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[S I N N

Abstract: Polyphenols have been shown to be utilized as an effective treatment for cancer
by acting as a DNMT or HDAC inhibitor, reducing inflammatory processes, and causing
cell cycle arrest. While there have been many studies demonstrating the anti-cancerous
potential of individual polyphenols, there are limited studies on the combinatorial effects
of polyphenols. This review focuses on how combinations of different polyphenols can
be used as a chemotherapeutic treatment option for patients. Specifically, we examine the
combinatorial effects of three commonly used polyphenols: curcumin, resveratrol, and
epigallocatechin gallate. These combinations have been shown to induce apoptosis, prevent
colony formation and migration, increase tumor suppression, reduce cell viability and
angiogenesis, and create several epigenetic modifications. In addition, these anti-cancerous
effects were synergistic and additive. Thus, these findings suggest that using different
combinations of polyphenols at the appropriate concentrations can be used as a better and
more efficacious treatment against cancer as compared to using polyphenols individually.

Keywords: epigenetics; dietary polyphenols; combination; cancer

1. Introduction

Cancer is defined as the abnormal growth of cells. This life-threatening disease can
stem from any organ or area of the body [1]. As of 2024, there have been 2,001,140 new cases
and 611,720 people have died from the disease. The most common types of cancer are breast
cancer, prostate cancer, colon and rectum cancer, and skin cancer [2]. Current standards of
treatment for cancer provide numerous benefits and can significantly inhibit the progression
of the disease; however, it also has considerable drawbacks, such as increasing the risk
of developing secondary diseases, inducing immunosuppression, and being difficult to
develop and efficiently deliver in the body. In addition, while the biological side effects
of treatments are often highlighted, the sociological effects are ignored. These treatments
are very expensive, presenting an obstacle to those from low socioeconomic backgrounds.
Furthermore, many areas of the world have a lack of access to cancer treatments, as they
often do not have the technology and equipment to develop these drugs and therapies.
This creates an issue of inequality between those who have an increased advantage due
to their location or financial background compared to those who are from smaller, more
rural areas. Thus, this presents the need to explore other avenues for cancer treatment that
are more accessible, affordable, present less side effects, and can be used as a preventive
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method for cancer treatment. According to the American Institute for Cancer Research,
30-40% of all cancers can be prevented by appropriate diets. Specific nutrients can have an
impact on tumor formation and reduce cancer risk [3]. Polyphenols can block cell cycle
progression, induce apoptosis, and attack tumor formation while also having limited toxic
side effects. More importantly, these molecules are more accessible as they are found in
everyday food items, allowing them to be utilized as a preventive form of treatment as
well [4].

2. Materials and Methods

Databases contained within PubMed were employed for identifying multiple empirical
and review articles in the relevant literature. The keywords employed for the searches
were “combinatorial polyphenols”, “cancer”, “epigenetics”, “curcumin”, “resveratrol”,
and “epigallocatechin gallate”. PubMed was used for comprehensive searches for relevant
research references as well as review article references. Although descriptive statistical

analysis and meta-analyses were not employed for the searches.

3. Polyphenols

Polyphenols are natural compounds derived from plants. They play an important
role for plants by assisting in the attraction of pollinators, defense for ultraviolet radiation,
and protection against microbes [5,6]. These compounds are also found in various diets,
particularly fruits, vegetables, and tea [3]. They enhance the quality of foods by affecting color,
odor, and binding to macromolecules to reduce food digestibility [6]. While these compounds
play a prominent role in plants and diets, there have been numerous studies demonstrating
an ability to influence oxidative and inflammatory stress, as well as inhibit the progression
of cancer through inhibition of cell cycle events and apoptosis induction [7-10]. Specifically,
polyphenols affect pathways of immune regulation, epigenetic mechanisms, oxidative stress
pathways, apoptosis, and inhibition of metastasis (Figure 1).
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Figure 1. 1 = Indicates increase; | = Indicates decrease. The diverse functions of polyphenols. Created
in BioRender. Lab, T. (2024) https://BioRender.com /1101067 (accessed on 7 December 2024) [7-10].
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3.1. Epigenetic Mechanisms

Polyphenols have specific effects on epigenetic mechanisms of the human body. This
can include DNA methylation, histone modifications, and posttranscriptional regulation by
microRNAs [11]. These epigenetic pathways have a significant role in the development of
cancer, which is why polyphenols can be synthesized to be utilized as a form of treatment
for cancer [12]. For instance, certain polyphenols can inhibit DNA methyltransferases,
which can lead to changes in the gene regulation of tumor suppressors and oncogenes
to prevent tumor formation [13-15]. Polyphenols also have the ability to inhibit histone
deacetylase activity while increasing the acetylation of lysines to re-activate the expression
of tumor suppressor genes and other previously suppressed genes [16]. In addition, through
targeting miRNAs, polyphenols can also regulate gene expression that can activate and
differentiate various cell types [17].

3.2. Immune System Regulation

Polyphenols can also modulate the immune system. Certain polyphenols can cause
an increase in immune cells, such as T helper cells, natural killer cells, macrophages
and dendritic cells [18]. T lymphocytes have an important role for autoimmunity and
a dysregulation or reduction in these cells causes allergies, rheumatoid arthritis, and
inflammatory bowel disease [19]. Thus, having polyphenols that increase the number of T
helper cells can significantly support the immune system by suppressing the prevalence of
autoimmune disorders [20]. B cells are also important in the immune system and produce
antibodies as well as regulate homeostasis [21]. Some polyphenols allow for increased
synthesis of B lymphocytes, which then further causes an increase in antibodies such as IgG
production. This antibody has a significant role in inflammatory responses which can help
suppress cancer [22]. Macrophages are also involved in the inflammatory response through
the production of cytokines. Polyphenols can have an inhibitory effect on cytokines through
a decreased phosphorylation of extracellular signal-regulated protein kinases [23-25].

3.3. Oxidative Stress and Anti-Inflammatory Pathways

Additionally, oxidative stress is related to chronic inflammation and polyphenols
can increase mRNA expression and antioxidant enzymes [26]. Cell signaling also affects
inflammation through the MAPKs pathway and IkB kinase. These pathways regulate
transcription factors that affect the expression of inflammatory mediators [27]. Polyphe-
nols act by blocking the MAPKs pathway which reduces inflammation [28]. This also
causes a decrease in transcription factors that are related to inflammatory processes further
diminishing the effects of inflammation [27].

3.4. Apoptosis and Anti-Metastasis

Polyphenols can have an effect on apoptosis through a variety of mechanisms. For in-
stance, they can diminish reactive oxygen species and phosphorylation, increase PI3K/ Akt
protein expression and calcium influx, and activate p53 expression and CaMKII [29-33].
These events can cause cancer cells to induce cell cycle arrest at the G1 phase and suppress
the proliferation of cells. Polyphenols can also exhibit anti-metastatic effects by affecting
epithelial-mesenchymal transition (EMT)-related proteins [34]. These proteins cause cells
to change from an epithelial morphology to a mesenchymal morphology, allowing cells to
migrate from their primary site to other sites of the body, leading to metastasis [35].

3.5. Safety of Polyphenols

A great benefit of polyphenols is that most of these compounds are derived from
plants, meaning that it is considered both safe and healthy [36]. When taken at appropriate
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concentrations, these compounds have limited risk and side effects. Since polyphenols are
natural molecules, there is a significantly reduced chance of them exhibiting genotoxic or
carcinogenic side effects. This quality of polyphenols makes it even more desirable and
beneficial to be utilized as a form of cancer prevention [37].

4. Common Polyphenols
4.1. Curcumin

Curcumin is a polyphenol found in turmeric and ginger. It not only has potential to be
used in treatment for cancer but also has therapeutic potential for multiple chronic diseases,
liver disease, and arthritis [38]. Specifically for cancer, it has been shown to inhibit cancer
growth, induce apoptosis, suppress cell migration, and prevent angiogenesis and metastasis
(Figure 2). This polyphenol can create these effects by altering pathways, such as mTOR,
PI3K/AKT, and caspase activation. When non-small lung cancer cells were treated with
curcumin, it prevented cell proliferation and induced apoptosis through the upregulation
of miR192-5p and suppression of PI3K/AKT signaling [39]. Treated with curcumin, ovarian
cancer cells caused apoptosis and autophagy through the inhibition of AKT and mTOR
signaling pathways. Similarly, curcumin-treated colon cancer cells led to a growth inhibition
through the associated protein suppression [40]. With curcumin’s numerous benefits, it
has low bioavailability because of poor absorption and rapid metabolism. This limits its
therapeutic effect [41]. Since curcumin is lipophilic, it accumulates in fatty tissues, the liver,
and kidneys, where it goes through rapid metabolic conversion. It also binds to plasma
proteins. Curcumin is excreted primarily in the bile and feces and its half-life is around
1-2 h in the plasma [42]. Curcumin has been shown to have limited sub-chronic toxicity
damage and has no potential mutagenic or teratogenic effects [43].
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Figure 2. Effects of Curcumin on cancer. Curcumin affects many pathways including the AKT, MAPK,
ROS, mTOR, NF-kB, and Caspase pathways. This leads to DNA damage, apoptosis, and decreased
cell growth. Created in BioRender. Lab, T. (2025) https://BioRender.com/ul130398 (accessed on
5 February 2025) [39,40].
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4.2. Resveratrol

Resveratrol is commonly found in berries, grapes, and peanuts and has antioxidative
and anti-inflammatory properties. Similar to curcumin, resveratrol also inhibits a variety of
diseases, including diabetes, Parkinson’s, Alzheimer’s, as well as cancer [44]. Resveratrol
treatment of colorectal cancer cells led to apoptosis and inhibition of metastasis, showing
promise as an effective anti-cancer agent [45]. When used to treat gastric adenocarcinoma
cells, resveratrol caused DMA damage and an increase in reactive oxygen species. Further-
more, it stimulates G2/M cell cycle arrest and increases Bcl and Bax, leading to apoptosis.
When treating melanoma cells with resveratrol, there is an increase in ROS, endoplasmic
reticulum stress, and increased cleaved caspase-9 levels [46—48]. Resveratrol combined
with hepatocellular cancer cells causes growth inhibition through the regulation of p53 and
PI1K/AKT pathways [40,49,50]. Resveratrol can also affect DNA methylation by decreasing
the activity of DNA methyltransferases (DNMT) enzymes and change the DNA methylation
patterns by decreasing levels of 5-methylcytosine. Resveratrol also influences inflammatory
responses by increasing the SIRT1 and NF-kB pathways (Figure 3) [51-53]. Resveratrol has
a low oral bioavailability. In addition, around 75% of orally ingested resveratrol is rapidly
absorbed in the gastrointestinal tract [54]. Resveratrol is lipophilic and is distributed in the
liver, kidney, and intestinal tissues. It goes through first-pass metabolism in the liver and
intestinal cells and is metabolized by phase 2 enzymes. Finally, it is excreted in the bile and
feces. Resveratrol is relatively safe, as it has minimal adverse effects at low-to-moderate
doses and is well-tolerated at high doses. Resveratrol also has low toxic effects in animal
studies [55].

T increased expression

| 3

Resveratrol
Indicates
ecreased expression
| Akt
TBcI, Bax
t sIRT1 1 ps3
(4 D
QO
Q
O .
Improved Mitochondrial Function Apoptosis Decreased Inflammation

Figure 3. Effects of resveratrol on cancer. Resveratrol affects many pathways, including the AKT,
Bcl, Bax, SIRT1, p53, NF-kB, and TFEB pathways. This leads to improved mitochondrial function,
apoptosis, and decreased inflammation. Created in BioRender. Lab, T. (2024) https://BioRender.
com/s56n309 (accessed on 7 December 2024) [40,49-53].


https://BioRender.com/s56n309
https://BioRender.com/s56n309

Nutrients 2025, 17, 616

6 0of 35

T = Indicates

increased expression @

4.3. Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) is a prominent antioxidant in green tea. This polyphe-
nol shows significant antiproliferative effects and apoptotic effects. Specifically, ECGG
has been shown to inhibit colon cancer [56]. Through experimental methods, it has been
found that ECGG inhibits cellular growth of colon cancer cells by stimulating early apopto-
sis and cell cycle arrest, particularly in cancer cells with functional p53 [57]. ECGG also
has anti-tumor effects in the ability through activation of the AMPK pathway to inhibit
cell-growth-promoting anabolic pathways [58]. ECGG has also been shown to act as an in-
hibitor of DNMTs to reactivate silenced tumor suppressors, thereby affecting cancer-related
DNA hypermethylation. It also promotes tumor suppression by increasing the PTEN
gene. EGCG influences cell death by regulating the PKC and RAS pathways (Figure 4).
In addition, it exerts anti-cancer effects through miRNA silencing. miRNAs that do not
function properly lead to decreased programmed cell death, upregulation of telomerase,
and cellular proliferation, which can facilitate tumor formation [57,59]. EGCG has low
bioavailability. EGCG is hydrophilic and is present in lipid products. There are structural
modifications through esterification that allow it to be absorbed better [60]. EGCG is also
considered safe in moderate doses but at higher doses it could cause adverse effects. High
doses can cause liver toxicity [61].

Epigallocatechin-3-
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Figure 4. Effects of EGCG on cancer. EGCG affects many pathways, including the PKC, AMPK, PTEN,
RAS, NF-kB, and cAMP pathways. This leads to improved mitochondrial function, reduced cell stress,
and decreased transcription. Created in BioRender. Lab, T. (2024) https://BioRender.com/s56n309
(accessed on 7 December 2024) [57,58].

4.4. Other Polyphenols

Other common polyphenols include quercetin, which increases apoptosis in cancer
cells by activating caspase-3 and inhibiting the phosphorylation of signaling pathways,
such as mTOR, Akt, and ERK. Quercetin also has the ability to prevent angiogenesis by
targeting the VEGRF-2-mediated angiogenesis pathway and thus reducing tumor growth.
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Quercetin’s ability to inhibit EMT and STAT3 signaling were reported to prevent metasta-
sis [62]. Kaempferol also has been shown to have anti-cancerous properties. Specifically,
studies show that it inhibits the growth of breast cancer cells. Kaempferol can arrest the
cell cycle at the G2/M phase and induces apoptosis by suppressing the Bcl2 protein and
increasing the Bax protein. In addition, it inhibits the migration of breast cancer cells by
regulating EMT [63].

Polyphenols when used in combination can have synergistic effects that can be used
as better treatment options than utilizing the polyphenols individually. By using the
appropriate dosages of each polyphenol, toxicity can be avoided. If the dosages are
too high, potential side effects could occur, including interference with iron absorption,
genotoxic effects, and pro-oxidant activity [6].

5. Combination of Polyphenols

5.1. Curcumin in Combination with Other Molecules
5.1.1. Curcumin and EGCG

Curcumin and ECGG have been studied together to explore their synergistic effects.
For example, one study showed the combinatorial inhibitor effects of both compounds
in colorectal carcinoma [64]. Specifically, it blocked the JAK-STAT3 signaling pathway
which is overactivated in colorectal cancer cells. This blocks the transition of normal
endothelial cells (NECs) to tumor endothelial cells. When NECs were treated with both
compounds in combination there was a significantly greater inhibitory effect than when
the compounds were used individually. mRNA and protein levels of proteins such as
JAK, STAT3, TEC markers, and IL-8 were reduced in the treatment group versus the
control group. Collectively, this contributes to a reduction in cell migration, invasion,
and viability [64]. While this study demonstrates promising results in the combination
treatment for the inhibition of colorectal cancer cells, it primarily focuses on the JAK/STAT3
signaling pathways. There are other angiogenic pathways or factors that also contribute to
the NEC to TEC transition that can lead to colorectal cancer. The combination treatment
can be explored to determine if it induces a suppressive effect on these pathways as well.

The synergistic effect of curcumin and EGCG has also been investigated in prostate
cancer. Combination treatment resulted in a greater shrinkage of cell morphology and
karyorrhexis compared to treatment with individual molecules. In addition, the expression
of p21 protein was increased, which leads to cell cycle arrest and inhibition of transcription
and the inhibition of p-Rb, which leads to increased cell death. Curcumin and ECGG
combination affect multiple cell cycle target pathways, which causes an arrest of the cell
cycle in different stages, such as the G2/M phase and the S phase [65].

5.1.2. Curcumin and Resveratrol

There have been studies showing the combination of resveratrol and curcumin in col-
orectal cancer cells. Combination treatment with both compounds has a greater inhibitory
effect of the colorectal cancer cells lines Caco-2 and DLD-1 than when treated with the
compounds individually. In addition, when treated with both compounds, there were
differences in gene expression for PMAIP1, BID, ZMAT3, CASP3, and FAS, where the gene
expression is decreased, causing an increase in apoptosis [66]. The combination treatment
resulted in a 300% higher apoptosis in comparison to treatment with the compounds alone.
In addition, both compounds act on cancer cells independent of p53 status, meaning that
they exert effects on p53 positive and negative cells. Treatment also led to cell cycle arrest
at the G2-M phase, where there is a decrease in the number of cells in the G2-M phase and
an accumulation of cells in the S phase. The combination treatment leads to an activation
of EGFRs and IGF-1R in colon cancer cells.
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Studies have been performed in SCID mice with colon cancer, where the combination
of resveratrol and curcumin caused a 50% inhibition in tumor growth with limited systemic
toxicity or adverse effects. Daily gavaging of either compound individually led to a 40—
45% inhibition in growth, while the combination causes a 70% inhibition [67]. This study
presents significant results in vivo but does not explore the effect on in vitro cell lines, so it
does not show how the combination affects human-derived cell lines.

An additional study demonstrated how the combination of curcumin, resveratrol, and
benzopyrene produces an increased chemopreventative response by maintaining proper
zinc levels [68]. Zinc plays an important role in prostate development and suppresses the
angiogenic and metastatic potential of malignant prostate cells. It also increases p21 levels
and modulates Cox-2 [68,69].

5.1.3. Curcumin and Tocotrienol-Rich Fraction Vitamin E

There have been reports indicating a significant combinatorial effect of essential
turmeric oil-curcumin (ETO-Cur) and tocotrienol-rich fraction vitamin E (TRF) isomers
in colon cancers [70]. The combination of ETO-Cur and TRF showed greater inhibition
than when the compounds were administered individually on both the colon cancer cell
lines HCT-116 and HT-29 and HCT-116 xenograft mouse model, demonstrating that this
effect is present in vitro and in vivo. In addition, the combinatorial treatment was seen
to have an effect in the gut microbiome, which affects the growth and progression of
colon tumors. Using 165 rRNA sequencing, it was shown that the number of microbial
bacterial species increased in the SCID mice in comparison to the control. Not only did the
number increase, but the richness and diversity increased 44% in SCID mice versus the
control. Specifically, it was shown that probiotic bacteria Bifidobacteria and Lactobacillus
increased as well as beneficial bacteria, such as Clostridium IV, which has anti-inflammatory
effects, in comparison to the control [70]. This study presents results both in vitro and
in vivo, which shows various effects of the combination in a clinical and basic science
aspect. Utilizing a mice model presents a challenge where the gut microbiome is highly
variable, as it is influenced by diet, environment, and genetics. Thus, the microbial changes
that were observed in mice may not replicate the diversity and complexity of the human
gut microbiome. In addition, while the changes in microbial composition were observed,
functional analysis of the gut microbiota was not conducted, which limits the understanding
of how microbial metabolites can contribute to tumor inhibition.

