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Abstract:

Background: Epigenetic dysregulation encompassing aberrant DNA methylation, altered histone modification,
and dysregulated non-coding RNA expression is now recognized as a hallmark of carcinogenesis that is
mechanistically distinct from, but functionally intertwined with, genetic mutation. Because epigenetic marks are
inherently reversible, they represent an attractive therapeutic target, and a growing body of evidence indicates that
dietary and medicinal-plant-derived bioactive phytochemicals can modulate the key enzymatic machinery
governing these marks. Objective: To synthesize current mechanistic and clinical evidence on bioactive
phytochemicals as modulators of DNA methyltransferases (DNMTs), histone-modifying enzymes (HDACsS,
HATs, HMTs), and cancer-relevant non-coding RNAs; to critically grade the strength of evidence across major
compound classes; and to outline translational and clinical research priorities. Methods: A structured, non-
systematic literature search of PubMed, Scopus, and Google Scholar (inception—June 2026) was conducted using
combinations of compound-, mechanism-, and condition-specific search terms, detailed in Section 2, with an
explicit three-tier evidence-grading framework applied to each major compound class. Results: Green tea
catechins (notably epigallocatechin-3-gallate [EGCG]), sulforaphane, curcumin, resveratrol, and dietary
flavonoids (genistein, quercetin, apigenin) each demonstrate consistent, mechanistically well-characterized
DNMT- and/or HDAC-inhibitory activity in preclinical models, frequently accompanied by promoter
demethylation and re-expression of silenced tumor-suppressor genes (e.g., GSTP1, RARB2, RECK, WIF-1).
Direct human evidence is most developed for green tea catechins, including a randomized placebo-controlled trial
demonstrating reduced prostate cancer progression and a separate randomized trial directly measuring prostate-
tissue DNMT1 expression following intervention; comparable dedicated human trials with direct epigenetic
endpoints remain limited for most other compound classes reviewed. Conclusion: Bioactive phytochemicals
represent a mechanistically well-supported, generally low-toxicity class of candidate epigenetic modulators with
plausible chemopreventive and adjuvant therapeutic value in cancer. Clinical translation, however, remains
compound-specific and comparatively early-stage; bioavailability limitations, the paucity of trials with direct
epigenetic-endpoint measurement, and the need for combination-therapy and delivery-system optimization are
identified as priority areas for future research.
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1. Introduction

Cancer development and progression arise from the accumulation of both genetic mutations
and epigenetic alterations heritable changes in gene expression that occur without alteration of
the underlying DNA sequence. The principal epigenetic mechanisms implicated in
carcinogenesis include aberrant DNA methylation (typically hypermethylation-associated
silencing of tumor-suppressor gene promoters alongside global genomic hypomethylation that
promotes chromosomal instability), altered post-translational histone modification (governed
by the opposing activities of histone acetyltransferases [HATs] and histone deacetylases
[HDACs], and by histone methyltransferases [HMTs] and demethylases), and dysregulated
expression of non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs), which post-transcriptionally regulate oncogene and tumor-suppressor gene

expression!?,

Unlike genetic mutations, epigenetic alterations are, in principle, reversible, a property that has
motivated substantial pharmaceutical investment in epigenetic-modulatory drugs. DNA
methyltransferase inhibitors (DNMTis) such as azacitidine and decitabine, and histone
deacetylase inhibitors (HDACis) such as vorinostat and romidepsin, are now approved for
selected hematologic malignancies and represent proof of concept that pharmacological
reversal of aberrant epigenetic marks can produce clinical benefit. These synthetic agents,
however, are constrained by relative non-selectivity, meaningful toxicity, chemical instability
(particularly for the cytidine-analog DNMTis), and cost, motivating substantial interest in
dietary and medicinal-plant-derived bioactive phytochemicals as potentially safer, more
accessible, and orally bioavailable alternative or adjuvant epigenetic-modulatory agents*>.

