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Polyphenols represent a structural class of mainly natural organic chemicals that contain multiple phenol structural

units. Their antineoplastic effects have been demonstrated in various studies when they were tested on numerous

cancer lines and some in in vivo models. 
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1. Introduction

Polyphenols represent a structural class of mainly natural organic chemicals that contain multiple phenol structural

units. They can be classified into various subgroups depending on the number of phenol rings and based on

structural elements that hold these rings together. Accordingly, the main classes of polyphenols are phenolic acids,

flavonoids, stilbenes, and lignans. Cancer development is a complex process defined by three major stages:

initiation, promotion, and progression. Initiation is a fast and irreversible step that can be generated by the uptake

of, or exposure to, a carcinogenic agent, followed by its interaction with chromatin, leading to mutation or

epigenetic modification .

Cancer patients first started to focus on natural products in their fight against the disease, mostly because of the

numerous severe side effects and secondary toxicity induced by most conventional therapies . At the same time,

the pharmaceutical industry is testing new natural products that can be used in cancer treatment .

The advancements in cancer therapy were hampered by the appearance of drug resistance, high treatment costs,

and increased reports of secondary toxicity, despite all the efforts made to raise awareness, early diagnosis, and

new therapeutic interventions. In addition, known side effects commonly associated with the majority of

chemotherapeutic drugs such as nausea, vomiting, headache, musculoskeletal pain, anorexia, gastritis, oral ulcers,

diarrhea, constipation, alopecia, neuropathy, and so on, require additional therapies that further increase the

treatment cost. The use of plants to fight cancer dates back several centuries, as reported in the ancient traditional

folklore of Asia, Africa, and Europe. Various herb extracts and plant decoctions are considered to have the ability to

prevent carcinogenesis, minimize tumor size, or remove cancer-related symptoms .

In this regard, natural products such as polyphenols may represent ideal alternatives, especially when

administered with other drugs, where better efficacy and safety are necessary .
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Classical anticancer therapies usually induce a hostile cellular environment, leading to organelle impairment

around the tumor and the development of drug resistance. To overcome such adverse effects, studies have started

to focus more on the use of bioactive anticancer compounds due to their multi-target specificity, selectivity, and

their cyto-friendly nature .

Anticancer drugs can stop the unusual proliferation of malignant cells, encourage the apoptosis of cancer cells, and

decrease metastasis, all by targeting various molecules and signaling pathways. Thus, the finding of the anticancer

potential of natural polyphenols has become a great interest for pharmacists. Resveratrol, for instance, is one of

the most studied polyphenols due to its great anticancer activity. Many studies have reported that the anticancer

effects of resveratrol are effective on all cancer development stages (initiation, promotion, and progression) and

can intervene in several signaling pathways such as the activation of pro-apoptosis pathways (p53, Bax/Bcl-2), the

resistance of cell cycle (Cyclin, P21), the inhibition of metastasis and angiogenesis related pathways (VEGF, TGF-,

MMP), and the regulation of inflammatory responses (NFB, MAPK). Other polyphenols have also showed

anticancer potential such as curcumin, (−)-epigallocatechin-3-gallate (EGCG), genistein, etc. Meanwhile, many

studies have reported that an unusual tumor microenvironment (i.e., acidic pH, increased ROS levels, hypoxic

conditions) has a huge impact on increasing the genetic instability and appearance of drug resistance. Hence, it is

very important to manage the normalization of the malignant tissue microenvironment. The well-known antioxidant

nature of polyphenols can properly modulate the tumor microenvironment. Moreover, as already mentioned,

polyphenols can act as both antioxidants and pro-oxidants. If the concentration increases, hydroxyphenoxyl

radicals are able to react with a second radical and generate toxic quinone, which can lead to covalent DNA

damage. Additionally, polyphenols possess great photothermal characteristics, which are excellent in photothermal

therapy (i.e., polydopamine) .

Table 1 shows the main properties of some polyphenols (EGCG, curcumin, caffeic acid, and resveratrol).

