Ulcerative proctitis 550 mg; 2–3/day 9 60 days 5 Improved symptoms Holt et al. (2005)

Ulcerative colitis 2,000 mg/day 9 180 days 89 Low recurrence; improved

symptoms

Hanai et al. (2006)

EGCG

Safety trials

Phase 1 200, 400, 600, and 800 mg 20 Systemic availability Chow et al. (2001)

Efficacy trials

OHT and OAG 200 mg/day for 3 months 36 Influenced inner retinal function in

eyes with early to moderately

advanced glaucomatous

Falsini et al. (2009)

EE and fat oxidation Catechins: 493.8–684 mg 15 Small acute effects on EE and fat

oxidation

Gregersen et al. (2009)

Influenza infection Catechins: 200 lg/mL 3/day for

3 months

124 Influenza infection was

significantly lowered

Yamada et al. (2006)

Inhalation of MRSA 3.7 mg/mL 3/day for 7 days 72 Reduced the MRSA count in

sputum

Yamada et al. (2006)

Resveratrol

Safety trial

Pharmaco-kinetics 0.5, 1, 2.5, or 5 g daily for 29 days 40 2.5 and 5 g doses caused mild to

moderate gastrointestinal

symptoms

Brown et al. (2010)

Phase 1 0.5, 1, 2.5, or 5 g 10 High systemic levels of resveratrol

conjugate metabolites

Boocock et al. (2007)

Efficacy trials

Cerebral blood flow 250 and 500 mg 22 Modulated cerebral blood flow

variables

Kennedy et al. (2010)

Drug- and carcinogen-

metabolizing enzymes

1 g of resveratrol once daily for

4 weeks

42 Modulated enzyme systems

involved in carcinogen activation

and detoxification

Chow et al. (2010)

CRC 8 daily doses of 0.5 or 1 g 20 Reduced tumor cell proliferation

by 5%

Patel et al. (2010)

Genistein

Safety trial

Phase 1 600 mg/day for 84 days 18 Safe and well tolerated Pop et al. (2008)

Pharmaco-kinetics 2, 4, 8, or 16 mg/kg 24 Minimal clinical toxicity Bloedon et al. (2002)

Efficacy trials

102 Genes Nutr (2011) 6:93–108

123



Conclusion

Experimental evidence accumulated in the recent years

clearly supports the idea that dietary nutraceuticals such as

curcumin have great potential as epigenetic agents. Unlike

genetic changes, epigenetic changes can be modified by the

environment, diet, or pharmacological intervention. This

characteristic has increased enthusiasm for developing

therapeutic strategies by targeting the various epigenetic

factors, such as HDAC, HAT, DNMTs, and miRNAs, by

dietary polyphenols such as curcumin (Fig. 2). Further

investigation of phytochemicals as epigenetic agents is,

however, urgently needed to fully explore the potential of

these nutraceuticals in the treatment of cancer and other

diseases.
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