A substantial and growing preclinical literature now documents that numerous phytochemicals
including green tea catechins (notably epigallocatechin-3-gallate [EGCG]), the cruciferous-
vegetable-derived isothiocyanate sulforaphane, the turmeric-derived curcuminoid curcumin,
the stilbene resveratrol, and dietary flavonoids including genistein, quercetin, and apigenin
modulate DNMT, HDAC/HAT, and HMT activity, and, in several cases, influence cancer-
relevant miRNA expression, frequently converging on the demethylation and re-expression of
specific, well-characterized tumor-suppressor genes silenced during carcinogenesis®”’.

1.1 Scope and Rationale of This Review

This review synthesizes mechanistic and clinical evidence on phytochemical epigenetic
modulation specifically in the cancer context, with two features intended to distinguish it from
prior surveys of this rapidly expanding literature. First, consistent with the approach adopted
in our companion reviews of natural-product pharmacology, this review applies an explicit,
compound-specific evidence-grading framework (detailed in Section 2.3) that separates
findings supported by human clinical trial data from those supported only by preclinical
mechanistic evidence, addressing a tendency in parts of the existing literature to present in vitro
epigenetic-modulatory findings and clinical relevance as though they were of equivalent
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evidentiary weight. Second, it gives dedicated attention to the translational barriers chiefly
bioavailability, the general absence of trials with directly measured epigenetic endpoints, and
combination-therapy strategies that currently separate promising mechanistic findings from
clinical practice, culminating in a concrete, prioritized research agenda (Section 8).

2. Literature Search Strategy

2.1 Databases and Search Terms

PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar were searched from
database inception through June 2026. Search strings combined three term clusters: (i)
compound terms “phytochemical”, “EGCG”, “epigallocatechin”, “green tea polyphenol”,
“curcumin”, “sulforaphane”, “isothiocyanate”, “resveratrol”, “genistein”, “quercetin”,
“apigenin”, “flavonoid”; (ii) mechanism terms “DNA methyltransferase”, “DNMT”, “histone
deacetylase”, “HDAC”, “histone acetyltransferase”, “histone methyltransferase”,
“microRNA”, “epigenetic”, “promoter demethylation”, “chromatin remodeling”; and (iii)
condition terms ‘“‘cancer”, “carcinogenesis”’, “chemoprevention”, “tumor suppressor gene

2% <6

silencing”, “clinical trial”.

2.2 Inclusion and Exclusion Criteria

* Included: peer-reviewed original research and review articles in English reporting
mechanistic (cell-line or animal) or clinical (human trial) data on a named phytochemical's
activity on DNMT, HDAC/HAT, HMT, or non-coding RNA targets in a cancer-relevant
context.

* Excluded: non-peer-reviewed sources, studies of undefined multi-herb formulations
without individual compound attribution, and articles not available in English.

2.3 Evidence Grading Approach

As in our companion reviews, this review applies a consistent three-tier evidence grading to
each major compound class in Section 6: Tier I (supported by human clinical trial data with
cancer-relevant or, where available, directly measured epigenetic endpoints), Tier II (supported
by consistent in vivo animal mechanistic/efficacy data but limited or absent human trial data),
and Tier III (supported primarily by in vitro cell-line mechanistic data). This tiering is applied
explicitly to avoid conflating preclinical mechanistic promise with clinical proof .

3. The Epigenetic Machinery in Cancer: A Brief Overview

3.1 DNA Methylation

DNA methylation, catalyzed by DNA methyltransferases (DNMT]1, responsible chiefly for
maintenance methylation during replication, and DNMT3a/DNMT3b, responsible for de novo
methylation), involves the addition of a methyl group to cytosine residues at CpG
dinucleotides. In cancer, this system is characteristically dysregulated in a dual pattern:
promoter-region CpG island hypermethylation silences tumor-suppressor genes (e.g., GSTP1,
RARB2, RECK, WIF-1, p16INK4a), while global genomic hypomethylation, particularly at
repetitive elements, promotes chromosomal instability. Methyl-CpG-binding domain proteins
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(MBD1, MBD2, MBD4) and methyl-CpG-binding protein 2 (MeCP2) recognize methylated
DNA and recruit additional chromatin-modifying complexes, reinforcing transcriptional
silencing!®'2,

3.2 Histone Modification

Histone tails undergo a range of post-translational modifications acetylation, methylation,
phosphorylation, ubiquitination that collectively govern chromatin accessibility and
transcriptional activity. Histone acetylation, balanced by the opposing activities of HATs
(which relax chromatin and promote transcription) and HDACs (which compact chromatin and
repress transcription), is frequently dysregulated toward a hypoacetylated, transcriptionally
repressive state at tumor-suppressor loci in cancer. Histone methylation is more context-
dependent, with specific HMTs (e.g., EZH2, the catalytic subunit of the Polycomb repressive
complex 2, frequently overexpressed in cancer) associated with repressive chromatin marks
implicated in tumor-suppressor silencing'>-1.