Table 1. Polyphenols: Properties and sources .
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Polyphenol Properties Source

EGCG

Antioxidant
Antiproliferative
Antiangiogenic
Antimetastatic
Proapoptotic

Green tea
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The numerous anticarcinogenic properties of polyphenols include their ability to suppress the formation of tumors,

angiogenesis, metastasis, and inflammation as well as to trigger apoptosis. Additionally, they can control immune

system responses and protect healthy cells from harmful free radicals. The majority of studies on the anticancer

effects of polyphenols have been based on individual substances. For instance, resveratrol has been linked to a

number of anti-cancer biological processes including the suppression of glucose uptake, metastasis, and the

induction of apoptosis. It has been found that EGCG can control cancer cell growth, metastasis, angiogenesis, and

other aspects of cancer evolution by altering several processes. Curcumin has also been shown to suppress

cellular growth and angiogenesis, stop cell cycle progression in tumor cells, and trigger apoptosis in various cancer

models (Figure 1) .

Figure 1. The effects of polyphenols against skin, breast, ovarian, colorectal, and bone cancers.

2. Skin Cancer

Polyphenol Properties Source

Curcumin

Antioxidant
Anti-inflammatory
Antiproliferative
Antiangiogenic
Antimetastatic
Proapoptotic

Chemo and radio sensitizer

Turmeric

Caffeic acid

Antioxidant
Anti-inflammatory

Antineoplastic
Antiviral

Coffee beans

Resveratrol

Antioxidant
Antiproliferative
Antiangiogenic
Proapoptotic

Chemo and radio sensitizer

Grape
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Skin cancers are the most frequent malignant neoplasm in humans, mostly in Caucasians. In the United States

alone, more than two million people are annually diagnosed with non-melanoma and melanoma skin cancers. This

means that the incidence of skin cancers is approximately equal to the combined incidence of cancers of all other

organs. An important public health issue is represented by cutaneous cancers, which are a major health care

expense. Even if sunscreens are used, they do not properly protect the skin against the damaging effects of solar

ultraviolet radiation, which is an important cause of cutaneous malignancies. Therefore, it is highly necessary to

design and develop functional therapeutic agents and more successful preventive approaches .

Skin possesses its own antioxidant protective mechanisms, which blocks some of the damaging effects of different

carcinogens and environmental pollutants such as UV radiation, leading to the generation of oxygenated molecules

called “free radicals”. However, when there is extensive exposure to these factors, the antioxidant capacity may be

exceeded and become less efficient, causing premature aging, immunosuppression, and skin cancers. Prolonged

carcinogen exposure can cause epidermal lipid peroxidation and unnecessary infiltration of the leukocytes into the

skin. These can further cause the excessive production of hydrogen peroxide (H O ), nitric oxide (NO), and other

ROS, which leads to oxidative stress. Natural polyphenols protect cell constituents from oxidative damage by

scavenging these free radicals .

The MAPK pathway consists of the extracellular signal-regulated kinase 1/2 (ERK 1/2), p38 proteins, and c-Jun-N-

terminal-kinase (JNK). The activation of the MAP kinase pathway, mediated by the tyrosine kinase receptor, leads

to the activation of transcription factor activator protein-1 (AP-1), which further activates the expression of MMPs.

The p38 and JNK pathways are very important in increasing the expression of AP-1 and COX-2 mediated by UVA

radiation and represent targets for skin cancer chemoprevention. The anticancer potential of polyphenols results

from the inhibition of the MAPK pathway. For instance, black tea polyphenol and resveratrol reduced the

expression of JNK, phosphorylated ERK 1/2, and p38 and enhanced apoptosis and phosphorylated p53 in the skin

cancer cells, leading to the prevention of skin carcinogenesis. Resveratrol also inhibits cancer cell migration and

metastasis through the inhibition of the MAPK pathway .

EGCG, a green tea polyphenol, has been reported to possess anti-carcinogenic properties on a number of skin

tumor models, therefore, the focus has been on studying the molecular targets that are linked to its cytotoxicity

against cancer cells. Cancer cell proliferation is accelerated by constant inflammation, which has been

demonstrated to play an important role in β-catenin signaling activation. Due to recent observations of the fact that

β-catenin is upregulated in skin cancer cells, it seems that the anti-skin carcinogenic properties of EGCG may be

mainly mediated by its effect on β-catenin signaling .