5.1.4. Curcumin and 5-Flurouracil (5-FU) and Oxaliplatin

Combinations of curcumin with chemotherapy agents have also been reported to en-
hance cancer treatment efficacy. Curcumin with 5-FU and oxaliplatin (FOLFOX) was given
to patients with colorectal liver metastases [71]. The trial showed that the combination
decreased the growth of primary cancer stem cells (CSC) spheroid numbers by 80% in
comparison to these agents used alone. ALDH1Ai staining indicated that there were also
decreased pluripotent stem cell markers, such as Oct3-4, AFP, and HNF/FOxAe, disrupt-
ing important stem cell pathways that contribute to the growth of cancerous cells. The
combination overall resulted in increased proapoptotic effects and a decreased proliferative
index. Although there were some side effects, the treatment was generally safe, as 41.7% of
patients reported no adverse events [71]. While a significant amount of patients did not
experience serious side effects, this could be due to variations in individual metabolism,
tumor biology, or prior treatment history that can lead to conflicting findings. However, a
great strength of this article is that it incorporates a mix of in vitro experiments and patient
clinical trials, showing a multifaceted evaluation of curcumin’s effects.
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5.1.5. Curcumin and Doxorubicin

Doxorubicin is another chemotherapeutic agent that is used to treat many cancers, such
as breast cancers, by intercalating with DNA, releasing reacting oxygen species, and nega-
tively affecting DNA damage repair. The combination of the chemotherapeutic agent with
curcumin resulted in reducing the survival of breast cancer cells. Flow cytometry showed
an increased cytotoxicity for breast cancer cells in comparison when the combination was
used [72].

In addition, curcumin can further amplify the immune and cardioprotective prop-
erties of doxorubicin [73]. This combination has also been shown to affect leukemia and
lymphoma cells. Specifically, it inhibits mRNA expression of MDR1 and Bcl-2 in CML-
inhibiting cancer growth and activating apoptosis. Furthermore, the synergistic effect of
curcumin inhibits drug resistance of Doxorubicin so that it retains in the nucleus longer [74].

Curcumin can also improve the stability and deliver doxorubicin slowly into the
system for the treatment of lung cancer. In vitro studies through MTT assays showed
that the combination induced apoptosis by 20.02% in comparison to 9.57% and 11.33% for
curcumin and doxorubicin administered individually, respectively. The combination also
inhibited angiogenesis, as zebra fish embryos treated with both compounds had defective
vascular formation and intersegmental vessels failing to form. In vivo studies of mouse
models showed that tumor was decreased more for combination treatment than individual
treatment as well as an increase in positive nuclei indicating apoptosis [75]. This study
observes the inhibition of doxorubicin and curcumin on the angiogenesis pathways in
zebrafish and mouse models. However, this may not apply to other species due to the
species-specific variations in angiogenesis pathways among tumors. In addition, this
study highlights a micelle-based delivery system to enhance water solubility; however, this
may be difficult to achieve in therapeutic plasma concentrations due to curcumin’s poor
bioavailability. Nevertheless, the study presents detailed analysis of micelle size and mor-
phology to support the reliability of the delivery system. In addition, it demonstrates the
synergistic effects through various aspects, such as in apoptosis, tumor growth inhibition,
and antiangiogenics, to support how it can be utilized as an anti-cancer treatment.

5.1.6. Curcumin and Paclitaxel

Paclitaxel is another chemotherapeutic agent that is used as a mitotic inhibitor [76].
Synergistic combinations of curcumin and paclitaxel induced a downregulation of NF-kB
activation, which led to an inhibition of the nuclear translocation of the p65 subunit. Cells
treated with both compounds also had an over-expression of WT Akt. The two events
of the inactivation of NF-kB and activation of Akt were independent events. Through
Annexin V/PI staining, it was shown that the combination also induced apoptosis and
G2/M cell cycle arrest in cervical cancer cells [77]. There was also an upregulation of the
survivin protein that is activated by Akt. Inmunoblotting demonstrated that the MAPK
pathway had a role in the synergism between curcumin and paclitaxel. Finally, Western
blots showed an upregulation of the Bcl-2 protein that is responsible for apoptosis. In
addition, the usage of curcumin reduces the harmful side effects of paclitaxel, making this
combination a more available chemotherapeutic treatment [77]. This study demonstrates
how the combination affects the apoptotic pathway for Bcl-2 and Bax but does not explore
the broader apoptotic pathways and alternative cell death mechanisms that could also
be affected by the combination. In addition, there are no therapeutic explorations of the
combination with p53 and p21 through utilizing clinical models.

A summary of the combinatorial effects of curcumin with other polyphenols is pro-
vided in Tables 1 and 2 below.
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Table 1. Summary of preclinical studies of curcumin in combination with other molecules.
Compounds Cancer Anti-Cancer Effects References
Blocks JAK-STAT3 signaling
Colorectal Carcinoma mRNA and protein levels of TEC markers and IL-8 [64]
Curcumin and EGCG were reduced
p21 increased
Prostate cancer Inhibition of p-Rb [65]
Increase in apoptosis by 300%
Cell cycle arrest in G2-M phase
Curcumin and Resveratrol Colorectal cancer Decrease in gene expression for PMAIP1, BID, ZMAT3,  [66]
CASP3, and FAS
50% inhibition of tumor growth in SCID mice
Curcumin, Resveratrol, Prostate cancer Increasg p2.1 levels [68,69]
and benzopyrene Maintain zinc levels
Breast cancer Increased cytotoxicity [72]
Curcumin and Doxorubicin Leukemia and lymphoma mRNA expression of MDR1 and Bcl-.2.1n CML [74]
Reduced drug resistance of doxorubicin
Downregulation of NF-kB activation
Curcumin and Paclitaxel Cervical cancer Apoptosis and G2/M cell cycle arrest [77]
Upregulation of surviving and Bcl-2 protein
Table 2. Summary of clinical studies of curcumin in combination with other molecules.
Compounds Cancer Anti-Cancer Effects References

Curcumin and Resveratrol

Increase in apoptosis by 300%
Cell cycle arrest in G2-M phase
Colorectal cancer Decrease in gene expression for PMAIP1, BID, [66]
ZMAT3, CASP3, and FAS
50% inhibition of tumor growth in SCID mice

Increased number of microbial bacterial species in

Curcumin and Tocotrienol-rich fraction Colon cancer SCID mice [70]
Vitamin E Richness and diversity of bacterial species
increased by 44% in SCID mice
Decreased growth of primary cancer stem cells by
Ie . . o 80% for patients with colorectal liver metastases
urcumin, 5-flurouracil and oxaliplatin Colorectal cancer [71]

Decreased pluripotent stem cell markers such as
Oct3-4, AFP, and HNF/FOxAe

5.2. Resveratrol in Combination with Other Molecules
5.2.1. Resveratrol and Piperine

Piperine has been shown to increase the bioavailability of resveratrol. Piperine is an
alkaloid found in black pepper. The degree of exposure for resveratrol was increased to
229% when piperine was also used in combination [78]. This is very beneficial because
resveratrol cannot exert a significant effect for anti-cancer mechanisms because of its rapid
metabolism. By utilizing piperine alongside resveratrol, it inhibits its metabolism allowing
resveratrol to have a longer impact [78].

5.2.2. Resveratrol and Quercetin

Resveratrol and quercetin demonstrated synergistic effects for skin cancer. A cell
cytotoxicity study indicated that the combination treatment had a lower IC50 value, indi-
cating an increased cytotoxic effect towards skin cancer cells [79]. This also demonstrated
that the combination treatment was helpful in overcoming oxidative stress and inflam-
mation. A wound-healing assay showed that quercetin-resveratrol treatment inhibited
the migration of cells as the cells in the control group moved to the scratch edges and
healed the wound, whereas the experimental group did not have any migration of cells or
healing of wounds. This supports the fact that the combination treatment contributes to
anti-metastatic effects [79].
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Resveratrol and quercetin have also been shown to affect glioma cancer [80]. MTT
assays showed that when used in combination, the cells decrease by 80%, which is signifi-
cantly less than when the cells are treated with the compounds individually. When treated
with resveratrol, there is a reduction in the number of cells by 25%, and when treated
with quercetin there is a reduction in the number of cells by 54%. The synergistic effect
of these compounds also caused a strong activation of caspase 3/7 activity, which leads
to increased apoptosis. These compounds decreased the phosphorylation of AKT, which
reduces cell growth, proliferation, and survival [80]. Although the study showed good
results, it used relatively high concentrations of both resveratrol and quercetin, which may
not be achievable in clinical settings. It also may be toxic at these higher doses. In addition,
there is also limited cell viability testing, as the studies rely heavily on MTT assays, which
may not show all aspects of cytotoxicity. Other methods, such as flow cytometry, may also
be utilized.

There has also been a study on resveratrol, quercetin, and ellagic acid on leukemia cells.
MTT assays indicated an increased additive effect when all three compounds were used,
as this led to decreased cell viability and cell number. Isolbolographic analysis showed
increased caspase-3 activity when all three compounds were used when compared to using
the compounds individually [81].

Resveratrol and quercetin have shown to also inhibit neointimal hyperplasia by de-
creasing serum amyloid A and soluble vascular cell adhesion molecules. Thus, it reduces
restenosis, which also decreases the risk of developing cancer [82].

5.2.3. Resveratrol and Pterostilbene

Resveratrol and pterostilbene creates a synergistic effect on ERx-negative breast can-
cer [83]. Western blots show that the combinatorial treatment creates an increase in ERo
protein expression compared to using the compounds individually. In addition, these
compounds together cause a decrease in acetyl-H3 and acetyl-H4 histone markers in the
promoter region, which represses transcription. There is also a significant increase in HAT
activity and a decrease in HDAC activity for combination treatment, whereas there is no
change in activity for individual treatments. Moreover, there is no change in the control
cell line, indicating that this treatment only targets the cancer cell lines. Similar to HDAC
activity, there is also a decrease in DNMT activity in breast cancer cell lines. Overall, this
combination treatment supports the appropriate epigenetic modifications to decrease the
proliferation of cancer cells [83]. The study demonstrates an optimal does of 15 uM of
resveratrol and 5 uM of pterostilbene; however, there is limited exploration of the dose—
response relationship. Further experiments could determine the minimal dose that has an
effect on cancer cells and the maximal dose to be used where there is no toxicity. The study
primarily focuses on HDAC and DNMT activity but not other epigenetic factors.

Another study demonstrated how this combination induces apoptosis in breast can-
cer cells with no apoptotic effects on the control cells, as well as cell cycle arrest in the
G2/M phase and S phase [84]. Phospho-H2AX is a marker for DNA damage and re-
pair mechanisms. Cancer develops through an increased expression in Phospho-H2AX,
which leads to increased DNA damages and mutations [85]. Western blotting showed that
combinatorial treatment leads to a decrease in Phospho-H2AX levels, which prevents the
formation of cancer cells. The human telomerase reverse transcriptase (hTERT) is also
downregulated during combinatorial treatment, as depicted through RT-PCR and Western
blot analysis [84].
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5.2.4. Resveratrol and Arsenic Trioxide

Resveratrol and arsenic trioxide together have been studied in human lung adenocar-
cinoma and hepatocellular carcinoma cells. MTT assays demonstrated that the combination
treatment led to decreased cell viability compared to individual treatments, causing an
inhibition of colony formation and cell proliferation. Combination treatment increases Nrf2
activation, which leads to an ROS accumulation. This ROS accumulation then leads to
increased apoptosis [86]. Apoptosis is also increased in cells treated with the combination,
as depicted by Western blots that show the elevated caspase 3 activation. ROS induces ER
stress as well as several ER-stress-related proteins, such as GRP 78, CHOP, and caspase 12,
which were detected after treatment with both compounds. Mitochondrial dysfunction
was also demonstrated, which further contributes to the apoptosis of cancer cells [86]. This
study demonstrates how resveratrol enhances Nrf2 activation, which can lead to ROS
and cytotoxicity. However, Nrf2 has also been shown to act as a protective mechanism,
which can lead to contradictions about its role in cancer therapy. In addition, the study
illustrates how synergism can cause ER stress and mitochondria dysfunction, but there can
be differences in these pathways across tumors. This presents variable outcomes depending
on the tumor. The study presents validation of combinatorial treatment into cell lines for
lung and liver cancer. While most studies focus on one specific cell subtype, this study
effectively shows the translational potential of the compounds in two different cancers.

5.2.5. Resveratrol and Melatonin

Melatonin is not only involved in the regulation of the circadian rhythm but is also
an antioxidant and anticarcinogenic agent for cancer, specifically targeting breast cancer.
The effects of melatonin and resveratrol in a rat model with mammary carcinogenesis
have been investigated [87]. The results indicated a decreased tumor incidence of 17% for
the rats when given the resveratrol-melatonin combination diet. There was a decrease
in the number of invasive carcinomas when rats were given the combination, whereas
when treated with just resveratrol alone, there was no effect on tumor incidence and
when melatonin was administered alone, there was an increase in the number of invasive
tumors [87].

5.2.6. Resveratrol and Grape Seed Proanthocyanidins

Another study examined the effects of resveratrol with grape seed proanthocyani-
dins (GSPs) in breast cancer [88]. MTT assays indicated that the combination treatment
inhibited cancer cell lines MDA-MB-231 and MCF-7 more than when the cell lines were
treated with the compounds individually. For instance, after 48 h of treatment with GSPs
individually, there was a 9-19% decrease in cell viability and after 48 h of treatment with
resveratrol individually, there was a 15-42% decrease in cell viability. However, when
treated in combination, there was a 44-79% decrease in cell viability after 48 h of treatment.
Clonogenic assays were performed to analyze the long-term anti-carcinogenic effects on cell
proliferation on the cancer cell lines. The results show that there were significant reductions
in colony formation when the cells were treated with both compounds instead of each
compound individually. The effects on apoptosis from the combination treatment was
analyzed through flow cytometry and observing cell density. There was a decrease in cell
density from the combination treatment in comparison to individual treatment from each
compound. From flow cytometry, results indicated that the combination treatment induced
apoptosis by 21.8% compared to 3.4% and 4.1% from grape seed polyphenols (GSPs) and
resveratrol, respectively. Apoptosis can also be measured by observing the regulation of
the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2 expression. Specifically,
an upregulation of Bax and downregulation of Bcl-2 signifies increased apoptosis. Western
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blot analysis showed that combination treatment almost quadrupled the expression of
Bax and decreased Bcl-2 expression by 70%. Finally, HDAC and DNMT activity assays
indicated that combination treatment decreased the activity of both epigenetic modulators
compared to treatment with the compounds individually [88]. The therapeutic efficacy
of the combination could be explored further. One way to do this would be to have a
biomarker analysis to evaluate its therapeutic potential at the molecular level. This would
help determine if the combination could be used as a treatment in clinical settings. It would
also show if cells develop any resistance to the combination.

5.2.7. Resveratrol, EGCG, and y-Tocotrienol

EGCG, another common polyphenol used to treat cancer, was also investigated along-
side resveratrol as well as y-tocotrienol [89]. y-tocotrienol is a vitamin E analog, which has
shown to have anti-proliferative effects on breast cancer cells [90]. Cell number, cell viability,
colony formation, and morphological changes were analyzed using different concentrations
and combinations of the compounds individually, in pairs, or all three combined together.
Cell number was most decreased when 10 uM of resveratrol and 10 uM y-tocotrienol was
used, but 10 uM of all three compounds still demonstrated a significant decrease in cell
number. Cell viability was most reduced with treatment of 10 uM of y-tocotrienol alone,
while the treatment of all three compounds had little effect on cell viability. Colony forma-
tion on the other hand was most inhibited when 10 uM of all three compounds was used.
The addition of all three compounds for the above study created the most morphological
change. Cell cycle arrest was also analyzed through conducting Western blot analysis
of the retinoblastoma Rb/E2F protein complex, as it plays an important role in the G1
checkpoint. There was significant inhibition of the Rb/E2F expression with the resveratrol
and y-tocotrienol combined treatment. There was also inhibition of Rb but not E2F with
combined treatment consisting of EGCG with either resveratrol or y-tocotrienol. However,
when all three compounds were administered, the inhibition was less pronounced. Cyclin
D1 and cdk4 play a role in regulating the Rb/E2F complex, so Western blot analysis was
also conducted to detect expression of these proteins as well [89].

The combined treatment of resveratrol and y-tocotrienol showed the most prominent
effect on cyclin D1 and cdk4 expression in comparison to the combination of other com-
pounds. The ratio of Bcl-2 and Bax was also analyzed as an indication of apoptosis. The
most significant increase in the bax/bcl-2 ratio was seen in treatment with resveratrol and
y-tocotrienol with the ratio being 2.30. However, the second highest increase in ratio was
seen in combined treatment, with all three compounds yielding a ratio of 1.35. Finally,
changes in activities of the antioxidant enzymes SOD, catalase, and NQO1 were analyzed.
The combination of all three compounds did not lead to much of a change in activity for
the SOD and catalase enzymes but it led to a great increase in activity for the antioxidant
enzyme NQO1. All these results demonstrate that there was a prominent synergism be-
tween resveratrol and y-tocotrienol; however, the combination of all three compounds still
demonstrated a good amount of synergism of anti-cancer activity [89].

5.2.8. Resveratrol and Oxaliplatin

Oxaliplatin is a platinum compound that is used as part of chemotherapy for advanced
colorectal cancer, as it blocks the replication and transcription of DNA [91]. The efficacy
of oxaliplatin combined with natural compounds, specifically resveratrol, was investi-
gated [92]. In vitro cytotoxicity analysis demonstrated that there was a greater decrease in
cell viability when cells were treated with resveratrol and oxaliplatin together than alone.
In vivo therapeutic efficacy analysis through observing tumor volume was also evaluated.
The results show that the combination exhibited the strongest tumor growth inhibition, as
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the tumor weight decreased significantly compared to treatment with compounds individ-
ually. This indicates that the combination caused a suppression of tumor growth. While
the in vivo model demonstrated a suppressive effect with the combination treatment, the
sample size for the model was small. This limits the statistical power and generatability of
the results.

The expression of x-SMA and CUGBP1 in tumor tissues was also studied through
IHC [92]. x-SMA is a protein part of cancer-associated fibroblasts, and CCGBP1 promotes
cell proliferation [93]. IHC results show that there was a decrease in expression of x-SMA,
which indicates an improvement in tumor fibrosis, as well as a decrease in CCGBP1 protein,
showing a weakening of liver fibrosis. Tumors also utilized myeloid-derived suppressor
cells (MDSCs) to support their immune-escaping abilities. The combination treatment led to
a reduction in MDSCs, which demonstrates a stronger impact on tumor microenvironment,
a reduction in fibrosis, and inhibition of the development of tumors [92].