3.3 Non-Coding RNA Regulation

MicroRNAs and long non-coding RNAs add a further layer of post-transcriptional epigenetic
regulation. Oncogenic miRNAs (oncomiRs, e.g., the miR-21 family) are frequently
upregulated in cancer and suppress tumor-suppressor gene expression, while tumor-suppressor
miRNAs (e.g., the let-7 family) are frequently downregulated, and both categories are
themselves subject to regulation by promoter DNA methylation and histone modification,
creating an interconnected regulatory network rather than three independent mechanisms'>-16,

3.4 Rationale for Phytochemical Intervention

Because each of these three mechanisms (DNA methylation, histone modification, and non-
coding RNA regulation) is enzymatically mediated and reversible, small molecules capable of
modulating the relevant enzymes DNMTs, HDACs/HATs, HMTs or influencing miRNA
biogenesis and expression represent a rational therapeutic strategy, and it is precisely this
enzymatic modulation that constitutes the mechanistic basis for the phytochemical activities
reviewed in Sections 4-5 718,

4. Major Phytochemical Classes: Overview

4.1 Green Tea Catechins EGCG

Epigallocatechin-3-gallate (EGCG), the principal catechin of green tea (Camellia sinensis), is
among the most extensively characterized phytochemical epigenetic modulators, with
documented direct DNMT 1 inhibition, promoter demethylation of specific tumor-suppressor
genes, and Class I HDAC inhibitory activity across multiple cancer cell-line models,
complemented by the most developed human trial evidence base among the compounds

reviewed here?%-2!,

4.2 Isothiocyanates Sulforaphane

Sulforaphane, derived from glucoraphanin in cruciferous vegetables (notably broccoli and
broccoli sprouts), is well characterized as a dual DNMT and HDAC inhibitor, reducing gene
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promoter-specific methylation while increasing global and promoter-specific histone
acetylation, in addition to its independently documented activity as an Nrf2 pathway activator

relevant to antioxidant-mediated chemoprevention?>23.

4.3 Curcuminoids Curcumin

Curcumin, the principal curcuminoid of Curcuma longa, modulates DNMT, HDAC, and HAT
activity across multiple cancer cell-line models and has additionally been implicated in the
regulation of cancer-relevant miRNAs, reflecting a broader epigenetic-modulatory profile
spanning multiple mechanistic layers rather than a single dominant target.

4.4 Stilbenes Resveratrol

Resveratrol, found in grapes and Polygonum cuspidatum, has documented activity modulating
DNMT and sirtuin (SIRTI1, a class III NAD+-dependent HDAC) activity, with SIRT1
modulation in particular linking resveratrol's epigenetic and previously discussed (in our
companion review) metabolic pharmacology through a shared molecular target?*2>,

4.5 Dietary Flavonoids Genistein, Quercetin, Apigenin

This structurally related group of dietary isoflavones and flavonoids demonstrates consistent
preclinical activity across DNA methylation and histone modification pathways: genistein
(from soy) demethylates and reactivates silenced tumor-suppressor and estrogen-receptor-
related genes in breast and prostate cancer models; quercetin, in addition to its independently
documented catechol-O-methyltransferase (COMT)-inhibitory activity that enhances EGCG
bioavailability (Section 7.1), has direct DNMT-modulatory activity of its own; and apigenin
has been shown to restore silenced Nrf2 gene expression in skin carcinogenesis models via
promoter-region epigenetic modification®*2’.

4.6 Summary Table

Table 1 consolidates the compounds discussed above with their primary epigenetic targets,
evidence tier (per Section 2.3), key findings, and source references.