Proliferation plays a huge role in cancer development and progression characterized by abnormal activity and the

expression of cell cycle proteins. The cell cycle is the process of cell progression and division. Regulatory proteins

involved in cell cycle are cyclines, CDK interacting proteins (CIPs) including p21, cyclin-dependent kinases (Cdks),

kinase inhibitory proteins (KIPs) including p27, Cdk inhibitors (INKs) including p18, surviving and p53. Cancer is

characterized by a poor functioning of these regulatory processes, which lead to unrestricted cell proliferation, and

finally tumor growth and progression. EGCG has been reported to modulate the cell cycle through cell regulatory
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proteins, resulting in cell cycle arrest and decreased cellular proliferation. EGCG is able to arrest cells in the G0/G1

cell cycle phases, as long as its combination with other compounds has been demonstrated to induce G0/G1,

G2/S, and G2/M cell cycle arrest in many cancer models .

Various polyphenols have been successfully used to inhibit TNF-α. For example, a polyphenol known as

punicalagin, extracted from pomegranate, was used for the protection of human dermal fibroblasts from cell death

caused by UV irradiation by downregulating NF-κB caspase-3 and upregulating the transition phase G0/G1 and the

DNA repair process. EGCG and resveratrol are able to diminish UVB-induced ROS upregulation of TNF-α and IL-6,

the levels of mRNA, and further inhibit NF-κB expression, leading to a general anti-inflammatory activity.

Additionally, resveratrol inhibited the expression of transforming growth factor TGF-β2 caused by the skin cells’

exposure to UVB, which is linked to the blocking of TGF-β2/Smad-dependent and independent pathways .

Due to the benefits of polyphenols in in vitro and preclinical studies, clinical trials have also been conducted to

reveal the protective activity of polyphenols in skin cancer. In a randomized clinical study, the antioxidative

properties of mixtures made of tea polyphenols and milks were examined in 44 healthy subjects. It was observed

that there was a reduced level of oxidative stress in the treatment group aside from the placebo group, which

resulted in enhanced texture and integrity of thee dermis in young and aged subjects .

Moreover, it was observed that the A431 and SCC13 human skin cancer cell lines treated with EGCG presented a

reduced cell viability and enhanced cell death, and as above-mentioned, these effects were due to the inactivation

of β-catenin signaling. Additionally, EGCG seems to be able to exert a cytotoxic effect on malignant skin cells

without a notable harm to healthy skin cells .

Studies have suggested that EGCG can also cause cell cycle arrest in A431 skin cancer cells by inhibiting

Cip1/p21 with no other modifications in Kip1/p27, cyclin D1, and CDK2, but a decrease in CDK4 at low doses .

Aside from the topical application of polyphenols, dietary ingestion of grape seed extract has been reported to bring

many benefits in avoiding DMBA-induced TPA promoted two-stage skin carcinogenesis, slowing down the

malignant transformation of papillomas into carcinomas, diminishing DMBA-induced inflammatory hyperplasia and

reducing the proportion of mice with codon 61 and Ha-ras oncogene mutations. Studies have suggested that

topical as well as the dietary feeding of grape seed extracts (resveratrol, quercetin, catechin) had beneficial results

in reducing DMBA-induced epidermal hyperplasia, inflammation, and proliferation. The concomitant oral and topical

administration have been demonstrated to be more effective than separate use and lead to lower inflammation,

oxidative stress, and mutations of Ha-ras in codon 61 .

Sticking to grape seed polyphenols, it has been demonstrated that SKH-1 hairless mice fed with grape seed

proanthocyanidins presented a reduced tumor incidence, size, and proliferation in the complete stages (both

initiation and promotion) of UVB-induced photocarcinogenesis. Moreover, the red grape seed extract showed great

efficacy in preventing UVB-induced oxidative stress when applied directly on the skin by enhancing the levels of

GSH and glutathione peroxidase through the inhibition of lipid peroxidation and nitric oxide generation. Additionally,
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grape seed polyphenols decreased the UVB-induced infiltration of proinflammatory leukocytes and reduced

myeloperoxidase, prostaglandin, cyclooxygenase-2, cyclin D1, and proliferating cell nuclear antigen activities in

skin tumors .

Toll-like receptor 4 (TRL4) seems to have a high importance in melanoma and tea polyphenols have a great

anticancer activity. Thus, Chen et al. investigated the way that the tea polyphenols act on melanoma cells. In the

study, tea polyphenols and lipopolysaccharides (LPS) were used to treat the B16F10 and A375 melanoma cell

lines. Tea polyphenols reduced the proliferation, migration, and invasion capacity of cancer cells in a time and

dosage dependent manner. It was observed that TRL4 was highly expressed in the skin cancer cells compared

with the healthy skin cells. Tea polyphenols were able to inhibit TRL4 expression in both the stimulated and normal

melanomas via the TRL4 antagonist LPS. TRL4 suppression can reduce cell function, therefore tea polyphenols

have the ability to reduce melanoma growth in vivo .