5.2.9. Resveratrol and 5-Flurouracil (5-FU)

5-FU is a common treatment for patients with liver cancer, and resveratrol has been
shown to prevent tumor growth and metastasis for many cancers, including liver cancer.
This study investigated the combination of resveratrol and 5-FU in liver cancer. The
results indicate that resveratrol combined with 5-FU had synergistic suppressive effects
on transplanted liver cancer in mice. For instance, when 10 mg/kg RES was treated in
combination with 5mg/kg of 5-FU, the inhibition was 50%. However, when mice were
administered 5 mg/kg of 5-FU alone, the inhibition rate was 28.4%. Resveratrol was also
shown to induce the S phase arrest of the liver cancer cell lines, enhance the anti-tumor
effect of 5-FU, and antagonize its toxicity [94]. The combination of 5-FU and resveratrol
was also observed in skin cancer [95]. The results show that the combination treatment
increased apoptosis, as resveratrol enhanced 5-FU’s ability to intervene in DNA synthesis
through blocking thymidylate activity synthase and promoting the expression of p53 genes
to increase apoptosis. Multiple experiments in texture analysis, in vivo safety studies,
and macro-tumor analysis were repeated multiple times. This enhances the reliability of
the results from the study. In addition, results had p values of less than 0.001 that show
significant results in tumor volume reduction and inflammatory cytokines support the
strength of the conclusions.

The combination also led to improved antioxidant activity, as it accelerated DNA
regeneration and removed DNA mutation. Resveratrol used in combination with 5-FU re-
sulted in synergistic anti-inflammatory effects as well as down regulation of NF-kB activity
and inhibition of phosphorylation of STAT-3, which is a pro-inflammatory transcription
factor that when phosphorylated promotes tumor proliferation and survival [95].

Another study also investigated the effects of both resveratrol and 5-FU in skin cancer.
This study suggested that there was a greater delivery of drugs, as it demonstrated a
prolonged release of drugs and permeation in tight junctions of the skin, allowing the
drug to cross the skin barrier and to be an effective chemotherapeutic treatment for skin
cancer [96].

5.2.10. Resveratrol and Endoplasmic Reticulum (ER) Stress Activators

ER stress activators tunicamycin and thapsigargin were used in combination with
resveratrol to observe its anti-tumor effects on gastric tumors. ER stress leads to apop-
tosis [97]. Tunicamycin and thapsigargin specifically work by inhibiting the synthesis of
glycoproteins and regulating calcium homeostasis. The combination of both compounds
led to reduced cell viability and increased levels of other proteins related to ER stress, such
as Bip and CHOP, proteins related to apoptosis such as Bak, LC3-II, which is protein for
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autophagy, and p62, which is a protein for necrosis [98,99]. There were also decreased
levels of the migration proteins MMp2 and MMp?9 [97]. The study focuses primarily on
ER stress and its anti-cancer effects. However, ER stress can also have protective and pro
apoptotic effects. The study does not fully exposure whether the induction of ER stress
could also lead to unintended effects, such as drug resistance. The doses used in the study
are also relatively high, which may be toxic in human clinical settings.

5.2.11. Resveratrol and Tamoxifen
4-(E)-{(4-hydroxyphenylimino)-methylbenzene,1,2-diol} (HPIMBD) and 4-(E)-{(p-
tolylimino)-methylbenzene-1,2-diol} (TIMBD) are novel analogs of resveratrol that can
inhibit breast cancer cells. These analogs were combined with tamoxifen to observe its
effect on the proliferation of breast cancer cells [100]. The combination treatment did not
have an effect on the proliferation of control breast epithelial cancer cell lines MCF10A and
MCF-10F. However, the combination treatment had an effect on breast cancer cell lines
MCEF-7, T47D, MDA-MB-231 and MDA-MB-468, as shown through MTT assays. Tamoxifen
alone did not have any significant inhibition of breast cancer cells, while the resveratrol
analogs alone had 50% inhibition of cells. The combination treatment created a 70-80%
inhibition on proliferation, which demonstrates a synergistic effect. Apoptosis and necrosis
assays showed that the combination had a significant increase in late apoptosis than the
compounds individually. Beclin-1 is an autophage inducer that is expressed when breast
cancer cells are treated with the resveratrol analogs alone [101]. However, when the cells
were treated with the combination, it resulted in a larger expression on beclin-1 of about
2-fold as well as an increased expression of LC3BII by about 5-fold [100]. The combination
also led to an inhibition of expression of levels of ERoc and c-Myec. For ERe, tamoxifen did
not inhibit the expression much, and for the resveratrol analogs used alone, it inhibited
the expression by 50-60%. When used in combination, the synergistic impact inhibited
the expression by around 70-90% [100]. Results in this study demonstrate that there was
no toxicity in non-neoplastic breast epithelial cells despite using high doses. However,
resveratrol has been shown to exhibit toxicity in normal epithelial cells, which can present a
potential conflicting result. However, this study tests the combination across multiple breast
cancer lines, such as ER-positive and ER-negative cells enhancing the validity of the results.
In addition, the study shows how the combination induces apoptosis, autophagy, and ERo
suppression, demonstrating how it negatively affects cancer growth in multiple ways.

5.2.12. Resveratrol and Cytochalasin D

Cytochalasin D (CytD) and focal adhesion kinase inhibitor (Fak-I) are pharmacological
inhibitors that affect the cell viability and migration of colorectal cancer cells [102,103].
Cell viability decreased more when the cells were treated with the combination of both
compounds rather than each compound individually [104]. Resveratrol alone induces the
histone deacetylase Sirtl, which suppresses colorectal cancer proliferation and metastasis.
However, when resveratrol was combined with the FAK-I or CytD, it led to a decreased
expression of Sirtl protein. On the other hand, FAK is involved in cancer cell survival and
invasion, and the combination treatment significantly reduced FAK and focal adhesion
clusters. The combined treatment also led to increased apoptosis, as IHC demonstrated an
increase in caspase-3 expression. The evaluation of colony formation showed the effects of
these compounds on the tumor microenvironment. These results show that the combined
treatment resulted in the greatest invasion-inhibition ability compared to treatment with
the compounds singly administered. FAK functions through integrin signaling functions
and resveratrol is known to decrease Bl integrin levels, thereby inhibiting the phosphory-
lation of FAK [105]. Western blotting showed that the combination treatment suppressed
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integrin expression, which reduces the phosphorylation and activation of FAK. Finally, the
combination treatment led to a greater suppression of NF-kB, which is also involved in
FAK activity [104].

5.2.13. Resveratrol and Salinomycin

Salinomycin is a Wnt inhibitor and HLY78 is a Wnt activator, both of which affect
breast cancer cells [106]. When observing the combinatorial effects of resveratrol and Wnt
activator HLY7S, it was shown that resveratrol at low dose did not significantly affect
cell viability, HLY78 had some toxicity, and the combination had minimal effects [107].
However, the combination of salinomycin and resveratrol had significant effects on cell
viability, exhibiting an additive effect on breast cancer cell lines. Western blotting analysis
of the Wnt signaling pathway revealed that the combination treatment downregulated
proteins involved with the Wnt signaling more than when the cells were treated with
compounds individually. Western blotting also showed that the combination treatment
downregulated CDK2 and CDK4 proteins, which leads to G phase cell cycle arrest. How-
ever, the combination resulted in a decrease in the expression of pro-apoptotic proteins
PARP, caspase-8, and caspase-9 [107]. While the combination consistently downregulated
the Wnt signaling in all cell lines, the salinomycin effect was less pronounced in some cell
lines. In addition, the study focuses on only a few breast cancer subtypes, so it would be
beneficial to determine if the combination also exhibits these effects on other subtypes.

5.2.14. Resveratrol and Pemetrexed

Pemetrexed demonstrates anti-cancer activity for non-small cell lung cancer [108].
When pemetrexed and resveratrol were administered together in ratios of 1:5 or 1:2,
it resulted in the loss of cell viability demonstrated. The combination also decreased
ERCC1 mRNA expression and stability, which enhances resveratrol’s cytotoxic effects [109].
Through utilizing a host cell reactivation assay, luciferase activity was measured, which
correlated to DNA repair activity. The combination enhanced luciferase activity, which
indicates an improved DNA repair ability. However, the suppression of ERCC1 downreg-
ulates DNA repair abilities [109]. The study clearly demonstrates how the combination
has downstream effects for the MAPK-ERCC1 pathway, but it does not look at other path-
ways, such as apoptosis or autophagy. It also does not explore the long-term effects of the
combination treatment.

An evaluation of pemetrexed and resveratrol on lung cancer were conducted [110].
Through MTT assays, it was demonstrated that the combination led to increased cytotoxic
effects on lung cancer cells while maintaining minimal cytotoxicity to the control cell line.
The IC50 value for the combined treatment was 4.5 ug/mL, which was lower than the IC50
values for PMX and resveratrol individually, which were 7.9 and 8.4 ug/mL, respectively.
The combination also demonstrated sustained release, as there was greater cytotoxicity
after 48 h compared to 24 h. In vivo studies using mice was also conducted to evaluate the
effects of the combination treatment. After 25 days, the greatest lung tumor weight was for
the combination treatment compared to individual treatment. In addition, there were also
fewer malignant lesions for the combination treatment [110].

5.2.15. Resveratrol and Clofarabine (CIF) and All-Trans Retinoic Acid (ATRA)

CIF has anti-cancer activities, as it is able to change DNA methylation marks [111].
ATRA is a nutrient that can regulate epigenetic machinery similar to resveratrol [112]. The
effects of all three compounds for chronic myeloid leukemia (CML) were conducted in such
a way that specifically evaluated changes of expression for DNMT1 and CDKNI1A as well
as the expression of tumor suppressor genes PTEN and RARB [113]. CIF and resveratrol
had the most significant increase in apoptosis as well as caspase-3 activation. However,
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ATRA alone or in combination did not produce as much apoptosis or caspase 3- activation.
The most significant decrease in DNMT1 expression was the combination of CIF and ATRA,
which led to a decrease of 50% in DNMTT1. This combination also enhances the CDKN1A
protein that regulates DNA damage response and decreases DNA methylation of tumor
suppressor genes. The CIF and resveratrol combination led to a 50% hypomethylation of
the PTEN tumor suppressor promotor. In addition, this combination upregulated the PTEN
expression. The same pattern was observed for CIF and ATRA combination. RARB is
another tumor suppressor that negatively regulates the PI3K/AKT signaling pathway [114].
CIF and resveratrol led to a 60-70% increase in RARB expression and a demethylation of
the promotor. This was also seen in the CIF and ATRA combination as well [113]. This
study demonstrates a DNMT1 downregulation in CML cells; however, there have been
instances in which DNMT1 is upregulated in leukemia [115]. This study does highlight
the potential translational impact of CIF and ATEA in targeted epigenetic dysregulation in
CML, which strengthens its clinical importance.

A summary of the combinatorial effects of resveratrol with other polyphenols is
provided in Tables 3 and 4 below.

Table 3. Summary of preclinical studies of resveratrol in combination with other molecules.

Compound Cancer Anti-Cancer Effects References
Resveratrol and piperine N/A Inhibits metabolism of resveratrol prolonging its effects [78]
Skin cancer Decrease oxidative stress and inflammation [79]
Inhibited migration of cells
. . Decrease cells by 80%
Resveratrol and quercetin Glioma cancer Activation of caspase 3/7 activity [80]
Neointimal hyperplasia Decre;.asmg serum amyloid A and soluble vascular cell 82]
adhesion molecules
Resveratrol, quercetin, and . Decreased cell viability
ellagic acid Leukemia Increased caspase 3 activity [81]
Increase in ERx protein expression
FRaw negative breast cancer Decrease in acetyl-H3 and acetyl-H4 histone markers [83]
& Decrease in DNMT and HDAC activity and increase in HAT :
Resveratrol and pterostilbene activity
Cell cycle arrest in G2/M and S phase
Breast cancer Decrease in Phospho-H2AX levels [84]

Downregulation of human telomerase reverse transcriptase

Resveratrol and
arsenic trioxide

Human lung adenocarcinoma
and hepatocellular carcinoma
cells Increased caspase 3 activation

Increases Nrf2 activation
ROS accumulation and increase in ER stress related proteins  [86]

Resveratrol and grape seed

Breast cancer

Decrease in cell viability
Reduction in colony formation
Increase in apoptosis and decrease in cell density [88]

proanthocyanidins Upregulation of Bax protein and downregulation of bcl-2
Decrease in DNMT and HDAC activity
Decrease in cell number
Resveratrol, EGCG, and Inhibition of colony formation
. Breast cancer . . [89]
y-tocotrienol Increase in Bcl-2/Bax ratio
Not much change in activities of antioxidant enzymes
Decrease in cytotoxicity
Resveratrol and oxaliplatin Colorectal cancer Decrease in tumor weight in mice [92]

Decrease expression of «-SMA and CCGBP1
Reduction in myeloid-derived suppressor cell
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Table 3. Cont.
Compound Cancer Anti-Cancer Effects References
Increase apoptosis and intervene DNA synthesis
Increase expression of p53
Resveratrol and Skin cancer Improved antioxidant activity [95]
5-flurouracil (5-FU) Downregulation of NF-kB activity and inhibition of
phosphorylation of STAT-3
Skin cancer Greater delivery of drugs and prolonged release of drugs [96]
Re§veratrol and Endoplasmic . Decreased levels of migration proteins MMp2 and MMp9
reticulum (ER) stress Gastric tumors . [97]
. Increased ER stress proteins
activators
Inhibition of breast cancer cells
70-80% inhibition of proliferation
Resveratrol and tamoxifen Breast cancer Increase in late apoptosis [100]
Increased expression of beclin-1
Increased expression of ERx and c-Myc
Decrease expression of Sirtl protein
Resveratrol and colorectal cancer Increased apoptosis and caspase-3 expression [104]
cytochalasin D Greater invasion-inhibition ability
Suppression of integrin expression and NF-kB
Decreased cell viability
Resveratrol and salinomycin  breast cancer Downregulation of proteins in Wnt signaling [107]
y Downregulation of CDK2 and CDK4 proteins
Decrease expression of PARP, caspase-8, and caspase-9
Resveratrol and pemetrexed Non-small cell lung cancer Decreased ER.C Cl mRNA expression and stability [109]
Enhanced luciferase activity
Increased cytotoxic effects
Lung cancer Reduction in lung tumor weight in mic [109,110]
Fewer malignant lesions
Decrease in DNMT1 expression
Resveratrol and clofarabine Chronic mveloid leukemia Enhanced CDKNI1A protein levels [113]
and all-trans retinoic acid Y 60-70% increase in RARB expression
Increase in apoptosis and caspase-3 activation
Table 4. Summary of clinical studies of resveratrol in combination with other molecules.
Compound Cancer Anti-Cancer Effects References
. o -
Resveratrol and melatonin Breast cancer Decrease !:umor 1nc1der}ce by. 17% m rats [87]
Decrease in number of invasive carcinomas
Decrease in cytotoxicity
. . Decrease in tumor weight in mice
Resveratrol and oxaliplatin Colorectal cancer Decrease expression of a-SMA and CCGBP1 [92]
Reduction in myeloid-derived suppressor cell
. Greater inhibition of cancer cells in mice with
Resveratrol and 5-flurouracil . . )
(5-FU) Liver cancer liver cancer [94]
Induced S phase arrest
Increased cytotoxic effects
Resveratrol and pemetrexed Lung cancer Reduction in lung tumor weight in mic [109,110]

Fewer malignant lesions

5.3. Epigallocatechin-3-Gallate (EGCG) in Combination with Other Molecules
5.3.1. EGCG and Sulforaphane

Epigallocatechin-3-gallate (EGCG) is found in green tea polyphenols and has been

shown to have anti-cancer effects through initiation of cell cycle arrest as well as pre-

venting tumor metastasis. It also inhibits cancer through epigenetic mechanisms such

as preventing hypermethylation, reactivating tumor suppressors, and facilitating histone

modifications [116]. Sulforaphane (SFN) is found in broccoli sprouts and can also reduce

the risk of developing many cancers through similar mechanisms as EGCG [117]. There

have been studies examining the combinatorial effects of both EGCG and SFN.
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For instance, one study evaluated the combinatorial effects of both compounds in
breast cancer [118]. When treating MDA-MB-231 and MDA-MB-157 cells with 20 uM EGCG
and 10 uM SEN, there was a synergistic effect, as they inhibited cell proliferation while
also preventing toxic effects on normal cells. The combination also led to an increased
ER« re-expression in ER-negative breast cancer cells when compared to the effects of the
individual compounds. Moreover, the effects of this combination were very similar to
the epigenetic effects exhibited by demethylation agent 5-azacytidine (5-aza) and HDAC
inhibitor Trichostatin A (TSA) in combination, indicating that these polyphenols can be
used as a chemotherapeutic strategy for breast cancer [119]. The combination was shown
to reduce the gene expression of HDAC1 in the mRNA level in the MDA-MB-231 cells and
decrease HDACT1 protein level in MDA-MB-157 cells. The combination can affect DNMT
expression in breast cancer as well [118].

The combinatorial effects of the polyphenols were also observed in vivo through
analysis of mouse xenografts [118]. The combination treatment significantly decreased
tumor growth compared to individual treatment. The dietary combination exhibited similar
results as the in vitro results by reactivating ERx expression and reducing the expression
of HDAC1 and DNMT1. Chromatin immunoprecipitation (ChIP) assays showed that the
combinatorial treatment increased the histone acetylation chromatin activators acetyl-H3,
acetyl-H3K9 and acetyl-H4. This effect was amplified when the mice were treated with the
polyphenol combination along with tamoxifen, an anti-estrogen chemotherapeutic agent.
Finally, this combination treatment was able to decrease the binding of the transcriptional co-
repressor SUV39H and increase the binding of the transcriptional co-activator, P300 [118].
A conflicting result from this study is that 5-aza and TSA have shown dangerous side
effects, which could limit the combination’s translational applicability. In addition, there
is a variability in responsiveness among different breast cancer cell lines, indicating that
the results need further validation. However, the usage of EGCG and SEN are found in
common dietary items (green tea and broccoli sprouts), meaning that it has significant
translational potential. In addition, this study looked at the combination effects in both
in vitro and in vivo models.