Primary Epigenetic Evidence

Phytochemical Key Finding Reference

Target(s) Tier

Dose- and time-
dependent
DNMTI

DNMT1 inhibition; | Tier I inhibition with
EGCG (green | MBD1/MBD4/MeCP2; (human GSTP1 promoter
tea catechin) | | Class | HDAC (1-3); RCT + demethylation
1 acetylated H3/H4 | mechanistic) | and re-expression
in LNCaP
prostate cancer
cells

28
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Randomized,
placebo-
controlled trial:
Chemopreventive reduced prostate
Green tea . . Tier | cancer
. effect consistent with .
catechins epicenetic reactivation (human progression 29
. v .
(mixed) P& ) RCT) among men with
mechanism
high-grade
prostatic
intraepithelial
neoplasia
Randomized trial
in prostate cancer
patients;
quercetin co-
administration
G t Tier I
reen tea DNMTI1 and COMT et increased
extract expression directl (human rostate-tissue
quercetin P . Y RCT, direct P 30
measured in human . ) EGCG
(COMT . epigenetic . -
e prostate tissue . bioavailability,
inhibitor) endpoint) .
with
DNMT1/COMT
expression
assessed directly
in resected tissue
Tier II-I1I
(consistent Reduces gene
preclinical: promoter-specific
o thylati d
Sulforaphane Dual DNMT and limited o in}:::e;(s):san
Suomp HDAC inhibition; Nrf2 | dedicated 31
(isothiocyanate) .. total/promoter-
pathway activation human . .
cnigenetic. specific histone
an(l oint acetylation in
trila)lls) cancer cells
Tier II-111 Modulates
(broad multiple
preclinical; | epigenetic layers
. DNMT, HDAC/HAT limited (DNA
Curcumin . . . .
(curcuminoid) modulation; miRNA direct methylation, 32
urcu . . . .
regulation epigenetic- histone
endpoint acetylation,
human miRNA
trials) expression)
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across cancer
cell-line and
animal models
Tier II-1II | SIRTI-mediated
(preclinical; | epigenetic and
limi i
Resveratrol DNMT modulation; gﬁ:ﬁ? rzii?bi(t) .
\% vity;
(stilbene) SIRTI (class IIT epigenetic consistzl’lt 33
HDAC) activation P18 ; ..
endpoint preclinical
human DNMT-
trials) modulatory data
Reactivates
Promoter epigenetically
- demethylation of . il d i
Genistein (soy ermethylation o Tier II-II1 stienicec genes 1n
. tumor-suppressor and .. breast and 34
isoflavone) (preclinical)
hormone-receptor- prostate cancer
related genes cell/animal
models
. Restores silenced
Promoter-region
. . . ) Nrf2 gene status
Apigenin epigenetic Tier III N
) . ) .. in skin 35
(flavone) modification restoring | (preclinical) ) .
. carcinogenesis
Nrf2 expression
models
Systematic
review of 76
eligible studies
(of 103 screened)
. food-derived
Composite DNMT ) Oft 100€-CeTIve
. ) . Systematic DNMT
(multiple food- expression/activity .
. review modulators, 36
derived DNMT across compound . . .
synthesis | including EGCG,
modulators) classes .
curcumin,
genistein,
resveratrol,
sulforaphane, and
folate
COMT, catechol-O-methyltransferase; ~DNMT, DNA  methyltransferase;, EGCG,

epigallocatechin-3-gallate; HAT, histone acetyltransferase; HDAC, histone deacetylase;
MBD, methyl-CpG-binding domain protein, MeCP2, methyl-CpG-binding protein 2; Nrf2,
nuclear factor erythroid 2-related factor 2; RCT, randomized controlled trial; SIRTI, sirtuin
1.
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5. Molecular Mechanisms: Integrated Perspective