3. Breast Cancer

Breast cancer represents one of the top causes of death in women worldwide. In a statistic from 2018 by the

American Cancer Society, it was reported that around 30% of all new cancer cases in women were breast cancer

and caused 40,920 deaths in the USA alone. It appears that one in eight women will suffer from breast cancer and

the WHO reports show that the incidence will continue to raise. Around 80% of entire breast cancer cases

diagnosed in postmenstrual females are estrogen receptor alpha positive, which means that they are very

influenced by the presence of estrogen. Additionally, estrogen activity plays a highly important role in breast cancer

prevention and therapy .

Resveratrol is a polyphenol usually found in grapes and red wine and has various health benefits. It has many

great properties such as anticancer, neuro protective, anti-aging, antimicrobial, and anti-inflammatory. It has been

reported that resveratrol is extremely beneficial against breast cancer mainly due to its ability to exert both anti-

estrogenic and estrogenic effects (based on the concentration) and because it has a high affinity for estrogen

receptors ERα and Erβ. At a concentration of 50 μM, it exerts anti-estrogenic effects in order to inhibit cell

migration while, at a concentration of 5 μM, it exerts estrogenic effects by enhancing the invasion, migration, and

development of lamellipodia on the ERα (−), ERβ (+) MDA-MB-231 breast cancer cell line. Lamellipodia is

represented by some actin structures that can be observed at the leading edge of migrating cells, which are

regulated by Rac. A total of 5 μM of resveratrol enhances Rac activity while 50 μM of resveratrol inhibits its activity

in breast cancer cells. Concentration is also important in the case of Akt and MAPK. Increased concentrations

reduce their activity while low concentrations have been reported to support proliferation in cancer cells and

enhance Akt and MAPK activities, together with some other tumorigenic signaling proteins. Hence, the

development and metastasis of breast cancer can be controlled based on the resveratrol dose .

Resveratrol is also a cycloocygenase-2 (COX-2) inhibitor, meaning that it has excellent anti-inflammatory

properties. Considering all of the great properties exerted in human health, the addition of resveratrol in various

mixtures has become very popular. COX inhibition and antioxidative activity are among the properties that
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participate in the commonly acknowledged anticancer and chemopreventive effects of resveratrol against a variety

of malignancies including breast cancer. These mechanisms are able to keep the DNA away from oxidative

damage and decrease prostaglandin-induced cancer cell proliferation. Moreover, it seems that resveratrol can also

block other enzymes that participate in carcinogenesis and tumor progression such as ribonucleotide reductase,

ribonuclease and human DNA ligase, RNA and DNA polymerases. Additionally, various in vitro studies have shown

that resveratrol modulates gene expression and promotes the apoptosis of cancer cells via the downregulation of

TP53, NF-κB, and Bcl-2, which are well-known transcription factors involved in tumor growth promoting gene

activation .

One potential explanation regarding the double effect of resveratrol on Erα+ breast cancer cells is linked to the

structural similarity of resveratrol with E2, which could mediate an interaction between resveratrol and both ERs,

leading to estrogen-like effects and enhancing cancer cell proliferation. Although considering that the binding

affinities of resveratrol to ERα and ERβ are as low as 0.0087 and 0.0102%, respectively, in comparison to original

E2, there seem to be other mechanisms that are involved in the tumor growth inducing effects of resveratrol,

especially at concentrations of less than 10 μM. A clinical study performed on 40 healthy female subjects showed

that a daily high dose oral administration of 1.0, 2.5, or 5.0 g of resveratrol for 29 days led to high values of plasma

levels far above the concentration needed to block the estrogen metabolism (0.62, 1.45, or 4.24 μM) .

Statistics show that HER-2 positive breast cancer is among the most aggressive subtypes and is responsible for

approximately 30% of diagnosed cases, being associated with tumor invasiveness, low disease-free survival, and

bad overall prognosis. Additionally, many patients have started to develop resistance to classical therapies. Thus,

various current clinical trials are investigating new possible therapies. More and more studies have shown that

polyphenols have great potential in breast cancer prevention and treatment, directly or indirectly via epigenetic

regulation (i.e., micro RNAs) .