The combinatorial effects of these polyphenols were studied on breast cancer as
well [120]. It was demonstrated that the combination treatment caused increased apoptosis
in breast cancer cells in comparison to normal cells while still maintaining decreased toxic
effects on normal cells. Flow cytometry results indicated that EGCG and SFN increased
the number of cells in the S-phase inducing cell cycle arrest. The investigation also studied
genome-wide DNA methylation alterations, and the results show that there was a signifi-
cant difference in the DNA methylation status between the control, individual treatment
of each polyphenol, and the combination treatment. Many genes that had altered methy-
lation led to breast cancer suppression. After functional gene ontology analysis, it was
revealed that the combination affects chromosomal structure and RNA binding facilitates
anti-cancerous effects. The combination also led to an upregulation of the tumor suppressor
gene DCBLD?2 and downregulation of the tumor-promoting gene Septin 9 [120]. Further
investigation of the combinatorial effects of both polyphenols in breast cancer showed a
repression of gene expression of DNMT3A, HDAC6, KAT2A, and EZH?2 [121]. Through
administration of EGCG and SEN as a diet for mice, it was concluded that the polyphenols
had no effect on growth performance for the HER2 /neu and CS (1)-SV40 Tag (C3) offspring
mice, prevented ER- mammary tumorigenesis in C3 and HER2 /neu mice, and increased
the expression of tumor suppressors and decreased the expression of tumor-promoting
proteins for C3 mice. Specifically, it increased the expression of P16, P53, and myc and
decreased the expression of HDAC1, HDAC3, and HDACS. The SEN and EGCG combi-
nation was also tested to determine if their synergism can have transgenerational effects.
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After harvesting sperm samples from C3 mice and performing KEGG and GO pathway
analyses, it was concluded that the combination affects cell adhesion molecules, mTOR
signaling pathways, NF-kappa B signaling pathways, and Ras protein signal transduction.
This shows that the combination regulates pathways responsible for cancer progression
and metastasis in future generations. Reduced representation bisulfite sequencing (RRBS)
analysis of the mice sperm showed that there was no significant difference in methylation
patterns in mice sperm for mice that received the combination treatment compared to the
control group [121]. Utilizing mice studies provides many benefits, but there are various
factors that can affect and change the results of these models. For example, the diet can
impact the outcomes of animal studies, which may limit the clinical impact of their results.

5.3.2. EGCG and Cytokine TRAIL Receptors

Cytokine TRAIL targets TRAIL receptors and induces tumor regression while hav-
ing minimal side effects [122]. There have been experiments examining the synergistic
effects of EGCG and TRAIL. Hepatocellular carcinoma cells were treated with TRAIL and
EGCG. The combination enhanced the cytotoxicity compared to cells that were treated
with the compounds individually. In addition, the co-treatment had a synergistic effect in
downregulating the protein expressions of Bcl-2« and Bel-x1 [123].

Evaluation of the synergistic effects of both compounds for pancreatic cancer has
been conducted [64]. TRAIL can interact with death receptors to induce apoptosis. The
combination treatment enhanced PARP cleavage, which leads to increased apoptosis.
Through clonogenic survival assays, it was shown that there was decreased colony growth
in the combination treatment compared to treatment with the individual compounds [124].

An additional investigation observed the combination in renal cell carcinoma
cells [125]. Through cytometry analysis, it was indicated that the combination signifi-
cantly increased apoptotic cell population compared to individual treatment. There was
also an increased loss of viability in cells as well as elevated activities of the caspase-3,
caspase-8, and caspase-9 proteins. The combination had decreased the levels of Bcl-2, Mcl-1,
and c-FLIP, which leads to increased apoptosis. Specifically, the mRNA levels of these
molecules significantly decreased. The RT-PCR results revealed the increased activities of
the caspase-3, -8, and -9 proteins [125]. This study demonstrates multiple ways the combi-
nation leads to apoptosis by exploring various caspase pathways as well as pro and anti
apoptotic protein activity levels. Another strength of the study is that it examines cancers
that are resistant to TRAIL-based therapies to see how it can overcome this resistance. This
further underscores the clinical impact of the study.

5.3.3. EGCG and Cyclooxgenase-2 (COX-2)

COX-2 inhibitors can be used for cancer chemoprevention [126]. NS-398 is a type of
COX-2 inhibitor, and this molecule was used in combination with EGCG as a treatment
for prostate cancer cells [127]. MTT assays showed that the combination increased the
cell growth inhibition by 15-28% compared to individual treatment with each agent. The
combination also led to increased apoptosis, as there was increased protein expression
of Bax and decreased protein expression of Bcl-2. Immunoblot analysis showed that
the combination increased the protein expressions of caspases, which leads to increased
apoptosis. There was inhibition of the cancer-progressing pathways NF-kB and PPAR-y.
In vivo studies with mice showed an 81% inhibition of tumor growth with the combination
treatment compared to 42% inhibition with EGCG alone and 57% with celecoxib alone.
There was also a decrease in prostate-specific antigen (PSA) levels, which correlates to
decreased levels of IGF-I, which leads to increased cell proliferation. Similar to the in vitro
results, there was an increase in Bax levels and a decrease in Bcl-2 levels in mice, indicating
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a trend towards apoptosis [127]. While this study demonstrates both in vitro and in vivo
studies, there are no studies with humans. Showing experiments involving clinical trials
can enhance the medical impact of this combination and whether it can be used as an
effective treatment for cancer.

5.3.4. EGCG and Clofarabine (CIF)

CIF can regulate many epigenetic processes exerting anti-cancer effects [128]. MTT
assays demonstrated that the combination of EGCG and CIF increased the inhibition of cell
growth in MCF7 and MDA-MB-231 breast cancer cells compared to CIF by itself. However,
there was not a significant change in cell death when EGCG was used in combination with
CIFE. In addition, the combination did not cause significant cell necrosis, as indicated by
the flow cytometry. RARB promoter is responsible for cell growth, differentiation, and
apoptosis. When it becomes hypermethylated, it can silence its expression, causing the
development of cancer [129]. The combination of CIF with EGCG led to an increased
inhibitor effect of RARB promoter methylation. There was also a 20-fold increase in RARB
mRNA level. These effects were even more prominent when the combination was used
along genistein as well. The CIF and EGCG combination also revealed an increased
CDKNI1A expression compared to CIF alone. In addition, this combination also enhanced
DNMT1 downregulation by 14% compared to CIF alone. Finally, the combination led to
decreased PTEN methylation, which leads to increased expression of the PTEN gene, which
suppresses the formation of cancer [130].

5.3.5. EGCG and Sodium Butyrate

Sodium Butyrate (NaB) is a dietary microbial fermentation product of fiber and is
used as an overexpressed anti-apoptotic protein in colon cancer cells [131]. This study
observed the effects of EGCG and NaB in colorectal cancer. The effect of both compounds
presented an additive effect, as there was higher inhibitory concentration (IC) values
indicating an increased inhibition from the combination [132]. Morphological changes
were also tested, and it was observed that the treatment group with the combination
had a flattened, circular characteristic demonstrating normal epithelial-like morphology.
This contrasted with the control group that did not receive the treatment and had a more
round morphology. The combination induced apoptosis and induced cell cycle arrest,
particularly in the G2/M phase. Through colonogenic analysis, the combination was
shown to inhibit colony formation by 80%, while EGCG by itself inhibited colony formation
by 20% and NaB inhibited the colonies by 50%. PCR analysis indicated that p21 levels
increased significantly for the combination, which is responsible for DNA repair processes.
In addition, the combination also led to a decrease in DNMT1 levels and HDACI1 levels.
This was due to the fact that EGCG inhibits the catalytic site of DNMT1, and NaB can also
decrease DNMT1 levels in breast and prostate cancer [133,134]. Survivin is a protein that
is often overexpressed in colorectal cancer, which leads to the inhibition of apoptosis, cell
proliferation, and tumor metastasis [135]. The combination decreases the expression of this
protein, which inhibits the formation of colorectal cancer. EGCG and NaB were shown to
activate p53, NF-kB-p55 and y-H2Ax H3, as well as inhibit DNMT3A and DNMT3B [132].

5.3.6. EGCG and Epicatechin

Epicatechin (EC) is another type of polyphenol similar to EGCG except it does not
have a galloyl moiety [136]. The combination of these green tea polyphenols have been
studied as a treatment option for cancer. One study evaluated the combination for human
lung cancer. The results show that the combination induced DNA fragmentation and
apoptosis in the PC-9 lung cancer cell line [137]. In addition, the combination created cell
growth inhibition, as they led cells to have cell cycle arrest in the G2-M phase. For instance,
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after 2 days with the cells being treated with EGCG alone, the number of cells was at
73.3%. For EC alone, the cells were at 97.8%. However, when both compounds were used
in combination, the number decreased to 27.8%, signifying increased growth inhibition.
TNF-a is an endogenous tumor promoter and has been shown to promote carcinogenesis
in lungs. It was shown that utilizing EC enhances the inhibition of TNF-« release when
used in combination with EGCG [137].

The combination of these compounds has also been evaluated in gastric cancer. The
compounds were shown to have a synergistic effect on growth inhibition and apoptosis.
EC by itself had no effect on the growth inhibition, but when used in combination with
EGCG, there was increased growth inhibition and induction of apoptosis. Specifically, the
activity levels of caspse-3, caspase-8, and caspase-9 were increased [132,138].

5.3.7. EGCG and Soy Products

Soy products have been shown to reduce prostate cancer in men [139]. Thus, the
combinatorial effects of soy products and EGCG have been studied. The combination of
soy phytochemicals and tea in vivo were studied as part of a mouse model. Mice that
were fed the combination had a lower rate of tumorigenicity [140]. The combination was
shown to inhibit tumor metastasis in lymph nodes. When each compound was used by
itself, it did not significantly reduce the tumor metastasis of lymph nodes; however, when
used in combination the reduction was significant. The tumor weight was reduced as
well. When green tea was given by itself, it reduced the tumor weight by 22%. When the
combination was used, the tumor was reduced by 88%. PSA levels were also decreased
when the combination was used. Finally, proliferation of primary tumors was decreased
and dihydrotestosterone (DHT) levels were lowered [140].

Another group performed an in vivo study in mice of the combinatorial effects of
soy phytochemicals and tea in human breast cancer [141]. The combination was shown to
reduce the tumor weight by 56%, while the combinations by themselves had little effect
on tumor size or tumor weight. There were no synergistic effects of the soy and green tea
on tumor proliferation and tumor apoptotic index; however, there were significant effects
on the inhibition of tumor angiogenesis. Soy and green tea by themselves did not have a
significant effect on the expression of ER-c, but the combination significantly inhibited this
expression in vivo. The combination was also able to reduce the serum levels of IGF-I [141].

5.3.8. EGCG and Cisplatin

Cisplatin (DDP) is a drug treatment for non-small-cell lung cancer. DDP causes DNA
interstrand and intrastrand crosslinks, which leads to an inhibition of cell replication and
transcription [142]. Researchers in one study exposed one cell line of non-small-cell lung
cancer, A549, to DDP [143]. They then treated this cell line with EGCG and DDP, and it was
shown that the combination inhibited cell growth, caused G1 phase cell cycle arrest, and
increased apoptosis. In addition, the compounds had a synergistic effect in decreasing the
activity of DNMT and HDAC. The combination also restored the expression of the genes
GASI, responsible for inhibiting cell proliferation, TIMP4, inhibitor for MMPs, ICAM]1,
which plays a role in immune responses and inflammatory processes, and WISP1, a gene
important for tissue regeneration and development. In vivo studies in animal models
demonstrated the synergistic effects of the compounds, as there was tumor reduction and
decreased methylation of genes GAS1, TIMP4, ICAM1, and WISP1 [143]. Longer-term
studies could be incorporated to determine the chronic effects of the combination and to
observe whether the same anti-cancerous effects occur over longer periods of time.
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5.3.9. EGCG and Rapamycin and Indocyanine Green

Rapamycin (RAPA) is an immunosuppressive agent that has been shown to suppress
tumor growth and proliferation [144]. A study observed the effects of combining RAPA,
EGCG, and indocyanine green (ICG) nanoparticles creating IRE NPs [145]. After combina-
tion, these IRE NPs had higher toxicity in the MCF-7, HepG2, and HeL A cells compared to
the compounds administered singly. In vivo studies showed inhibition of tumor growth in
the H22 tumor-bearing mice while maintaining minimal side effects. IRE NPs were also
combined with laser irradiation to determine if there would be a synergistic effect. This
combination indeed demonstrated a synergistic effect, as it enhanced cell death in all the
cell lines with the IC50 value decreasing. For instance, the IC50 value for just the IRE NPs
alone for the MCEF-7 cells was 49.36 uM, while the IC50 value for the IRE NPs with the laser
irradiation towards MCF-7 was 14.52 uM. Apoptotic effects were observed through flow
cytometry, which showed that the IRE NPs with or without laser led to reduced cell viability.
This is in contrast to ICG used alone, which did not have a significant effect on HepG2 cells.
These results highlight the combinatorial effects of rapamycin with EGCG [145]. This study
shows a variety of results that show how the combination can have a suppressive effect
on in vitro cell lines. However, there are no studies using in vivo models. Further studies
in vivo can show more about the clinical potential of the combination and its effects on
tumor growth and size.

5.3.10. EGCG and Luteolin

Luteolin is another natural dietary polyphenol that has been used for cancer preven-
tion [146]. This polyphenol was studied alongside EGCG to see if there was any synergism
directed towards head and neck cancer as well as lung cancer. The combination was first
used on the Tu212 SCCHN cell line, and the results indicated that the combination en-
hanced apoptosis. The combination was also shown to affect various apoptosis pathways,
such as increased cleavage of caspase 8 and 3, upregulation of DR5, and decrease in tBID.
Specifically, luteolin and EGCG used together created 3-5 times more apoptosis than when
used separately, as well as more efficient PARP cleavage. Colony formation assays showed
that the combination increased inhibition of colony growth more than usage of each agent
alone. Luteolin and EGCG also were able to stabilize and promote phosphorylation of
the p53 protein at Ser15, allowing it to become active and localize in the mitochondria
and promote apoptosis. The combination also induced the expression of y-H2AX, which
increases DNA double-strand breaks. In vivo mice studies showed that the combination
increased tumor inhibition while maintaining stable body weights, which limited organ
toxicity [147].

A summary of the combinatorial effects of EGCG with other polyphenols is provided
in Tables 5 and 6 below.
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Table 5. Summary of preclinical studies of EGCG in combination with other molecules.

Compound

Cancer

Anti-Cancer Effects

References

EGCG and sulforaphane

Breast cancer

Breast cancer

Increased ER«x re-expression in ER-negative breast cancer cells

Reduced gene expression of HDAC1

Decreased tumor growth in mouse xenografts

Increased histone acetylation chromatin activators
Decrease the binding of the transcriptional co-repressor
SUV39H and increase the binding of the transcriptional
co-activator, P300

Increased S phase cell cycle arrest

Alteration of DNA methylation

Upregulation of the tumor suppressor gene DCBLD2 and
downregulation of the tumor-promoting gene Septin 9
Increased tumor suppressors and decreased expression of
tumor-promoting genes

Affects cell adhesion molecules, mTOR signaling pathways,
NF-kappa B signaling pathways, and Ras protein signal
transduction

[118]

[121]

EGCG and cytokine
TRAIL receptors

Hepatocellular
carcinoma cells

Pancreatic cancer

Renal cell carcinoma

cells

Downregulating the protein expressions of Bcl-2« and Bcl-xI

Increased PARP cleavage

Decrease in colony growth

Increased apoptosis

Elevation of caspase-3, caspase-8, and caspase-9 proteins
Decreased the levels of Bcl-2, Mcl-1, and c-FLIP

[123]

[124]

[125]

EGCG and
cyclooxgenase-2
(COX-2)

Prostate cancer

Cell growth inhibition by 15-28%

Increased protein expression of Bax and decreased protein
expression of Bcl-2

Inhibition of NF-kB pathway and PPAR-y pathways
Decreased prostate-specific antigen levels

[127]

EGCG and
clofarabine (CIF)

Breast cancer

Cell necrosis

Increased inhibitory effect of RARB promoter methylation
Increased CDKN1A expression

Decreased PTEN methylation

[130]

EGCG and
sodium butyrate

Colorectal cancer

Flattened, circular cells

Increased apoptosis and cell cycle arrest in G2/M phase
Inhibition of colony formation by 80%

p21 levels increased

Decreased DNMT1 and HDACI levels

Inhibition of survivin

[132]

EGCG and epicatechin

Lung cancer

Gastric cancer

DNA fragmentation

Cell cycle arrest in G2/M phase and apoptosis

Inhibition of TNF-« release

Increase activity levels of caspse-3, caspase-8, and caspase-9

[137]

[132,138]

EGCG and cisplatin

Non-small cell
lung cancer

Increased G1 phase cell cycle arrest
Decrease activity of DNMT and HDAC
Restored expression of GAS1, TIMP4, ICAM1, and WISP1

[143]

EGCG and rapamycin

Breast, liver, and
cervical cancer

Increased toxicity
Decreased IC50 value

[145]

EGCG and luteolin

Head and neck
cancer and lung
cancer

Increase cleave of caspase 8 and 3
Upregulation of DR5

Decrease in tBID

Increased inhbition of colony growth
Increased phosphorylation of p53 protein
Increased expression of y-H2AX

[147]
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Table 6. Summary of clinical studies of EGCG in combination with other molecules.