5.1 Promoter Demethylation and Tumor-Suppressor Reactivation

The best-characterized mechanistic paradigm among the compounds reviewed most directly
demonstrated for EGCG involves direct enzymatic inhibition of DNMT1 (and, for some
compounds, DNMT3a/3b), reducing maintenance and de novo methylation at specific CpG-
island promoters. This is frequently accompanied by decreased expression and promoter
binding of methyl-CpG-binding proteins (MBD1, MBD2, MeCP2), which normally reinforce
transcriptional silencing at methylated loci, and results in re-expression of specific, well-
characterized tumor-suppressor and detoxification genes, including GSTP1 (prostate cancer),
RARB?2 and RECK (multiple cancer types), and WIF-1, an antagonist of the Wnt oncogenic
pathway (lung cancer) 373,

5.2 Histone Deacetylase Inhibition and Chromatin Remodeling

In parallel with DNA demethylation, several phytochemicals again most directly demonstrated
for EGCG and sulforaphane inhibit Class I HDAC activity, increasing acetylation of histone
H3 (notably lysines 9 and 18) and H4, promoting a more transcriptionally permissive chromatin
conformation at previously silenced loci. Chromatin immunoprecipitation studies of EGCG-
treated prostate cancer cells have directly demonstrated increased transcription-factor (Spl)
binding accessibility at the GSTP1 promoter following this chromatin remodeling,
mechanistically linking histone acetylation change to the transcriptional reactivation described
in Section 5.1.

5.3 Histone Methyltransferase Modulation

A comparatively less extensively characterized, but increasingly documented, mechanism
involves phytochemical modulation of histone methyltransferase activity, particularly EZH2,
whose overexpression in multiple cancer types is associated with repressive H3K27
trimethylation at tumor-suppressor loci; several of the compounds reviewed here have been
reported to reduce EZH?2 expression or activity in preclinical models, contributing an additional
layer to the chromatin-level effects described in Section 5.2%-40,

5.4 Non-Coding RNA Modulation

Curcumin and resveratrol, in particular, have been implicated in the modulation of cancer-
relevant miRNA expression including downregulation of oncogenic miR-21 and upregulation
of tumor-suppressor let-7-family miRNAs in various preclinical models representing a
mechanistically distinct, though functionally convergent, route to altered oncogene/tumor-
suppressor gene expression relative to the DNA methylation and histone modification
mechanisms discussed above. This arm of phytochemical epigenetic activity is, at present, less
mechanistically resolved than DNA methylation and histone acetylation effects, reflecting both
the relative novelty of miRNA-focused investigation and the added complexity of establishing
direct causal links between a small molecule and specific miRNA regulatory networks*!*,

5.5 Integrated Mechanistic Model
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Figure 1 integrates the mechanistic discussion above into a single framework spanning DNA
methylation, histone modification, and non-coding RNA regulation, converging on tumor-
suppressor gene reactivation and the associated cellular outcomes (reduced proliferation,
restored apoptotic sensitivity, reduced invasive potential). As throughout this review, the
strength of evidence underlying each arm of this framework varies substantially by compound
(Section 6) and should not be read as uniformly established for every phytochemical discussed

4344 Figure 1
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Bioactive Phytochemicals as Epigenetic Modulators in Cancer

Representative Phytochemicals

EGCG, Curcumin, Sulforaphane, Resveratral, Genistein,
Quercetin, Apigenin

(JPGMB)

'

' N f 3 N\ f
DNA Methylation Histone Modification Non-Coding RNA Downstream Transcriptional Effects
| DNMT1, DNMT3a/3b activity | Class 111l HDAC activity Modulation of ancogenic miRNAs Re-expression of fumar-suppressor
Promoter demethylation of silenced 1 Histone acetyltransferase (HAT) le.g., miR-21] and tumar-suppressor and NriZ-respansive cytoprotective genes
fumar-suppressor genes balance; T acetylated H3/Hé mifNAs (e.g., let-7 family) Cellcycle amest (p1d, p21)
(e.g., GSTP1, RARBZ, RECK, WIF-1) Modulation of HMTs (e.g., EZH2) IncRNA expression changes Restorad apoptatic sensitivity
4 MBD1/MBD2/MeCPZ binding Chromatin relaxation, restored affecting proliferation, apoptosis, Reduced profiferation/invasion
(EGCG, sulforaphane, genistein] accessibility (sulforaphane, EGLG, curcumin) and EMT-related targets (curcumin, resveratrol) markers
N PN PN d N