EGCG has been reported to be the only polyphenol that is found in plasma at high levels (77–90%) in free form. Its

constant administration seems to help with breast cancer prevention by promoting apoptosis and reducing cell

proliferation. For example, EGCG particularly induces cell growth inhibition by reducing HER2 and STAT3

phosphorylation in HER2 overexpressing BT474 breast cancer cells. When Her-2 positive breast cancer cells

(AU565 and MCF-7) were exposed to EGCG, the inactivation of the PI3K/Akt and MAPK cascade signaling, the

suppression of heregulin-b1-induced fatty acid synthase expression, and high caspase-9 activity were observed.

Moreover, at even higher concentrations, EGCG enhanced the treatment sensitivity of trastuzumab-resistant HER-

2 positive breast cancer cells via an increased apoptotic rate and reduced Atp production and cell growth .

Another polyphenol that has shown high efficacy against HER2 breast cancer cells is curcumin. It has been

observed that it induced apoptosis by raising the BAX/BCL-2 ratio in the case of cells treated with 6–50 μM for 24

or 48 h. Furthermore, curcumin is much less toxic compared to classical chemotherapies. For instance, in the case

of BALB-neuT transgenic mice that were administered 2 mg of curcumin in 50 μL of corn oil, three times a week for

14 or 24 weeks, a reduction in tumor proliferation and better tumor-free survival were observed, everything without

potential side effects . Studies linked to the second-generation curcumin analog RL66 reported excellent anti-

[15]

[15]

[17]

[17]

[18]



Polyphenols as Anticancer Agents | Encyclopedia.pub

https://encyclopedia.pub/entry/27693 8/21

tumorigenic potential in HER2 overexpressing SKBR3 breast cancer cells. When 1–3 μM of RL66 was used, it was

observed that after 12–36 h, the intrinsic apoptosis was triggered, along with cell cycle arrest and reduced Her2

phosphorylation .

In addition, the Mediterranean diet, which includes various bioactive components, has been addressed in cancer

treatment. Vinod et al.  demonstrated, on HER2 overexpressing SKBR3 breast cancer cells, that resveratrol had

the ability to cancel docetaxel-associated HER2 phosphorylation, along with further activation of its related-

downstream (MAPK and Akt) signaling cascades, at a concentration of 10–25 μM resveratrol and 0.1–10 nM

docetaxel. The synergistic use of resveratrol and docetaxel showed enhanced cytotoxicity, which led to an

increased apoptosis rate due to caspase-8,-9,-7,-3 activation and the break in their downstream target protein,

PARP. Apoptotic cell death was possible due to the gathering of cells in the sub-G0 phase and DNA disruption.

Additionally, the activation of Akt, ERK, Bad, JNK, BCl-2, and P38 under docetaxel activity was stopped by

resveratrol pre-treatment, along with the nuclear translocation and DNA binding of Ap-1. It has also been reported

that Akt offers resistance to docetaxel. The ability of resveratrol to act synergistically and as a chemosensitizing

agent is linked to AKT2 downregulation by resveratrol and to the reduction in Akt-targeted anti-apoptotic protein

survival and gene XIAP (which offers taxane-resistance because it promotes a premature mitotic exit .

Another study by Luo et al. described that EGCG, when used with paclitaxel, acts in a synergistic way by

sensitizing cancer cells both in vitro and in vivo. An excellent reduction in the proliferation and an enhancement in

taxol-induced apoptosis were reported in various breast cancer cell lines in vitro due to the ability of EGCG to

increase the activation of c-Jun N-terminal kinases (JNKs) mediated by paclitaxel. Its sensitizing ability was also

observed in vivo through the growth inhibition of 4T1 breast cancer cells in mice .

Another polyphenol that is able to potentiate epirubicin-induced apoptosis in MDA-MB-231 breast cancer cell is

ferulic acid. This activity may be regulated through the Bax/Bcl-2/Caspase-3 pathway and PDI/IRE1α/PERK

module of the endoplasmic reticulum stress signaling pathways. The results showed that the combined activity of

ferulic acid and epirubicin enhanced the level of expression of endoplasmic reticulum stress proteins (PDI, PEPK,

and IRE1α). These findings suggest that ferulic acid can act as an adjuvant in breast cancer treatment .