Compound Cancer Anti-Cancer Effects References

Lower rate of tumorigenicity in mice
Inhibition of tumor metastasis in lymph nodes [140]
Reduction in tumor weight and PSA levels

Prostate cancer

EGCG and soy products -
yPp Reduce tumor weight by 56%
Breast cancer Inhibition of tumor angiogenesis [141]
Reduce serum levels of IGF-I
6. Other Combinations of Compounds
Table 7 below shows further combinations of different polyphenols, the genes they
affect, the specific anti-cancerous effect they exhibit, the in vitro cell line and/or the in vivo
model the experiment was conducted using, and the appropriate references. The most
common anti-cancerous effects exhibited were PARP cleavage, increase in c caspase-3 levels,
increased cytotoxicity, increased cell population in the G2/M phase, and ROS accumulation.
Table 7. Combinations of different polyphenols.
Compounds Gene Target Anti-Cancer Effects In Vitro Cell Lines In Vivo Model References
Inhibition of colony formation
Modulation of cell cycle
Sy Increased apoptosis
Oridonin and 53, bel, bax, Akt, A2780 and PTX10 ;
wogonin lijRP caspase 3 PARP cleavage ovarian cell lines N/A [148]
’ p53 stabilization
No change in Bcl-2/Bax protein expression
Aktl increased expression
Selenium and Reduced total mortality and total cancer mortality Clinical trials with
tocopherol N/A Reduced gastric cancer incidence N/A prostate cancer [149]
P Reduced levels of oxidative DNA damage patients
Calcitrol and Increased vitamin D receptor ligand binding in the Clinical trials with
da < Ot}? N/A tumor Prostate cancer cell lines prostate cancer [150,151]
examethasone -decreased tumor growth patients
ijglr; ;%zanr(l)alze Juice N/A Suppression of cancer cells by 70% CDagcljrSC}e\ﬁ;nan prostate N/A [136]
Muscadine grape E;&Lx;;l activation of protein kinase B (AKT) TRZ-sensitive SKBR3
skin extract and 1132[57 R2 Reduced HER?2 protein expression ;i‘i{;ﬁsgéag kI;Ir 5551954 N/A [152]
trastuzumab Increased p27 levels and FOXO1
s . . cancer cells
Inhibited proliferation
G2/M cell cycle arrest g .
gﬁggfflpf‘;‘;fh*;‘r‘i N/A Cell growth inhibition 321115 bcoloncarcinoma g/ 5 [153]
Yy Increased PARP cleavage '
Increased ROS production
é]()f](?]XI Reduction in DCF signals
Cisplatin and _HSL Decreased sperm motility
horﬁ)kiol P _PLIN Reduced ER stress in Testes Mouse Sertoli cells N/A [154]
g(rccl Increased apoptosis through upregulated caspase-3
caspase-3 Elevation of the lipid /fatty acid oxidation related
P genes: ACOX1, CPT1, p-HSL, and p-PLIN
Increased cytotoxicity
VEGE-1 Enhanced receptor mediated endocytosis
Honokiol and Caspase-3 Reduced tumor volume MDA-MB-231 and A549 Mice [155]
pemetrexed Ki- 57 Increased caspase 3 expression levels N
Decreased expression of VEGF-1
Downregulation of the Ki-67 protein
Dovorubicinand - n/a Increased ROS levels HepG2 BIGF0,and Vero [156]
Increased cytotoxicity
TRAIL and XIAP Enhanced caspase-3, -8, and PARP cleavage
hydroxychavicol FLIP Reduction in antiapoptotic proteins K562 CML cells N/A (1571

Increase intracellular ROS levels
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Compounds Gene Target Anti-Cancer Effects In Vitro Cell Lines In Vivo Model References
Beclin-1
LC3B Inhibition of cell proliferation and colony formation
Ki67 Increased autophagy and apoptosis
Piceatannol and mTOR Decreased expression of mTOR, Bcl-2, PDK1, PIK3CA,  Gastric cancer cells Mice model [158]
everolimus PDK and ULK1 genes SGC7901
PIK3CA Inhibition of tumor progression
ULK1 Increased Beclin-1 activity
Bcl-2
2§ﬁyltransferase Reduction in tumor cells
(DNMT) inhibitor DNMT1 Decreased cell viability Medulloblastoma cells Mouse brain slice
5-aza-dC wi p21 Increased DNA damage response D283-Med, MEB-Med8a, [159,160]
aza-dC with culture model
jonizing radiation pl5 Increase levels of p53 and p21 and DAOY
(IR) DNA double strand breaks
Prevented cytotoxic effects of SN-38
Anthocyanin rich Increased DNA double strand breaks
b A NF-kB reporter Reduced DNA /topoisomerasel covalent complexes Human epithelial cells ,
erry extracts and Ly N/A [145]
SN-38 genes Red},\ce Fell ylablhty . HCEC-1CT
Anti-oxidative properities
Reduced expression of NF-kB protein
Lasota strain of Increased cytotoxicity
newcastle disease PARP Increased early apoptosis HeLa and HDF cervical N/A [161]
virus and oleurpein  Caspse-3 PARP cleavage cell lines
(oil leaf extract) Caspse-3 activation
Zils— ) Increase cell population in the G2/M phase
Bak Decrease in cells in the G0/G1 phase
Gemcitabineand F1  Bax Increased cel'l cycle arrest PaCa-2 pancreatic cancer N/A [162]
PARP ROS generation ) cells
P 3 Increased phosphorylation of ATM, Chk-1, and Chk-2
rocaspase Reduction in cdc25¢ levels
Caspase-3
P
Rottlerin and P21 DNA fragmentation
camptothecin Bcl Stabilized topoisomerase 1-DNA complexes PC-3 HRPC prostate N/A [145]
(topoisomerase 1 bad, Increased mitochondrial stress cancer cells N
inhibitor) bax Increased cleavage of caspase-3, PARP-1, PKC &

N/A for In Vivo Model indicates that the study did not conduct an experiment with In Vivo Models.

7. Addressing Clinical Aspects of Polyphenols

Many of these polyphenols have significant anti-cancer effects but are limited by their
bioavailability. One way to overcome this is to create protein-based nanoformulations. For
instance, using protein-based nanoformulations creates self-assembled micelles that can
improve the solubility and antioxidant activity of polyphenols. Specially, using casein has
been shown to enhance curcumin’s therapeutic effects against cancer [163]. In addition,
gelatin can encapsulate polyphenols like EGCG and resveratrol to increase its efficacy. There
are also polysaccharide-based nanoformulations that use chitosan, which can improve the
absorption of polyphenols and prolong their effects. Furthermore, chitosan has the ability
to interact with various functional groups, allowing it to be versatile material for targeted
delivery. Similar to polysaccharide nanoformulations, lipid-based nanoformulations can
also lead to prolonged drug release and bioadhesion [163]. Phytosome delivery systems
can also increase the bioavailability of polyphenols by enhancing the rate and solubilization
of polyphenols, which allow it better cross cell membranes [164].

While the majority of the studies for polyphenols are conducted in vitro, there are a
few studies that highlight the therapeutic effects of polyphenols in clinical trials. One study
observed the effects of curcumin with 5-FU or oxaliplatin in colorectal cancer. These clinical
trials showed that curcumin was a safe treatment for patients with advanced colorectal
cancer. In addition, when used with 5-FU or oxaliplatin, curcumin enhanced its anti-tumor
effects and reduced cancer stem cells in colorectal liver metastases. However, there are still
some concerns with the usage of curcumin for humans, including its limited bioavailability
and rapid metabolism. In addition, in high doses curcumin can cause hepatotoxicity and
interfere with iron metabolism [165].
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EGCG has also been shown to enhance cancer chemotherapy. Specially, it can increase
the efficacy of the chemotherapeutic drugs cisplatin, 5-FU, doxorubicin, and tamoxifen.
It is able to reduce the resistance of cancer stem cells to chemotherapeutic treatment as
well as enhance drug efficacy by modulating uptake transporters. It is able to also induce
apoptosis and cell cycle arrest through the p53, caspase, and mitochondria pathways.
However, similar to curcumin, EGCG also has low bioavailability and side effects at high
concentrations. In addition, it is poorly absorbed orally and can sometimes be antagonistic
with chemotherapeutic drugs [166].

8. Conclusions

Cancer is one of the leading causes of death worldwide, which creates a pressing need
to develop better and more effective treatments. There are many existing treatments of
cancer, including chemotherapy, small-molecule drugs, monoclonal antibody therapy, and
gene therapy that have been shown to be successful by regulating the epigenetic mecha-
nisms of cancer. However, several studies demonstrating the synergism of combination
treatment with polyphenols demonstrates an alternative preventive treatment for cancer
that is both effective and safe. Specifically, there have been numerous studies performed
in vitro showing how different combinations at the appropriate concentrations can lead to
an inhibition of cancer progression in cell lines, increased apoptosis, usage as DNMT and
HDAC inhibitors, and inflammatory stress. While there are fewer in vivo studies that have
been conducted, those that have been reported demonstrate a decrease in tumor growth
and cancer metastasis, supporting the idea that combinatorial treatment using polyphenols
is a promising preventive option for cancer. Further studies should be conducted in vivo,
including animal models and clinical trials, to provide more support and evidence for
this treatment. In addition, more studies on new combinations of polyphenols can also be
performed, as there are thousands of polyphenols that have medicinal potential, making the
different possibilities of combination limitless. Furthermore, a limitation of this review arti-
cle is that it does not adequately address the combinatorial effects of polyphenols in human
clinical trials. A deeper exploration of how these polyphenols have been studied in clinical
trials would provide more insight into the therapeutic efficacy of combinatorial treatment.
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Abbreviations

5-FU 5-Fluorouracil

AMPK Adenosine monophosphate-activated protein kinase
CA Calcium

CaMKII Calcium/calmodulin-dependent protein kinase II
CDK Cyclin-dependent kinases

CML Chronic myeloid leukemia

COX Cyclooxygenase

DNMT DNA methyltransferase
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E2F Early region 2 binding factor

EMT Epithelial-mesenchymal transition

ER Endoplasmic reticulum

Era Estrogen receptor alpha

GO Gene ontology

HAT Histone acetyltransferases

HDAC Histone deacetylase

IGF-1 Insulin-like growth factor 1

IL-8 Interleukin-8

IkB Inhibitor of nuclear factor kappa B

JAK Janus kinase

KEGG Kyoto Encyclopedia of Genes and Genomes
MAPKs Mitogen-activated protein kinases

miRNA microRNA

mTOR Mammalian target of rapamycin

NQO1 H quinone dehydrogenase 1

NRF2 Nuclear factor erythroid 2-related factor 2
PARP Poly ADP-ribose polymerase

p-Rb Retinoblastoma protein

PI3K/AKT Phosphoinositide 3-kinases

ROS Reactive oxygen species

RT-PCR Reverse transcription polymerase chain reaction
SCID Severe combined immunodeficiency

SOD Superoxide dismutase

STAT3 Signal transducer and activator of transcription 3
TEC Thymic epithelial cells

References

1.  Roy, PS; Saikia, B.J. Cancer and cure: A critical analysis. Indian |. Cancer 2016, 53, 441-442. [CrossRef]

2. Siegel, R.L.; Giaquinto, A.N.; Jemal, A. Cancer statistics, 2024. CA Cancer ]. Clin. 2024, 74, 12-49. [CrossRef]

3. Donaldson, M.S. Nutrition and cancer: A review of the evidence for an anti-cancer diet. Nutr. J. 2004, 3, 19. [CrossRef] [PubMed]

4. Sharma, E.; Attri, D.C,; Sati, P.; Dhyani, P.; Szopa, A.; Sharifi-Rad, J.; Hano, C.; Calina, D.; Cho, W.C. Recent updates on anticancer
mechanisms of polyphenols. Front. Cell Dev. Biol. 2022, 10, 1005910. [CrossRef] [PubMed]

5. Zagoskina, N.V.; Zubova, M.Y.; Nechaeva, T.L.; Kazantseva, V.V.; Goncharuk, E.A.; Katanskaya, V.M.; Baranova, E.N.; Aksenova,
M.A. Polyphenols in Plants: Structure, Biosynthesis, Abiotic Stress Regulation, and Practical Applications (Review). Int. |. Mol.
Sci. 2023, 24, 13874. [CrossRef] [PubMed]

6. Manach, C; Scalbert, A.; Morand, C.; Remesy, C.; Jimenez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr.
2004, 79, 727-747. [CrossRef]

7. Nandakumar, V.; Vaid, M.; Katiyar, S.K. (-)-Epigallocatechin-3-gallate reactivates silenced tumor suppressor genes, Cip1l/p21 and
p16INK4a, by reducing DNA methylation and increasing histones acetylation in human skin cancer cells. Carcinogenesis 2011, 32,
537-544. [CrossRef]

8.  Kim, KH,;Ki, M.R;; Min, K.H.; Pack, S.P. Advanced Delivery System of Polyphenols for Effective Cancer Prevention and Therapy.
Antioxidants 2023, 12, 1048. [CrossRef] [PubMed]

9. Sajadimajd, S.; Bahramsoltani, R.; Iranpanah, A.; Kumar Patra, J.; Das, G.; Gouda, S.; Rahimi, R.; Rezaeiamiri, E.; Cao, H,;
Giampieri, F; et al. Advances on Natural Polyphenols as Anticancer Agents for Skin Cancer. Pharmacol. Res. 2020, 151, 104584.
[CrossRef]

10. Moar, K;; Yadav, S.; Pant, A.; Deepika; Maurya, P.K. Anti-tumor Effects of Polyphenols via Targeting Cancer Driving Signaling
Pathways: A Review. Indian J. Clin. Biochem. 2024, 39, 470-488. [CrossRef] [PubMed]

11.  Yaskolka Meir, A.; Keller, M.; Hoffmann, A ; Rinott, E.; Tsaban, G.; Kaplan, A.; Zelicha, H.; Hagemann, T.; Ceglarek, U.; Isermann,
B.; et al. The effect of polyphenols on DNA methylation-assessed biological age attenuation: The DIRECT PLUS randomized
controlled trial. BMC Med. 2023, 21, 364. [CrossRef]

12.  Sharma, S.; Kelly, TK.; Jones, P.A. Epigenetics in cancer. Carcinogenesis 2010, 31, 27-36. [CrossRef] [PubMed]


https://doi.org/10.4103/0019-509X.200658
https://doi.org/10.3322/caac.21820
https://doi.org/10.1186/1475-2891-3-19
https://www.ncbi.nlm.nih.gov/pubmed/15496224
https://doi.org/10.3389/fcell.2022.1005910
https://www.ncbi.nlm.nih.gov/pubmed/36247004
https://doi.org/10.3390/ijms241813874
https://www.ncbi.nlm.nih.gov/pubmed/37762177
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1093/carcin/bgq285
https://doi.org/10.3390/antiox12051048
https://www.ncbi.nlm.nih.gov/pubmed/37237914
https://doi.org/10.1016/j.phrs.2019.104584
https://doi.org/10.1007/s12291-024-01222-y
https://www.ncbi.nlm.nih.gov/pubmed/39346722
https://doi.org/10.1186/s12916-023-03067-3
https://doi.org/10.1093/carcin/bgp220
https://www.ncbi.nlm.nih.gov/pubmed/19752007

Nutrients 2025, 17, 616 29 of 35

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

Fang, M.Z.; Wang, Y.; Ai, N.; Hou, Z.; Sun, Y.; Lu, H.; Welsh, W.; Yang, C.S. Tea polyphenol (-)-epigallocatechin-3-gallate inhibits
DNA methyltransferase and reactivates methylation-silenced genes in cancer cell lines. Cancer Res. 2003, 63, 7563-7570. [PubMed]
Fang, M.; Chen, D.; Yang, C.S. Dietary polyphenols may affect DNA methylation. J. Nutr. 2007, 137, 2235-228S. [CrossRef]

Lee, WJ].; Shim, ].Y.; Zhu, B.T. Mechanisms for the inhibition of DNA methyltransferases by tea catechins and bioflavonoids. Mol.
Pharmacol. 2005, 68, 1018-1030. [CrossRef]

Rahman, I.; Chung, S. Dietary polyphenols, deacetylases and chromatin remodeling in inflammation. J. Nutr. Nutr. 2010, 3,
220-230. [CrossRef]

Milenkovic, D.; Jude, B.; Morand, C. miRNA as molecular target of polyphenols underlying their biological effects. Free Radic.
Biol. Med. 2013, 64, 40-51. [CrossRef] [PubMed]

Mamun, M.A.A,; Rakib, A.; Mandal, M.; Kumar, S.; Singla, B.; Singh, U.P. Polyphenols: Role in Modulating Immune Function
and Obesity. Biomolecules 2024, 14, 221. [CrossRef]

Seiringer, P.; Garzorz-Stark, N.; Eyerich, K. T-Cell-Mediated Autoimmunity: Mechanisms and Future Directions. . Investig.
Dermatol. 2022, 142, 804-810. [CrossRef] [PubMed]

Ferreira, C.; Vieira, P; Sa, H.; Malva, J.; Castelo-Branco, M.; Reis, E; Viana, S. Polyphenols: Inmunonutrients tipping the balance
of immunometabolism in chronic diseases. Front. Immunol. 2024, 15, 1360065. [CrossRef] [PubMed]

Shen, P,; Fillatreau, S. Antibody-independent functions of B cells: A focus on cytokines. Nat. Rev. Immunol. 2015, 15, 441-451.
[CrossRef] [PubMed]

Kristic, J.; Lauc, G.; Pezer, M. Immunoglobulin G glycans—Biomarkers and molecular effectors of aging. Clin. Chim. Acta 2022,
535, 30-45. [CrossRef]

Soromou, L.W.; Zhang, Z.; Li, R.; Chen, N.; Guo, W.; Huo, M,; Guan, S.; Lu, J.; Deng, X. Regulation of inflammatory cytokines
in lipopolysaccharide-stimulated RAW 264.7 murine macrophage by 7-O-methyl-naringenin. Molecules 2012, 17, 3574-3585.
[CrossRef] [PubMed]

Tayab, M.A,; Islam, M.N.; Chowdhury, K.A.A.; Tasnim, EM. Targeting neuroinflammation by polyphenols: A promising
therapeutic approach against inflammation-associated depression. Biomed. Pharmacother. 2022, 147, 112668. [CrossRef] [PubMed]
Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The Inmunomodulatory and Anti-Inflammatory Role of Polyphenols. Nutrients
2018, 10, 1618. [CrossRef]

Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.; Rahu, N. Oxidative Stress and Inflammation: What Polyphenols Can Do for
Us? Oxid. Med. Cell Longev. 2016, 2016, 7432797. [CrossRef]

Guha, M.; Mackman, N. LPS induction of gene expression in human monocytes. Cell Signal 2001, 13, 85-94. [CrossRef] [PubMed]
Behl, T.; Rana, T.; Alotaibi, G.H.; Shamsuzzaman, M.; Naqvi, M.; Sehgal, A.; Singh, S.; Sharma, N.; Almoshari, Y.; Abdellatif,
A.A.H.; et al. Polyphenols inhibiting MAPK signalling pathway mediated oxidative stress and inflammation in depression.
Biomed. Pharmacother. 2022, 146, 112545. [CrossRef]

Maleki Dana, P.; Sadoughi, F.; Asemi, Z.; Yousefi, B. The role of polyphenols in overcoming cancer drug resistance: A comprehen-
sive review. Cell Mol. Biol. Lett. 2022, 27, 1. [CrossRef] [PubMed]

Parra-Perez, A.M.; Perez-Jimenez, A.; Gris-Cardenas, I.; Bonel-Perez, G.C.; Carrasco-Diaz, L.M.; Mokhtari, K.; Garcia-Salguero,
L.; Lupianez, J.A.; Rufino-Palomares, E.E. Involvement of the PI3K/AKT Intracellular Signaling Pathway in the AntiCancer
Activity of Hydroxytyrosol, a Polyphenol from Olea europaea, in Hematological Cells and Implication of HSP60 Levels in Its
Anti-Inflammatory Activity. Int. J. Mol. Sci. 2022, 23, 7053. [CrossRef]

Merlin, ].PJ.; Rupasinghe, H.P.V.; Dellaire, G.; Murphy, K. Role of Dietary Antioxidants in p53-Mediated Cancer Chemoprevention
and Tumor Suppression. Oxid. Med. Cell Longev. 2021, 2021, 9924328. [CrossRef]

Viskupicova, J.; Rezbarikova, P. Natural Polyphenols as SERCA Activators: Role in the Endoplasmic Reticulum Stress-Related
Diseases. Molecules 2022, 27, 5095. [CrossRef] [PubMed]

Kang, G.G.; Francis, N.; Hill, R.; Waters, D.; Blanchard, C.; Santhakumar, A.B. Dietary Polyphenols and Gene Expression in
Molecular Pathways Associated with Type 2 Diabetes Mellitus: A Review. Int. J. Mol. Sci. 2019, 21, 140. [CrossRef] [PubMed]
Amawi, H.; Ashby, C.R.; Samuel, T.; Peraman, R.; Tiwari, A.K. Polyphenolic Nutrients in Cancer Chemoprevention and Metastasis:
Role of the Epithelial-to-Mesenchymal (EMT) Pathway. Nutrients 2017, 9, 911. [CrossRef] [PubMed]