Net Cellular Qutcome

Chemoprevention / Adjuvant Therapeutic Potential

(clinical-trial evidence varies markedly by compound — see Section 6)

Legend / Evidentiary basis (strength varies by compound — see Table 1 and Section & for compound-specific grading):

# EGCG {green tea catechin): mechanistic DNMTL/HDAC inhibition and GSTP1 promater demethylation directfy shown in prostate cancer cell ines (Pandey et al,, 2010}, a randomized

placeba-controlled trial of green tea catechins showed reduced prostate cancer progression in men with high-grade prostatic intraepithelial neaplasia (Kumar et al, 2015); a separate randomized

trial measured prostate-tissue DNMT! expressian directly following graen tea/quercetin co-administration (Henning et al., 2020).

# Sulforaphane: well-documented dual DNMI/HDAC inhibitor in preclinical modeks; human trial evidence for epigenetic endpoints specifically remains more limited than for EGCC.

* Curcumin, resveratrol, genistein, quercetin, apigenin: consistent preclinical epigenetic-modulatory activity across DNA methylation, histone modification, and miRNA pathways;

dedicated human trials with direct epigenetic-endpoint measurement in cancer patients are comparatively sparse for most of these compounds,

* Non-coding RNA madulztion is an increasingly dacumentad but mechanistically less fully resolved arm of phytochemical epigenatic activity relative to DNA methylation and histone

acatylation, which remain the best-characterized mechanisms overall.

+ Biavailability limitatians (Section 7) mean that concentrations achieving epigenatic effects in vitro often exceed those readily attainable through dietary intake alone, mativating

supplementation, co-administration (2., quercetin plus green tea extract), or delivery-system strategies discussed in Section 7.

Figure 1. Integrated mechanistic framework for bioactive phytochemicals acting on DNA
methylation, histone modification, and non-coding RNA regulation, converging on tumor-
suppressor gene reactivation and reduced malignant cellular behavior. Evidence strength for

each arm varies substantially by compound; see Section 6 for compound-specific grading.

Journal of Pharmacology, Genetics and Molecular Biolog
ISSN: 3049-3757 | Vol. 02, Issue-05, Sep-Oct [2026, pp. 73-90

(JPGMB)

81



Journal of Pharmacology, Genetics and Molecular Biology (JPGMB)
ISSN: 3049-3757 | Vol. 02, Issue-05, Sep-Oct | 2026

6. Critical Appraisal: Grading the Evidence by Compound

6.1 Tier I Human Clinical Trial Evidence

Green tea catechins, chiefly EGCG, represent the only compound class reviewed here with
both a cancer-relevant clinical efficacy endpoint from a randomized, placebo-controlled trial
(reduced progression in men with high-grade prostatic intraepithelial neoplasia) and a separate
randomized trial directly measuring a specific epigenetic-pathway biomarker (DNMT1 and
COMT expression) in human prostate tissue following intervention. This combination clinical
efficacy signal plus direct human tissue-level mechanistic confirmation is notable and
distinguishes EGCG from every other compound class reviewed. Important caveats remain,
however: the prostate cancer prevention trial used a defined green tea catechin extract rather
than isolated EGCG, complicating attribution of effect to EGCG specifically as opposed to the
catechin mixture as a whole; and the tissue-level DNMT1/COMT trial was primarily a
bioavailability and pharmacodynamic study rather than a powered clinical efficacy trial*>-%°,

6.2 Tier II-III Preclinical Evidence Predominates

Sulforaphane, curcumin, resveratrol, genistein, and apigenin all demonstrate consistent, often
mechanistically detailed, epigenetic-modulatory activity in cell-line and, for several
compounds, animal models, but dedicated human clinical trials with directly measured
epigenetic endpoints in cancer patients or at-risk populations were not identified for these
compounds individually during this review's search, representing the principal evidence gap
distinguishing this majority group from EGCG*"%,

6.3 Cross-Cutting Limitations

» Concentration disconnect: many of the concentrations producing clear epigenetic effects
in vitro (often low-to-mid micromolar) exceed those typically achievable through dietary
intake alone, and in some cases exceed those achieved even with concentrated
supplementation, given the bioavailability limitations discussed in Section 7.1; this
disconnect is a recurring, and often insufficiently acknowledged, limitation across the
preclinical literature reviewed.

* Heterogeneous exposure definitions: studies vary considerably in whether they test
purified single compounds, standardized extracts, or whole-food/beverage exposure,
complicating direct comparison and attribution of effect to a specific molecular entity.

* Cell-line-specific and context-dependent effects: epigenetic-modulatory effects,
particularly for histone methylation and miRNA regulation, can be highly cell-type- and
cancer-subtype-specific, and generalization from a single cell-line model to broader
clinical relevance should be made cautiously.

* Absence of long-term human epigenome-wide data: no compound reviewed here has been
evaluated in a long-term human trial using genome-wide methylation or chromatin
profiling (e.g., array- or sequencing-based epigenome-wide association study
methodology) as a primary endpoint, which would represent a considerably more rigorous
confirmation of the promoter-specific findings described in Sections 4-5.

7. Translational Relevance
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7.1 Bioavailability and the Combination-Therapy Strategy

Poor oral bioavailability is a specifically well-documented barrier for EGCG: human prostate-
tissue studies have shown that a substantial proportion of tissue EGCG is present in a
methylated, less bioactive form (4”-methyl-EGCG), generated by catechol-O-
methyltransferase (COMT)-mediated metabolism. This finding directly motivated the co-
administration strategy combining green tea extract with quercetin, a natural COMT inhibitor
evaluated in both preclinical xenograft models (in which the combination produced
substantially greater tumor growth inhibition than green tea alone) and the human randomized
trial discussed in Section 6.1, illustrating a specific, mechanistically grounded example of
rational combination design to overcome a defined pharmacokinetic limitation, in contrast to

empirical or unsystematic supplement combination #>-*°,

7.2 Delivery-System and Formulation Strategies

For curcumin in particular whose poor intrinsic bioavailability is well established in the broader
pharmacological literature nanoparticle encapsulation, liposomal formulation, phospholipid
complexation, and piperine co-administration have each been explored to improve systemic
and tissue-level exposure; comparable delivery-system optimization work for the epigenetic-
modulatory activity of resveratrol, genistein, and sulforaphane specifically (as opposed to their
broader pharmacological profiles) is comparatively less developed and represents a
translational gap distinguishable from the mechanistic gap discussed in Section 6.2 332,

7.3 Safety and Tolerability

Green tea catechins and the other phytochemicals discussed here generally have favorable
safety profiles at dietary and moderate supplemental doses, a factor frequently cited as a key
advantage relative to synthetic DNMTis and HDACis, which carry meaningful hematologic
and gastrointestinal toxicity. High-dose green tea extract supplementation has, however, been
associated with rare but documented hepatotoxicity in case reports and some trial safety
monitoring, underscoring that “natural” and “low-risk” are not synonymous and that dose-

ranging safety data remain important even for generally well-tolerated compounds >3-4,

7.4 Combination With Standard-of-Care and Synthetic Epigenetic Drugs

A recurring theme in the broader epigenetic-therapy literature combination of DNMTis and
HDACis with each other and with immunotherapeutic or other targeted agents to reverse
epigenetic silencing and overcome drug resistance extends naturally to phytochemical
epigenetic modulators, several of which have shown preclinical synergy with established
chemotherapeutic and epigenetic-drug regimens; such rational combination strategies,
alongside the specific quercetin-EGCG bioavailability-enhancement example above, represent
a promising but still largely preclinical translational direction®*>>.

7.5 Current Status of Clinical Development

With the partial exception of green tea catechins (Section 6.1), phytochemical epigenetic
modulators remain positioned predominantly as dietary-supplement-level or adjuvant
chemopreventive interventions rather than agents pursuing formal drug regulatory approval
specifically for a cancer indication grounded in epigenetic mechanism. No compound reviewed
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here has an approved cancer indication specifically justified by epigenetic-modulatory activity,
in contrast to the approved status of synthetic DNMTis/HDACis discussed in Section 1°°.