Hu, C,; Li, M,; Guo, T.; Wang, S.; Huang, W.; Yang, K ; Liao, Z.; Wang, J.; Zhang, F.; Wang, H. Anti-metastasis activity of curcumin
against breast cancer via the inhibition of stem cell-like properties and EMT. Phytomedicine 2019, 58, 152740. [CrossRef]
Halliwell, B. Dietary polyphenols: Good, bad, or indifferent for your health? Cardiovasc. Res. 2007, 73, 341-347. [CrossRef]
Mennen, L.I,; Walker, R.; Bennetau-Pelissero, C.; Scalbert, A. Risks and safety of polyphenol consumption. Am. J. Clin. Nutr. 2005,
81, 3265-329S. [CrossRef]

Hewlings, S.J.; Kalman, D.S. Curcumin: A Review of Its Effects on Human Health. Foods 2017, 6, 92. [CrossRef]

Borges, G.A; Elias, S.T.; Amorim, B.; de Lima, C.L.; Coletta, R.D.; Castilho, R.M.; Squarize, C.H.; Guerra, ENN.S. Curcumin
downregulates the PIBK-AKT-mTOR pathway and inhibits growth and progression in head and neck cancer cells. Phytother. Res.
2020, 34, 3311-3324. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/14633667
https://doi.org/10.1093/jn/137.1.223S
https://doi.org/10.1124/mol.104.008367
https://doi.org/10.1159/000324358
https://doi.org/10.1016/j.freeradbiomed.2013.05.046
https://www.ncbi.nlm.nih.gov/pubmed/23751562
https://doi.org/10.3390/biom14020221
https://doi.org/10.1016/j.jid.2021.04.032
https://www.ncbi.nlm.nih.gov/pubmed/34538423
https://doi.org/10.3389/fimmu.2024.1360065
https://www.ncbi.nlm.nih.gov/pubmed/38558823
https://doi.org/10.1038/nri3857
https://www.ncbi.nlm.nih.gov/pubmed/26065586
https://doi.org/10.1016/j.cca.2022.08.006
https://doi.org/10.3390/molecules17033574
https://www.ncbi.nlm.nih.gov/pubmed/22441335
https://doi.org/10.1016/j.biopha.2022.112668
https://www.ncbi.nlm.nih.gov/pubmed/35104696
https://doi.org/10.3390/nu10111618
https://doi.org/10.1155/2016/7432797
https://doi.org/10.1016/S0898-6568(00)00149-2
https://www.ncbi.nlm.nih.gov/pubmed/11257452
https://doi.org/10.1016/j.biopha.2021.112545
https://doi.org/10.1186/s11658-021-00301-9
https://www.ncbi.nlm.nih.gov/pubmed/34979906
https://doi.org/10.3390/ijms23137053
https://doi.org/10.1155/2021/9924328
https://doi.org/10.3390/molecules27165095
https://www.ncbi.nlm.nih.gov/pubmed/36014327
https://doi.org/10.3390/ijms21010140
https://www.ncbi.nlm.nih.gov/pubmed/31878222
https://doi.org/10.3390/nu9080911
https://www.ncbi.nlm.nih.gov/pubmed/28825675
https://doi.org/10.1016/j.phymed.2018.11.001
https://doi.org/10.1016/j.cardiores.2006.10.004
https://doi.org/10.1093/ajcn/81.1.326S
https://doi.org/10.3390/foods6100092
https://doi.org/10.1002/ptr.6780

Nutrients 2025, 17, 616 30 of 35

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

Bhosale, P.B.; Ha, S.E.; Vetrivel, P; Kim, H.H.; Kim, S.M.; Kim, G.S. Functions of polyphenols and its anticancer properties in
biomedical research: A narrative review. Transl. Cancer Res. 2020, 9, 7619-7631. [CrossRef]

Anand, P,; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and promises. Mol. Pharm.
2007, 4, 807-818. [CrossRef]

Sharma, R.A.; Steward, W.P.; Gescher, A.J. Pharmacokinetics and pharmacodynamics of curcumin. Adv. Exp. Med. Biol. 2007, 595,
453-470. [CrossRef]

Zeng, L.; Yang, T,; Yang, K.; Yu, G.; Li, ].; Xiang, W.; Chen, H. Efficacy and Safety of Curcumin and Curcuma longa Extract in
the Treatment of Arthritis: A Systematic Review and Meta-Analysis of Randomized Controlled Trial. Front. Immunol. 2022, 13,
891822. [CrossRef]

Salehi, B.; Mishra, A.P.; Nigam, M.; Sener, B.; Kilic, M.; Sharifi-Rad, M.; Fokou, P.V.T.; Martins, N.; Sharifi-Rad, J. Resveratrol: A
Double-Edged Sword in Health Benefits. Biomedicines 2018, 6, 91. [CrossRef] [PubMed]

Patel, K.R.; Brown, V.A ; Jones, D.J.; Britton, R.G.; Hemingway, D.; Miller, A.S.; West, K.P,; Booth, T.D.; Perloff, M.; Crowell, ] A,;
et al. Clinical pharmacology of resveratrol and its metabolites in colorectal cancer patients. Cancer Res. 2010, 70, 7392-7399.
[CrossRef] [PubMed]

Jang, J.Y.; Im, E.; Kim, N.D. Mechanism of Resveratrol-Induced Programmed Cell Death and New Drug Discovery against Cancer:
A Review. Int. . Mol. Sci. 2022, 23, 13689. [CrossRef]

Li, S.; Du, ],; Gan, H.; Chen, J.; Zhou, Y,; Tian, J.; Ling, G.; Li, F. Resveratrol promotes apoptosis and G2/M cell cycle arrest of
fibroblast-like synoviocytes in rheumatoid arthritis through regulation of autophagy and the serine-threonine kinase-p53 axis.
Arch. Med. Sci. 2024, 20, 280-288. [CrossRef] [PubMed]

Heo, ].R,; Kim, S.M.; Hwang, K.A.; Kang, ].H.; Choi, K.C. Resveratrol induced reactive oxygen species and endoplasmic reticulum
stress-mediated apoptosis, and cell cycle arrest in the A3755M malignant melanoma cell line. Int. ]. Mol. Med. 2018, 42, 1427-1435.
[CrossRef] [PubMed]

Zhang, B.; Yin, X,; Sui, S. Resveratrol inhibited the progression of human hepatocellular carcinoma by inducing autophagy
via regulating p53 and the phosphoinositide 3-kinase/protein kinase B pathway. Oncol. Rep. 2018, 40, 2758-2765. [CrossRef]
[PubMed]

Yu, X.D,; Yang, ].L.; Zhang, W.L.; Liu, D.X. Resveratrol inhibits oral squamous cell carcinoma through induction of apoptosis and
G2/M phase cell cycle arrest. Tumour Biol. 2016, 37, 2871-2877. [CrossRef] [PubMed]

Zhang, S.; Kiarasi, F. Therapeutic effects of resveratrol on epigenetic mechanisms in age-related diseases: A comprehensive
review. Phytother. Res. 2024, 38, 2347-2360. [CrossRef]

Farhan, M.; Ullah, M.F,; Faisal, M.; Farooqi, A.A.; Sabitaliyevich, U.Y.; Biersack, B.; Ahmad, A. Differential Methylation and
Acetylation as the Epigenetic Basis of Resveratrol’s Anticancer Activity. Medicines 2019, 6, 24. [CrossRef] [PubMed]

Kurzava Kendall, L.; Ma, Y.; Yang, T.; Lubecka, K.; Stefanska, B. Epigenetic Effects of Resveratrol on Oncogenic Signaling in
Breast Cancer. Nutrients 2024, 16, 699. [CrossRef] [PubMed]

Walle, T. Bioavailability of resveratrol. Ann. N. Y. Acad. Sci. 2011, 1215, 9-15. [CrossRef]

Kemper, C.; Benham, D.; Brothers, S.; Wahlestedt, C.; Volmar, C.H.; Bennett, D.; Hayward, M. Safety and pharmacokinetics of a
highly bioavailable resveratrol preparation (JOTROL (TM)). AAPS Open 2022, 8, 11. [CrossRef] [PubMed]

Wang, Y.; Jin, S.S.; Li, D.T.; Jiang, X.C.; Afrasiyab; Khalid, A.; Liu, X.; Wang, H.L.; Wang, H.Y.; Wang, Z.G.; et al. Improving the
anti-tumor effect of EGCG in colorectal cancer cells by blocking EGCG-induced YAP activation. Am. ]. Cancer Res. 2023, 13,
1407-1424.

Du, G.J.; Zhang, Z.; Wen, X.D.; Yu, C.; Calway, T.; Yuan, C.S.; Wang, C.Z. Epigallocatechin Gallate (EGCG) is the most effective
cancer chemopreventive polyphenol in green tea. Nutrients 2012, 4, 1679-1691. [CrossRef] [PubMed]

Chen, B.H.; Hsieh, C.H.; Tsai, S.Y.; Wang, C.Y.; Wang, C.C. Anticancer effects of epigallocatechin-3-gallate nanoemulsion on
lung cancer cells through the activation of AMP-activated protein kinase signaling pathway. Sci. Rep. 2020, 10, 5163. [CrossRef]
[PubMed]

Wang, C.; Bai, M,; Sun, Z.; Yao, N.; Zhang, A.; Guo, S.; Asemi, Z. Epigallocatechin-3-gallate and cancer: Focus on the role of
microRNAs. Cancer Cell Int. 2023, 23, 241. [CrossRef]

Andreu-Fernandez, V.; Almeida Toledano, L.; Pizarro, N.; Navarro-Tapia, E.; Gomez-Roig, M.D.; de la Torre, R.; Garcia-Algar, O.
Bioavailability of Epigallocatechin Gallate Administered With Different Nutritional Strategies in Healthy Volunteers. Antioxidants
2020, 9, 440. [CrossRef]

Hu, J.; Webster, D.; Cao, J.; Shao, A. The safety of green tea and green tea extract consumption in adults—Results of a systematic
review. Requl. Toxicol. Pharmacol. 2018, 95, 412-433. [CrossRef] [PubMed]

Lotfi, N.; Yousefi, Z.; Golabi, M.; Khalilian, P.; Ghezelbash, B.; Montazeri, M.; Shams, M.H.; Baghbadorani, P.Z.; Eskandari, N.
The potential anti-cancer effects of quercetin on blood, prostate and lung cancers: An update. Front. Immunol. 2023, 14, 1077531.
[CrossRef]


https://doi.org/10.21037/tcr-20-2359
https://doi.org/10.1021/mp700113r
https://doi.org/10.1007/978-0-387-46401-5_20
https://doi.org/10.3389/fimmu.2022.891822
https://doi.org/10.3390/biomedicines6030091
https://www.ncbi.nlm.nih.gov/pubmed/30205595
https://doi.org/10.1158/0008-5472.CAN-10-2027
https://www.ncbi.nlm.nih.gov/pubmed/20841478
https://doi.org/10.3390/ijms232213689
https://doi.org/10.5114/aoms/119022
https://www.ncbi.nlm.nih.gov/pubmed/38414451
https://doi.org/10.3892/ijmm.2018.3732
https://www.ncbi.nlm.nih.gov/pubmed/29916532
https://doi.org/10.3892/or.2018.6648
https://www.ncbi.nlm.nih.gov/pubmed/30132535
https://doi.org/10.1007/s13277-015-3793-4
https://www.ncbi.nlm.nih.gov/pubmed/26409447
https://doi.org/10.1002/ptr.8176
https://doi.org/10.3390/medicines6010024
https://www.ncbi.nlm.nih.gov/pubmed/30781847
https://doi.org/10.3390/nu16050699
https://www.ncbi.nlm.nih.gov/pubmed/38474826
https://doi.org/10.1111/j.1749-6632.2010.05842.x
https://doi.org/10.1186/s41120-022-00058-1
https://www.ncbi.nlm.nih.gov/pubmed/35789594
https://doi.org/10.3390/nu4111679
https://www.ncbi.nlm.nih.gov/pubmed/23201840
https://doi.org/10.1038/s41598-020-62136-2
https://www.ncbi.nlm.nih.gov/pubmed/32198390
https://doi.org/10.1186/s12935-023-03081-8
https://doi.org/10.3390/antiox9050440
https://doi.org/10.1016/j.yrtph.2018.03.019
https://www.ncbi.nlm.nih.gov/pubmed/29580974
https://doi.org/10.3389/fimmu.2023.1077531

Nutrients 2025, 17, 616 31 of 35

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Wang, X.; Yang, Y.; An, Y.; Fang, G. The mechanism of anticancer action and potential clinical use of kaempferol in the treatment
of breast cancer. Biomed. Pharmacother. 2019, 117, 109086. [CrossRef]

Jin, G; Yang, Y.; Liu, K;; Zhao, J.; Chen, X.; Liu, H.; Bai, R.; Li, X,; Jiang, Y.; Zhang, X.; et al. Combination curcumin and
(-)-epigallocatechin-3-gallate inhibits colorectal carcinoma microenvironment-induced angiogenesis by JAK/STAT3/IL-8 pathway.
Oncogenesis 2017, 6, €384. [CrossRef] [PubMed]

Eom, D.W.; Lee, ].H.; Kim, Y.J.; Hwang, G.S.; Kim, S.N.; Kwak, ].H.; Cheon, G.J.; Kim, K.H.; Jang, H.].; Ham, J.; et al. Synergistic
effect of curcumin on epigallocatechin gallate-induced anticancer action in PC3 prostate cancer cells. BMB Rep. 2015, 48, 461-466.
[CrossRef]

Gavrilas, L.I; Cruceriu, D.; Ionescu, C.; Miere, D.; Balacescu, O. Pro-apoptotic genes as new targets for single and combinatorial
treatments with resveratrol and curcumin in colorectal cancer. Food Funct. 2019, 10, 3717-3726. [CrossRef]

Majumdar, A.P,; Banerjee, S.; Nautiyal, ].; Patel, B.B.; Patel, V.; Du, J.; Yu, Y.; Elliott, A.A.; Levi, E.; Sarkar, EH. Curcumin synergizes
with resveratrol to inhibit colon cancer. Nutr. Cancer 2009, 61, 544-553. [CrossRef] [PubMed]

Singh, C.K.; George, J.; Ahmad, N. Resveratrol-based combinatorial strategies for cancer management. Ann. N. Y. Acad. Sci. 2013,
1290, 113-121. [CrossRef] [PubMed]

Ho, E.; Song, Y. Zinc and prostatic cancer. Curr. Opin. Clin. Nutr. Metab. Care 2009, 12, 640-645. [CrossRef] [PubMed]

Farhana, L.; Sarkar, S.; Nangia-Makker, P; Yu, Y.; Khosla, P,; Levi, E.; Azmi, A.; Majumdar, A.P.N. Natural agents inhibit colon
cancer cell proliferation and alter microbial diversity in mice. PLoS ONE 2020, 15, e0229823. [CrossRef] [PubMed]

James, M.L; Iwuji, C.; Irving, G.; Karmokar, A.; Higgins, J.A.; Griffin-Teal, N.; Thomas, A.; Greaves, P.; Cai, H.; Patel, S.R.; et al.
Curcumin inhibits cancer stem cell phenotypes in ex vivo models of colorectal liver metastases, and is clinically safe and tolerable
in combination with FOLFOX chemotherapy. Cancer Lett. 2015, 364, 135-141. [CrossRef]

Meiyanto, E.; Putri, D.D.; Susidarti, R.A.; Murwanti, R.; Sardjiman; Fitriasari, A.; Husnaa, U.; Purnomo, H.; Kawaichi, M.
Curcumin and its analogues (PGV-0 and PGV-1) enhance sensitivity of resistant MCF-7 cells to doxorubicin through inhibition of
HER2 and NF-kB activation. Asian Pac. ]. Cancer Prev. 2014, 15, 179-184. [CrossRef] [PubMed]

Kciuk, M.; Gielecinska, A.; Mujwar, S.; Kolat, D.; Kaluzinska-Kolat, Z.; Celik, I.; Kontek, R. Doxorubicin-An Agent with Multiple
Mechanisms of Anticancer Activity. Cells 2023, 12, 659. [CrossRef]

Misra, R.; Sahoo, S.K. Coformulation of doxorubicin and curcumin in poly(D,L-lactide-co-glycolide) nanoparticles suppresses the
development of multidrug resistance in K562 cells. Mol. Pharm. 2011, 8, 852-866. [CrossRef] [PubMed]

Wang, B.L.; Shen, YM.; Zhang, Q.W.; Li, Y.L.; Luo, M,; Liu, Z; Li, Y.; Qian, Z.Y.; Gao, X.; Shi, H.S. Codelivery of curcumin and
doxorubicin by MPEG-PCL results in improved efficacy of systemically administered chemotherapy in mice with lung cancer. Int.
J. Nanomed. 2013, 8, 3521-3531. [CrossRef]

Giannakakou, P.; Robey, R.; Fojo, T; Blagosklonny, M.V. Low concentrations of paclitaxel induce cell type-dependent p53, p21 and
G1/G2 arrest instead of mitotic arrest: Molecular determinants of paclitaxel-induced cytotoxicity. Oncogene 2001, 20, 3806-3813.
[CrossRef]

Bava, S.V.; Sreekanth, C.N.; Thulasidasan, A.K.; Anto, N.P; Cheriyan, V.T.; Puliyappadamba, V.T.; Menon, S.G.; Ravichandran,
S.D.; Anto, R.J. Akt is upstream and MAPKs are downstream of NF-kappaB in paclitaxel-induced survival signaling events,
which are down-regulated by curcumin contributing to their synergism. Int. J. Biochem. Cell Biol. 2011, 43, 331-341. [CrossRef]
Johnson, J.J.; Nihal, M.; Siddiqui, I.A.; Scarlett, C.O.; Bailey, H.H.; Mukhtar, H.; Ahmad, N. Enhancing the bioavailability of
resveratrol by combining it with piperine. Mol. Nutr. Food Res. 2011, 55, 1169-1176. [CrossRef]

Imran, M.; Iqubal, M.K,; Imtiyaz, K.; Saleem, S.; Mittal, S.; Rizvi, M.M.A.; Ali, ].; Baboota, S. Topical nanostructured lipid carrier
gel of quercetin and resveratrol: Formulation, optimization, in vitro and ex vivo study for the treatment of skin cancer. Int. J.
Pharm. 2020, 587, 119705. [CrossRef]

Zamin, L.L.; Filippi-Chiela, E.C.; Dillenburg-Pilla, P.; Horn, E; Salbego, C.; Lenz, G. Resveratrol and quercetin cooperate to induce
senescence-like growth arrest in C6 rat glioma cells. Cancer Sci. 2009, 100, 1655-1662. [CrossRef] [PubMed]

Mertens-Talcott, S.U.; Percival, S.S. Ellagic acid and quercetin interact synergistically with resveratrol in the induction of apoptosis
and cause transient cell cycle arrest in human leukemia cells. Cancer Lett. 2005, 218, 141-151. [CrossRef]