8. Future Perspectives and Research Priorities

8.1 Trials With Direct Epigenetic Endpoints

Future clinical trials should prioritize direct measurement of epigenetic biomarkers target-gene
promoter methylation status, DNMT/HDAC expression or activity in accessible tissue, or
genome-wide methylation/chromatin profiling as primary or key secondary endpoints,
following the model set by the prostate-tissue DNMT1/COMT trial discussed in Section 6.1,
rather than relying exclusively on downstream clinical or histopathological endpoints that
cannot distinguish an epigenetic mechanism from the many other pharmacological activities
most of these compounds also possess®’%,

8.2 Advancement of Tier II/IIl Compounds

Sulforaphane, curcumin, resveratrol, genistein, and apigenin warrant dedicated, adequately
powered human trials with the epigenetic-endpoint design described above to determine
whether their well-characterized preclinical mechanistic profile translates to demonstrable
human epigenetic and clinical effect, addressing the principal evidence gap identified in
Section 6.2.

8.3 Bioavailability-Optimized and Combination Formulations

Continued development of rational, mechanistically grounded combination strategies
following the quercetin-EGCG COMT-inhibition model alongside delivery-system
optimization (nanoparticle, liposomal, and related formulations) for the currently less-
developed compounds (sulforaphane, resveratrol, genistein), should be prioritized over further
studies of unmodified compounds at conventional doses, given the well-documented
bioavailability disconnect discussed in Section 7.1.

8.4 Genome-Wide and Multi-Omic Characterization

Application of genome-wide methylation arrays or sequencing, chromatin
immunoprecipitation sequencing (ChIP-seq), and small-RNA sequencing to human trial
samples would substantially strengthen the currently promoter-specific, single-gene-focused
evidence base described in Sections 4-5, clarifying the breadth and specificity of
phytochemical epigenetic effects at a genome-wide level rather than relying on the handful of
well-studied loci (GSTP1, RARB2, RECK, WIF-1) that dominate the current literature>*-°.

8.5 Rational Combination With Synthetic Epigenetic and Standard-of-Care Agents

Building on the preclinical synergy signals discussed in Section 7.4, well-designed
combination trials pairing phytochemical epigenetic modulators with established DNMTis,
HDAC:s, or standard chemotherapy/immunotherapy regimens rather than exclusively single-
agent or placebo-controlled phytochemical trials would better establish the incremental clinical
value of these compounds as adjuvant, rather than standalone, therapeutic strategies.
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8.6 Long-Term Safety and Chemoprevention Cohort Studies

Given the chemopreventive (rather than purely therapeutic) framing that applies to much of
this literature, long-term prospective cohort studies building on the existing epidemiological
association between phytochemical-rich diets and reduced cancer incidence combined with the
mechanistic and trial-design advances proposed above, would help establish whether early-life
or sustained dietary phytochemical exposure meaningfully influences cancer risk via the
epigenetic mechanisms characterized in this review 61-62.

9. Conclusion

Bioactive phytochemicals most thoroughly characterized among them green tea catechins,
sulforaphane, curcumin, resveratrol, and dietary flavonoids modulate the core epigenetic
machinery implicated in carcinogenesis, spanning DNA methyltransferase inhibition, histone
deacetylase inhibition and chromatin remodeling, and, less fully characterized, non-coding
RNA regulation, frequently converging on the reactivation of specific, well-characterized
silenced tumor-suppressor genes. This mechanistic evidence base is substantial and, for several
compounds, detailed at the level of specific enzymes, promoters, and chromatin marks. Direct
clinical translation, however, remains markedly uneven: green tea catechins alone are
supported by both a randomized clinical efficacy trial and direct human tissue-level epigenetic
biomarker confirmation, while sulforaphane, curcumin, resveratrol, and the dietary flavonoids
reviewed remain, for this specific mechanistic indication, at the preclinical stage despite
consistent and often detailed mechanistic support. Honest, compound-specific evidence
grading of the kind applied throughout this review distinguishing established human
epigenetic-pathway evidence from preclinical mechanistic promise is essential to appropriately
calibrate both future research investment and any clinical communication regarding the
present-day role of phytochemical epigenetic modulators in cancer prevention and adjuvant
therapy.
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