Khandelwal, A.R.; Hebert, V.Y.; Kleinedler, ].J.; Rogers, L.K.; Ullevig, S.L.; Asmis, R.; Shi, R.; Dugas, T.R. Resveratrol and quercetin
interact to inhibit neointimal hyperplasia in mice with a carotid injury. J. Nutr. 2012, 142, 1487-1494. [CrossRef]

Kala, R.; Tollefsbol, T.O. A Novel Combinatorial Epigenetic Therapy Using Resveratrol and Pterostilbene for Restoring Estrogen
Receptor-alpha (ERalpha) Expression in ERalpha-Negative Breast Cancer Cells. PLoS ONE 2016, 11, e0155057. [CrossRef]

Kala, R.; Shah, H.N.; Martin, S.L.; Tollefsbol, T.O. Epigenetic-based combinatorial resveratrol and pterostilbene alters DNA
damage response by affecting SIRT1 and DNMT enzyme expression, including SIRT1-dependent gamma-H2AX and telomerase
regulation in triple-negative breast cancer. BMIC Cancer 2015, 15, 672. [CrossRef]

Mei, L.; Hu, Q.; Peng, J.; Ruan, J.; Zou, J.; Huang, Q.; Liu, S.; Wang, H. Phospho-histone H2AX is a diagnostic and prognostic
marker for epithelial ovarian cancer. Int. J. Clin. Exp. Pathol. 2015, 8, 5597-5602. [PubMed]


https://doi.org/10.1016/j.biopha.2019.109086
https://doi.org/10.1038/oncsis.2017.84
https://www.ncbi.nlm.nih.gov/pubmed/28967875
https://doi.org/10.5483/BMBRep.2015.48.8.216
https://doi.org/10.1039/C9FO01014A
https://doi.org/10.1080/01635580902752262
https://www.ncbi.nlm.nih.gov/pubmed/19838927
https://doi.org/10.1111/nyas.12160
https://www.ncbi.nlm.nih.gov/pubmed/23855473
https://doi.org/10.1097/MCO.0b013e32833106ee
https://www.ncbi.nlm.nih.gov/pubmed/19684515
https://doi.org/10.1371/journal.pone.0229823
https://www.ncbi.nlm.nih.gov/pubmed/32196510
https://doi.org/10.1016/j.canlet.2015.05.005
https://doi.org/10.7314/APJCP.2014.15.1.179
https://www.ncbi.nlm.nih.gov/pubmed/24528023
https://doi.org/10.3390/cells12040659
https://doi.org/10.1021/mp100455h
https://www.ncbi.nlm.nih.gov/pubmed/21480667
https://doi.org/10.2147/IJN.S45250
https://doi.org/10.1038/sj.onc.1204487
https://doi.org/10.1016/j.biocel.2010.09.011
https://doi.org/10.1002/mnfr.201100117
https://doi.org/10.1016/j.ijpharm.2020.119705
https://doi.org/10.1111/j.1349-7006.2009.01215.x
https://www.ncbi.nlm.nih.gov/pubmed/19496785
https://doi.org/10.1016/j.canlet.2004.06.007
https://doi.org/10.3945/jn.112.162628
https://doi.org/10.1371/journal.pone.0155057
https://doi.org/10.1186/s12885-015-1693-z
https://www.ncbi.nlm.nih.gov/pubmed/26191270

Nutrients 2025, 17, 616 32 of 35

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Gu, S.; Chen, C,; Jiang, X.; Zhang, Z. ROS-mediated endoplasmic reticulum stress and mitochondrial dysfunction underlie
apoptosis induced by resveratrol and arsenic trioxide in A549 cells. Chem. Biol. Interact. 2016, 245, 100-109. [CrossRef] [PubMed]
Kiskova, T.; Ekmekcioglu, C.; Garajova, M.; Orendas, P.; Bojkova, B.; Bobrov, N.; Jager, W.; Kassayova, M.; Thalhammer, T. A
combination of resveratrol and melatonin exerts chemopreventive effects in N-methyl-N-nitrosourea-induced rat mammary
carcinogenesis. Eur. J. Cancer Prev. 2012, 21, 163-170. [CrossRef]

Gao, Y.; Tollefsbol, T.O. Combinational Proanthocyanidins and Resveratrol Synergistically Inhibit Human Breast Cancer Cells
and Impact Epigenetic(-)Mediating Machinery. Int. . Mol. Sci. 2018, 19, 2204. [CrossRef]

Hsieh, T.C.; Wu, ].M. Suppression of cell proliferation and gene expression by combinatorial synergy of EGCG, resveratrol and
gamma-tocotrienol in estrogen receptor-positive MCF-7 breast cancer cells. Int. J. Oncol. 2008, 33, 851-859.

Trujillo, M.; Kharbanda, A.; Corley, C.; Simmons, P.; Allen, A.R. Tocotrienols as an Anti-Breast Cancer Agent. Antioxidants 2021,
10, 1383. [CrossRef]

Comella, P; Casaretti, R.; Sandomenico, C.; Avallone, A.; Franco, L. Role of oxaliplatin in the treatment of colorectal cancer. Ther.
Clin. Risk Manag. 2009, 5, 229-238. [CrossRef] [PubMed]

Wang, Y.; Ma, J.; Qiu, T.; Tang, M.; Zhang, X.; Dong, W. In vitro and in vivo combinatorial anticancer effects of oxaliplatin- and
resveratrol-loaded N,O-carboxymethyl chitosan nanoparticles against colorectal cancer. Eur. J. Pharm. Sci. 2021, 163, 105864.
[CrossRef]

Muchlinska, A.; Nagel, A.; Popeda, M.; Szade, J.; Niemira, M.; Zielinski, J.; Skokowski, J.; Bednarz-Knoll, N.; Zaczek, A J.
Alpha-smooth muscle actin-positive cancer-associated fibroblasts secreting osteopontin promote growth of luminal breast cancer.
Cell Mol. Biol. Lett. 2022, 27, 45. [CrossRef]

Wu, S.L,; Sun, ZJ.; Yu, L.; Meng, KW,; Qin, X.L.; Pan, C.E. Effect of resveratrol and in combination with 5-FU on murine liver
cancer. World J. Gastroenterol. 2004, 10, 3048-3052. [CrossRef]

Iqubal, M.K,; Iqubal, A.; Anjum, H.; Gupta, M.M.; Alj, ]J.; Baboota, S. Determination of in vivo virtue of dermal targeted
combinatorial lipid nanocolloidal based formulation of 5-fluorouracil and resveratrol against skin cancer. Int. J. Pharm. 2021, 610,
121179. [CrossRef]

Iqubal, M.K,; Iqubal, A.; Imtiyaz, K.; Rizvi, M.M.A.; Gupta, M.M.; Alj, J.; Baboota, S. Combinatorial lipid-nanosystem for dermal
delivery of 5-fluorouracil and resveratrol against skin cancer: Delineation of improved dermatokinetics and epidermal drug
deposition enhancement analysis. Eur. . Pharm. Biopharm. 2021, 163, 223-239. [CrossRef] [PubMed]

Li, T.; Zhang, X,; Cheng, L.; Li, C.; Wu, Z.; Luo, Y.; Zhou, K,; Li, Y;; Zhao, Q.; Huang, Y. Modulation of IncRNA H19 enhances
resveratrol-inhibited cancer cell proliferation and migration by regulating endoplasmic reticulum stress. J. Cell Mol. Med. 2022, 26,
2205-2217. [CrossRef] [PubMed]

Tanida, I.; Ueno, T.; Kominami, E. LC3 conjugation system in mammalian autophagy. Int. J. Biochem. Cell Biol. 2004, 36, 2503-2518.
[CrossRef] [PubMed]

Kim, G.Y.; Nigro, P; Fujiwara, K.; Abe, ]J.; Berk, B.C. p62 binding to protein kinase C zeta regulates tumor necrosis factor
alpha-induced apoptotic pathway in endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 2974-2980. [CrossRef] [PubMed]
Ronghe, A.; Chatterjee, A.; Bhat, N.K.; Padhye, S.; Bhat, H.K. Tamoxifen synergizes with 4-(E)-(4-hydroxyphenylimino)-
methylbenzene, 1,2-diol and 4-(E)-(p-tolylimino)-methylbenzene-1,2-diol, novel azaresveratrol analogs, in inhibiting the prolifera-
tion of breast cancer cells. Oncotarget 2016, 7, 51747-51762. [CrossRef]

Scarlatti, F.; Maffei, R.; Beau, I.; Codogno, P.; Ghidoni, R. Role of non-canonical Beclin 1-independent autophagy in cell death
induced by resveratrol in human breast cancer cells. Cell Death Differ. 2008, 15, 1318-1329. [CrossRef] [PubMed]

Huang, FY,; Li, YN.; Mei, W.L.; Dai, H.E; Zhou, P; Tan, G.H. Cytochalasin D, a tropical fungal metabolite, inhibits CT26 tumor
growth and angiogenesis. Asian Pac. |. Trop. Med. 2012, 5, 169-174. [CrossRef] [PubMed]

Xu, C.; Zhang, W.; Liu, C. FAK downregulation suppresses stem-like properties and migration of human colorectal cancer cells.
PLoS ONE 2023, 18, €0284871. [CrossRef]

Buhrmann, C.; Shayan, P.; Goel, A.; Shakibaei, M. Resveratrol Regulates Colorectal Cancer Cell Invasion by Modulation of Focal
Adhesion Molecules. Nutrients 2017, 9, 1073. [CrossRef] [PubMed]

Santos, A.R.; Corredor, R.G.; Obeso, B.A.; Trakhtenberg, E.F.; Wang, Y.; Ponmattam, J.; Dvoriantchikova, G.; Ivanov, D,;
Shestopalov, V.I.; Goldberg, ].L.; et al. betal integrin-focal adhesion kinase (FAK) signaling modulates retinal ganglion cell (RGC)
survival. PLoS ONE 2012, 7, e48332. [CrossRef]

Lu, D.; Choi, M.Y,; Yu, J.; Castro, J.E.; Kipps, T.J.; Carson, D.A. Salinomycin inhibits Wnt signaling and selectively induces
apoptosis in chronic lymphocytic leukemia cells. Proc. Natl. Acad. Sci. USA 2011, 108, 13253-13257. [CrossRef] [PubMed]
Venkatadri, R.; Iyer, A K.V;; Kaushik, V.; Azad, N. A novel resveratrol-salinomycin combination sensitizes ER-positive breast
cancer cells to apoptosis. Pharmacol. Rep. 2017, 69, 788-797. [CrossRef]

Al-Saleh, K.; Quinton, C.; Ellis, PM. Role of pemetrexed in advanced non-small-cell lung cancer: Meta-analysis of randomized
controlled trials, with histology subgroup analysis. Curr. Oncol. 2012, 19, e9—-e15. [CrossRef]


https://doi.org/10.1016/j.cbi.2016.01.005
https://www.ncbi.nlm.nih.gov/pubmed/26772155
https://doi.org/10.1097/CEJ.0b013e32834c9c0f
https://doi.org/10.3390/ijms19082204
https://doi.org/10.3390/antiox10091383
https://doi.org/10.2147/TCRM.S3583
https://www.ncbi.nlm.nih.gov/pubmed/19436599
https://doi.org/10.1016/j.ejps.2021.105864
https://doi.org/10.1186/s11658-022-00351-7
https://doi.org/10.3748/wjg.v10.i20.3048
https://doi.org/10.1016/j.ijpharm.2021.121179
https://doi.org/10.1016/j.ejpb.2021.04.007
https://www.ncbi.nlm.nih.gov/pubmed/33864904
https://doi.org/10.1111/jcmm.17242
https://www.ncbi.nlm.nih.gov/pubmed/35166018
https://doi.org/10.1016/j.biocel.2004.05.009
https://www.ncbi.nlm.nih.gov/pubmed/15325588
https://doi.org/10.1161/ATVBAHA.112.300054
https://www.ncbi.nlm.nih.gov/pubmed/23023376
https://doi.org/10.18632/oncotarget.10106
https://doi.org/10.1038/cdd.2008.51
https://www.ncbi.nlm.nih.gov/pubmed/18421301
https://doi.org/10.1016/S1995-7645(12)60019-4
https://www.ncbi.nlm.nih.gov/pubmed/22305779
https://doi.org/10.1371/journal.pone.0284871
https://doi.org/10.3390/nu9101073
https://www.ncbi.nlm.nih.gov/pubmed/28953264
https://doi.org/10.1371/journal.pone.0048332
https://doi.org/10.1073/pnas.1110431108
https://www.ncbi.nlm.nih.gov/pubmed/21788521
https://doi.org/10.1016/j.pharep.2017.03.024
https://doi.org/10.3747/co.19.891

Nutrients 2025, 17, 616 33 of 35

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Chen, R.S.; Ko, J.C.; Chiu, H.C; Wo, T.Y.; Huang, Y.J.; Tseng, S.C.; Chen, H.J.; Huang, Y.C,; Jian, Y.J.; Lee, W.T.; et al. Pemetrexed
downregulates ERCC1 expression and enhances cytotoxicity effected by resveratrol in human nonsmall cell lung cancer cells.
Naunyn Schmiedebergs Arch. Pharmacol. 2013, 386, 1047-1059. [CrossRef]

Abdelaziz, HM.; Elzoghby, A.O.; Helmy, M.W.; Samaha, M.W.; Fang, ].Y.; Freag, M.S. Liquid crystalline assembly for potential
combinatorial chemo-herbal drug delivery to lung cancer cells. Int. . Nanomed. 2019, 14, 499-517. [CrossRef]
Kaufman-Szymczyk, A.; Lubecka, K. The effects of clofarabine in ALL inhibition through DNA methylation regulation. Acta
Biochim. Pol. 2020, 67, 65-72. [CrossRef]

Kanai, M.; Shinagawa, A.; Ota, M.; Virgona, N.; Yano, T. Resveratrol Can Differentiate Human Melanoma Stem-like Cells from
Spheroids Treated With All-trans Retinoic Acid. Anticancer. Res. 2024, 44, 5283-5292. [CrossRef]

Kaufman-Szymczyk, A.; Majda, K.; Szulawska-Mroczek, A.; Fabianowska-Majewska, K.; Lubecka, K. Clofarabine-phytochemical
combination exposures in CML cells inhibit DNA methylation machinery, upregulate tumor suppressor genes and promote
caspase-dependent apoptosis. Mol. Med. Rep. 2019, 20, 3597-3608. [CrossRef]

Moison, C.; Assemat, F.; Daunay, A.; Tost, J.; Guieysse-Peugeot, A.L.; Arimondo, P.B. Synergistic chromatin repression of the
tumor suppressor gene RARB in human prostate cancers. Epigenetics 2014, 9, 477-482. [CrossRef]

Benetatos, L.; Vartholomatos, G. On the potential role of DNMT1 in acute myeloid leukemia and myelodysplastic syndromes:
Not another mutated epigenetic driver. Ann. Hematol. 2016, 95, 1571-1582. [CrossRef] [PubMed]

Bimonte, S.; Cascella, M.; Barbieri, A.; Arra, C.; Cuomo, A. Current shreds of evidence on the anticancer role of EGCG in triple
negative breast cancer: An update of the current state of knowledge. Infect. Agent. Cancer 2020, 15, 2. [CrossRef]

Asif Ali, M.; Khan, N.; Kaleem, N.; Ahmad, W.; Alharethi, S.H.; Alharbi, B.; Alhassan, H.H.; Al-Enazi, M.M.; Razis, A.F.A.; Modu,
B.; et al. Anticancer properties of sulforaphane: Current insights at the molecular level. Front. Oncol. 2023, 13, 1168321. [CrossRef]
Li, Y.; Meeran, S.M.; Tollefsbol, T.O. Combinatorial bioactive botanicals re-sensitize tamoxifen treatment in ER-negative breast
cancer via epigenetic reactivation of ERalpha expression. Sci. Rep. 2017, 7, 9345. [CrossRef]

Al-Dulaimi, S.; Matta, S.; Slijepcevic, P,; Roberts, T. 5-aza-2’-deoxycytidine induces telomere dysfunction in breast cancer cells.
Biomed. Pharmacother. 2024, 178, 117173. [CrossRef]

Li, Y,; Buckhaults, P.; Cui, X.; Tollefsbol, T.O. Combinatorial epigenetic mechanisms and efficacy of early breast cancer inhibition
by nutritive botanicals. Epigenomics 2016, 8, 1019-1037. [CrossRef] [PubMed]

Li, S.; Wu, H.; Chen, M.; Tollefsbol, T.O. Paternal Combined Botanicals Contribute to the Prevention of Estrogen Receptor-Negative
Mammary Cancer in Transgenic Mice. J. Nutr. 2023, 153, 1959-1973. [CrossRef] [PubMed]

Merino, D.; Lalaoui, N.; Morizot, A.; Solary, E.; Micheau, O. TRAIL in cancer therapy: Present and future challenges. Expert. Opin.
Ther. Targets 2007, 11, 1299-1314. [CrossRef] [PubMed]

Nishikawa, T.; Nakajima, T.; Moriguchi, M.; Jo, M.; Sekoguchi, S.; Ishii, M.; Takashima, H.; Katagishi, T.; Kimura, H.; Minami, M.;
et al. A green tea polyphenol, epigalocatechin-3-gallate, induces apoptosis of human hepatocellular carcinoma, possibly through
inhibition of Bcl-2 family proteins. J. Hepatol. 2006, 44, 1074-1082. [CrossRef]

Basu, A.; Haldar, S. Combinatorial effect of epigallocatechin-3-gallate and TRAIL on pancreatic cancer cell death. Int. |. Oncol.
2009, 34, 281-286. [CrossRef]

Wei, R.; Zhu, G,; Jia, N.; Yang, W. Epigallocatechin-3-gallate Sensitizes Human 786-O Renal Cell Carcinoma Cells to TRAIL-
Induced Apoptosis. Cell Biochem. Biophys. 2015, 72, 157-164. [CrossRef]

Gurpinar, E.; Grizzle, W.E.; Piazza, G.A. COX-Independent Mechanisms of Cancer Chemoprevention by Anti-Inflammatory
Drugs. Front. Oncol. 2013, 3, 181. [CrossRef] [PubMed]

Adhami, VM.; Malik, A.; Zaman, N.; Sarfaraz, S.; Siddiqui, I.A.; Syed, D.N.; Afaq, F; Pasha, F.S.; Saleem, M.; Mukhtar, H.
Combined inhibitory effects of green tea polyphenols and selective cyclooxygenase-2 inhibitors on the growth of human prostate
cancer cells both in vitro and in vivo. Clin. Cancer Res. 2007, 13, 1611-1619. [CrossRef]

Eadon, M.T.; Wheeler, H.E,; Stark, A.L.; Zhang, X.; Moen, E.L.; Delaney, S.M.; Im, HK.; Cunningham, P.N.; Zhang, W.; Dolan,
M.E. Genetic and epigenetic variants contributing to clofarabine cytotoxicity. Hum. Mol. Genet. 2013, 22, 4007-4020. [CrossRef]
Houle, B.; Rochette-Egly, C.; Bradley, W.E. Tumor-suppressive effect of the retinoic acid receptor beta in human epidermoid lung
cancer cells. Proc. Natl. Acad. Sci. USA 1993, 90, 985-989. [CrossRef] [PubMed]

Lubecka, K.; Kaufman-Szymczyk, A.; Cebula-Obrzut, B.; Smolewski, P.; Szemraj, ].; Fabianowska-Majewska, K. Novel Clofarabine-
Based Combinations with Polyphenols Epigenetically Reactivate Retinoic Acid Receptor Beta, Inhibit Cell Growth, and Induce
Apoptosis of Breast Cancer Cells. Int. J. Mol. Sci. 2018, 19, 3970. [CrossRef] [PubMed]

Sun, J.; Chen, S.; Zang, D.; Sun, H.; Sun, Y.; Chen, J. Butyrate as a promising therapeutic target in cancer: From pathogenesis to
clinic (Review). Int. J. Oncol. 2024, 64, 44. [CrossRef] [PubMed]

Saldanha, S.N.; Kala, R.; Tollefsbol, T.O. Molecular mechanisms for inhibition of colon cancer cells by combined epigenetic-
modulating epigallocatechin gallate and sodium butyrate. Exp. Cell Res. 2014, 324, 40-53. [CrossRef] [PubMed]


https://doi.org/10.1007/s00210-013-0905-9
https://doi.org/10.2147/IJN.S188335
https://doi.org/10.18388/abp.2020_2901
https://doi.org/10.21873/anticanres.17356
https://doi.org/10.3892/mmr.2019.10619
https://doi.org/10.4161/epi.27869
https://doi.org/10.1007/s00277-016-2636-8
https://www.ncbi.nlm.nih.gov/pubmed/26983918
https://doi.org/10.1186/s13027-020-0270-5
https://doi.org/10.3389/fonc.2023.1168321
https://doi.org/10.1038/s41598-017-09764-3
https://doi.org/10.1016/j.biopha.2024.117173
https://doi.org/10.2217/epi-2016-0024
https://www.ncbi.nlm.nih.gov/pubmed/27478970
https://doi.org/10.1016/j.tjnut.2023.05.001
https://www.ncbi.nlm.nih.gov/pubmed/37146973
https://doi.org/10.1517/14728222.11.10.1299
https://www.ncbi.nlm.nih.gov/pubmed/17907960
https://doi.org/10.1016/j.jhep.2005.11.045
https://doi.org/10.3892/ijo_00000150
https://doi.org/10.1007/s12013-014-0428-0
https://doi.org/10.3389/fonc.2013.00181
https://www.ncbi.nlm.nih.gov/pubmed/23875171
https://doi.org/10.1158/1078-0432.CCR-06-2269
https://doi.org/10.1093/hmg/ddt240
https://doi.org/10.1073/pnas.90.3.985
https://www.ncbi.nlm.nih.gov/pubmed/8381540
https://doi.org/10.3390/ijms19123970
https://www.ncbi.nlm.nih.gov/pubmed/30544666
https://doi.org/10.3892/ijo.2024.5632
https://www.ncbi.nlm.nih.gov/pubmed/38426581
https://doi.org/10.1016/j.yexcr.2014.01.024
https://www.ncbi.nlm.nih.gov/pubmed/24518414

Nutrients 2025, 17, 616 34 of 35

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Agarwal, A.; Kansal, V.; Farooqi, H.; Prasad, R.; Singh, V.K. Epigallocatechin Gallate (EGCG), an Active Phenolic Compound of
Green Tea, Inhibits Tumor Growth of Head and Neck Cancer Cells by Targeting DNA Hypermethylation. Biomedicines 2023, 11,
789. [CrossRef]

Wei, Y.; Melas, P.A.; Wegener, G.; Mathe, A.A.; Lavebratt, C. Antidepressant-like effect of sodium butyrate is associated with an
increase in TET1 and in 5-hydroxymethylation levels in the Bdnf gene. Int. ]. Neuropsychopharmacol. 2014, 18, pyu032. [CrossRef]
Hernandez, ].M.; Farma, ].M.; Coppola, D.; Hakam, A.; Fulp, W.].; Chen, D.T.; Siegel, E.M.; Yeatman, T.J.; Shibata, D. Expression
of the antiapoptotic protein survivin in colon cancer. Clin. Color. Cancer 2011, 10, 188-193. [CrossRef] [PubMed]

Braicu, C.; Pilecki, V.; Balacescu, O.; Irimie, A.; Neagoe, I.B. The relationships between biological activities and structure of
flavan-3-ols. Int. J. Mol. Sci. 2011, 12, 9342-9353. [CrossRef] [PubMed]

Okabe, S.; Suganuma, M.; Hayashi, M.; Sueoka, E.; Komori, A.; Fujiki, H. Mechanisms of growth inhibition of human lung cancer
cell line, PC-9, by tea polyphenols. Jpn. J. Cancer Res. 1997, 88, 639—643. [CrossRef]

Yang, C.; Du, W.; Yang, D. Inhibition of green tea polyphenol EGCG((-)-epigallocatechin-3-gallate) on the proliferation of gastric
cancer cells by suppressing canonical wnt/beta-catenin signalling pathway. Int. J. Food Sci. Nutr. 2016, 67, 818-827. [CrossRef]
Applegate, C.C.; Rowles, ].L.; Ranard, K.M.; Jeon, S.; Erdman, J.W. Soy Consumption and the Risk of Prostate Cancer: An Updated
Systematic Review and Meta-Analysis. Nutrients 2018, 10, 40. [CrossRef] [PubMed]

Zhou, ].R; Yu, L.; Zhong, Y.; Blackburn, G.L. Soy phytochemicals and tea bioactive components synergistically inhibit androgen-
sensitive human prostate tumors in mice. J. Nutr. 2003, 133, 516-521. [CrossRef] [PubMed]

Zhou, J.R.; Yu, L.; Mai, Z.; Blackburn, G.L. Combined inhibition of estrogen-dependent human breast carcinoma by soy and tea
bioactive components in mice. Int. ]. Cancer 2004, 108, 8-14. [CrossRef] [PubMed]

Noll, D.M.; Mason, T.M.; Miller, P.S. Formation and repair of interstrand cross-links in DNA. Chem. Rev. 2006, 106, 277-301.
[CrossRef] [PubMed]

Zhang, Y.; Wang, X.; Han, L.; Zhou, Y.; Sun, S. Green tea polyphenol EGCG reverse cisplatin resistance of A549/DDP cell line
through candidate genes demethylation. Biomed. Pharmacother. 2015, 69, 285-290. [CrossRef] [PubMed]

Dai, Z.].; Gao, J.; Ma, X.B.; Kang, H.F; Wang, B.F; Lu, WE; Lin, S.; Wang, X.J.; Wu, W.Y. Antitumor effects of rapamycin in
pancreatic cancer cells by inducing apoptosis and autophagy. Int. J. Mol. Sci. 2012, 14, 273-285. [CrossRef]

Hsu, J.L.; Ho, Y.E; Li, TK.; Chen, C.S.; Hsu, L.C.; Guh, ].H. Rottlerin potentiates camptothecin-induced cytotoxicity in human
hormone refractory prostate cancers through increased formation and stabilization of topoisomerase I-DNA cleavage complexes
in a PKCdelta-independent pathway. Biochem. Pharmacol. 2012, 84, 59-67. [CrossRef] [PubMed]

Cetinkaya, M.; Baran, Y. Therapeutic Potential of Luteolin on Cancer. Vaccines 2023, 11, 554. [CrossRef]

Amin, A.R;; Wang, D.; Zhang, H.; Peng, S.; Shin, H.J.; Brandes, ].C.; Tighiouart, M.; Khuri, ER.; Chen, Z.G.; Shin, D.M. Enhanced
anti-tumor activity by the combination of the natural compounds (-)-epigallocatechin-3-gallate and luteolin: Potential role of p53.
J. Biol. Chem. 2010, 285, 34557-34565. [CrossRef] [PubMed]

Chen, S.; Cooper, M; Jones, M.; Madhuri, TK.; Wade, J.; Bachelor, A.; Butler-Manuel, S. Combined activity of oridonin and
wogonin in advanced-stage ovarian cancer cells: Sensitivity of ovarian cancer cells to phyto-active chemicals. Cell Biol. Toxicol.
2011, 27, 133-147. [CrossRef]

Lippman, S.M.; Goodman, PJ.; Klein, E.A.; Parnes, H.L.; Thompson, M., Jr.; Kristal, A.R.; Santella, R.M.; Probstfield, J.L.;
Moinpour, C.M.; Albanes, D.; et al. Designing the Selenium and Vitamin E Cancer Prevention Trial (SELECT). J. Natl. Cancer Inst.
2005, 97, 94-102. [CrossRef] [PubMed]

Trump, D.L.; Muindi, J.; Fakih, M.; Yu, W.D.; Johnson, C.S. Vitamin D compounds: Clinical development as cancer therapy and
prevention agents. Anticancer Res. 2006, 26, 2551-2556.

Lansky, E.P; Jiang, W.; Mo, H.; Bravo, L.; Froom, P.; Yu, W.; Harris, N.M.; Neeman, I.; Campbell, M.]. Possible synergistic prostate
cancer suppression by anatomically discrete pomegranate fractions. Investig. New Drugs 2005, 23, 11-20. [CrossRef]

Otun, S.; Achilonu, I.; Odero-Marah, V. Unveiling the potential of Muscadine grape Skin extract as an innovative therapeutic
intervention in cancer treatment. J. Funct. Foods 2024, 116, 106146. [CrossRef]

de Kok, T.M.; van Breda, S.G.; Manson, M.M. Mechanisms of combined action of different chemopreventive dietary compounds:
A review. Eur. |. Nutr. 2008, 47, 51-59. [CrossRef]

Wang, T.E; Lai, Y.H.; Yang, K.C.; Lin, S.J.; Chen, C.L.; Tsai, P.S. Counteracting Cisplatin-Induced Testicular Damages by Natural
Polyphenol Constituent Honokiol. Antioxidants 2020, 9, 723. [CrossRef]

Atallah, M.A; Sallam, M.A.; Abdelmoneem, M.A.; Teleb, M.; Elkhodairy, K.A.; Bekhit, A.A.; Khafaga, A.F,; Noreldin, A.E,;
Elzoghby, A.O.; Khattab, S.N. Green self-assembled lactoferrin carboxymethyl cellulose nanogels for synergistic chemo/herbal
breast cancer therapy. Colloids Surf. B Biointerfaces 2022, 217, 112657. [CrossRef] [PubMed]

Naik, A.; Kumar, K.; Chatterjee, N.; Misra, S.K. Polyphenol-Based Nanoscale Iron Exchangers for Regulating Anticancer
Chemotherapy by Modulating the Activity of Intracellular Glutathione. ACS Appl. Bio Mater. 2023, 6, 288-295. [CrossRef]


https://doi.org/10.3390/biomedicines11030789
https://doi.org/10.1093/ijnp/pyu032
https://doi.org/10.1016/j.clcc.2011.03.014
https://www.ncbi.nlm.nih.gov/pubmed/21855041
https://doi.org/10.3390/ijms12129342
https://www.ncbi.nlm.nih.gov/pubmed/22272136
https://doi.org/10.1111/j.1349-7006.1997.tb00431.x
https://doi.org/10.1080/09637486.2016.1198892
https://doi.org/10.3390/nu10010040
https://www.ncbi.nlm.nih.gov/pubmed/29300347
https://doi.org/10.1093/jn/133.2.516
https://www.ncbi.nlm.nih.gov/pubmed/12566493
https://doi.org/10.1002/ijc.11549
https://www.ncbi.nlm.nih.gov/pubmed/14618609
https://doi.org/10.1021/cr040478b
https://www.ncbi.nlm.nih.gov/pubmed/16464006
https://doi.org/10.1016/j.biopha.2014.12.016
https://www.ncbi.nlm.nih.gov/pubmed/25661371
https://doi.org/10.3390/ijms14010273
https://doi.org/10.1016/j.bcp.2012.03.023
https://www.ncbi.nlm.nih.gov/pubmed/22490701
https://doi.org/10.3390/vaccines11030554
https://doi.org/10.1074/jbc.M110.141135
https://www.ncbi.nlm.nih.gov/pubmed/20826787
https://doi.org/10.1007/s10565-010-9176-0
https://doi.org/10.1093/jnci/dji009
https://www.ncbi.nlm.nih.gov/pubmed/15657339
https://doi.org/10.1023/B:DRUG.0000047101.02178.07
https://doi.org/10.1016/j.jff.2024.106146
https://doi.org/10.1007/s00394-008-2006-y
https://doi.org/10.3390/antiox9080723
https://doi.org/10.1016/j.colsurfb.2022.112657
https://www.ncbi.nlm.nih.gov/pubmed/35803031
https://doi.org/10.1021/acsabm.2c00887

Nutrients 2025, 17, 616 35 of 35

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Paul, T,; Banerjee, A.; Reddy, S.V.B.; Mahato, S.K.; Biswas, N. Hydroxychavicol sensitizes imatinib-resistant chronic myelogenous
leukemia cells to TRAIL-induced apoptosis by ROS-mediated IAP downregulation. Anticancer Drugs 2019, 30, 167-178. [CrossRef]
[PubMed]

Huangfu, L.; Wang, X.; Tian, S.; Chen, J.; Wang, X.; Fan, B.; Yao, Q.; Wang, G.; Chen, C.; Han, J; et al. Piceatannol enhances
Beclin-1 activity to suppress tumor progression and its combination therapy strategy with everolimus in gastric cancer. Sci. China
Life Sci. 2023, 66, 298-312. [CrossRef]

Palii, S.S.; Van Emburgh, B.O.; Sankpal, U.T.; Brown, K.D.; Robertson, K.D. DNA methylation inhibitor 5-Aza-2’-deoxycytidine
induces reversible genome-wide DNA damage that is distinctly influenced by DNA methyltransferases 1 and 3B. Mol. Cell Biol.
2008, 28, 752-771. [CrossRef]

Schmutz, C.; Plaza, C.; Steiger, F,; Stoirer, N.; Gufler, J.; Pahlke, G.; Will, F; Berger, W.; Marko, D. Anthocyanin-Rich Berry
Extracts Affect SN-38-Induced Response: A Comparison of Non-Tumorigenic HCEC-1CT and HCT116 Colon Carcinoma Cells.
Antioxidants 2024, 13, 846. [CrossRef]

Golalipour, A.; Mohammadi, A.; Hosseinzadeh, S.; Soltani, A.; Erfani-Moghadam, V. Synergistic cytotoxicity of olive leaf extract-
loaded lipid nanocarriers combined with Newcastle disease virus against cervical cancer cells. PLoS ONE 2024, 19, e0308599.
[CrossRef]

Bhuyan, D.J.; Vuong, Q.V.; Bond, D.R.; Chalmers, A.C.; Bowyer, M.C.; Scarlett, C.J. Eucalyptus microcorys leaf extract derived
HPLC-fraction reduces the viability of MIA PaCa-2 cells by inducing apoptosis and arresting cell cycle. Biomed. Pharmacother.
2018, 105, 449-460. [CrossRef] [PubMed]

Aatif, M. Current Understanding of Polyphenols to Enhance Bioavailability for Better Therapies. Biomedicines 2023, 11, 2078.
[CrossRef]

Semalty, A.; Semalty, M.; Rawat, M.S.; Franceschi, F. Supramolecular phospholipids-polyphenolics interactions: The PHYTOSOME
strategy to improve the bioavailability of phytochemicals. Fitoterapia 2010, 81, 306-314. [CrossRef]

Weng, W.; Goel, A. Curcumin and colorectal cancer: An update and current perspective on this natural medicine. Semin. Cancer
Biol. 2022, 80, 73-86. [CrossRef]

Wang, L.; Li, P; Feng, K. EGCG adjuvant chemotherapy: Current status and future perspectives. Eur. J. Med. Chem. 2023, 250,
115197. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/CAD.0000000000000710
https://www.ncbi.nlm.nih.gov/pubmed/30418193
https://doi.org/10.1007/s11427-022-2185-9
https://doi.org/10.1128/MCB.01799-07
https://doi.org/10.3390/antiox13070846
https://doi.org/10.1371/journal.pone.0308599
https://doi.org/10.1016/j.biopha.2018.05.150
https://www.ncbi.nlm.nih.gov/pubmed/29879629
https://doi.org/10.3390/biomedicines11072078
https://doi.org/10.1016/j.fitote.2009.11.001
https://doi.org/10.1016/j.semcancer.2020.02.011
https://doi.org/10.1016/j.ejmech.2023.115197

	Introduction 
	Materials and Methods 
	Polyphenols 
	Epigenetic Mechanisms 
	Immune System Regulation 
	Oxidative Stress and Anti-Inflammatory Pathways 
	Apoptosis and Anti-Metastasis 
	Safety of Polyphenols 

	Common Polyphenols 
	Curcumin 
	Resveratrol 
	Epigallocatechin Gallate 
	Other Polyphenols 

	Combination of Polyphenols 
	Curcumin in Combination with Other Molecules 
	Curcumin and EGCG 
	Curcumin and Resveratrol 
	Curcumin and Tocotrienol-Rich Fraction Vitamin E 
	Curcumin and 5-Flurouracil (5-FU) and Oxaliplatin 
	Curcumin and Doxorubicin 
	Curcumin and Paclitaxel 

	Resveratrol in Combination with Other Molecules 
	Resveratrol and Piperine 
	Resveratrol and Quercetin 
	Resveratrol and Pterostilbene 
	Resveratrol and Arsenic Trioxide 
	Resveratrol and Melatonin 
	Resveratrol and Grape Seed Proanthocyanidins 
	Resveratrol, EGCG, and -Tocotrienol 
	Resveratrol and Oxaliplatin 
	Resveratrol and 5-Flurouracil (5-FU) 
	Resveratrol and Endoplasmic Reticulum (ER) Stress Activators 
	Resveratrol and Tamoxifen 
	Resveratrol and Cytochalasin D 
	Resveratrol and Salinomycin 
	Resveratrol and Pemetrexed 
	Resveratrol and Clofarabine (CIF) and All-Trans Retinoic Acid (ATRA) 

	Epigallocatechin-3-Gallate (EGCG) in Combination with Other Molecules 
	EGCG and Sulforaphane 
	EGCG and Cytokine TRAIL Receptors 
	EGCG and Cyclooxgenase-2 (COX-2) 
	EGCG and Clofarabine (CIF) 
	EGCG and Sodium Butyrate 
	EGCG and Epicatechin 
	EGCG and Soy Products 
	EGCG and Cisplatin 
	EGCG and Rapamycin and Indocyanine Green 
	EGCG and Luteolin 


	Other Combinations of Compounds 
	Addressing Clinical Aspects of Polyphenols 
	Conclusions 
	References