4. Ovarian Cancer

Ovarian cancer is considered as the deadliest cancer in females. The main problem associated with ovarian cancer

treatment is the development of chemo-resistance. Similarly, with other cancer types, studies have focused on

finding combined therapeutic strategies such as the administration of natural products. Studies have been

performed on the effects of grape seed extract on the OVCAR-3, chemo-resistant cell line, and showed that it can

inhibit cell growth and proliferation, while promoting the apoptotic process. The anti-proliferative activity of grape

seed extract may be due to an increase in PTEN and DACT1 gene expression as well as the inhibition of the

PI3K/AKT/MTOR and Wnt/β-catenin signaling pathway. Furthermore, the grape seed extract may destroy ovarian

cancer cells by encouraging both extrinsic and intrinsic apoptotic pathways .
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Additionally, resveratrol specifically acts as a multi-targeting drug by regulating signal transduction pathways that

influence cell cycle progression proliferation, inflammation, metastasis, apoptosis, and angiogenesis. In the

particular case of ovarian cancer, resveratrol led to a cessation of interleukin IL-6-promoted cell migration via ARH-

1 activation, which is a tumor suppressor that modulates autophagy promotion .

Additionally, a number of in vitro studies have pointed out the inhibitory role of resveratrol on cellular glucose

metabolism. When tested on ovarian cancer cells, resveratrol reduced the use of glucose and induced autophagy,

emphasizing the conditions of nutrient deprivation .

Resveratrol inhibited glucose uptake, glycolysis, cell growth, invasion, and proliferation in a selective manner and

promoted apoptosis without being influenced by p53 status in vitro (Figure 2). Resveratrol did not affect mRNA,

GLUT1, and protein expressions, but stopped intracellular GLUT1 to reach the plasma membrane. This effect

seems to be associated with the inhibitory effect of resveratrol on Akt activity. Therefore, these results highlight the

fact that resveratrol can promote the apoptosis of ovarian cancer cells by affecting glucose uptake, a process that

involves Akt-regulated plasma membrane GLUT1 trafficking .

Figure 2. Resveratrol’s anti-neoplastic effects via the regulation of tumor glucose metabolism .

In vivo, resveratrol led to reduced glucose uptake in a mouse model, showing antineoplastic properties and the

inhibition of tumor regrowth after cytostatic therapy (cisplatin) .

[4][24]

[25]

[26]

[24]

[27]



Polyphenols as Anticancer Agents | Encyclopedia.pub

https://encyclopedia.pub/entry/27693 10/21

Regarding EGCG utilization, it was observed that this polyphenol enhanced the anticancer capacity of

chemotherapeutic compounds in ovarian cancer. Chen et al. described that EGCG potentiated cisplatin

susceptibility and reduced ovarian cancer cell growth via hydrogen peroxide (H O ) delivery. This polyphenol

potentiated the beneficial results of cisplatin up to six-fold in SKOV 3, CAOV3, and C200, a cisplatin-resistant

ovarian cancer cell line. Its efficacy could be associated with the fact that it can increase intracellular H O  levels,

meaning that higher oxidative stress could enhance the chemotherapy efficacy in ovarian cancer .

Another study by Yallapu et al. analyzed the way curcumin-based nanoparticles influence A2780CP cisplatin

resistant ovarian cancer cells. Therefore, in order to enhance the curcumin pharmacokinetics in vivo, curcumin

nanoparticles were conjugated with a monoclonal antibody with an affinity for tumor cells. These nanoparticles had

excellent results in inhibiting the proliferation of A2780CP ovarian cancer cells, suggesting that this formulation

could improve curcumin release to the tumor site and sensitize radio- and/or chemo-resistant cancer cells with high

specificity .

The aflavin-3,3′-digallate (TF3) is another polyphenolic agent extracted from black tea that has shown great

potential against ovarian cancer cells. As above-mentioned, this type of cancer has a low survival rate because

cells usually develop cisplatin resistance. The research by Pan et al. investigated the synergy between TF3 and

cisplatin in the A2780/CP70 and OVCAR3 cells. A combined pro-apoptotic effect and the arrest of cells in the G1/S

phase have been observed. In addition, there was a regulation of the protein expression of cytochrome c, cleaved

caspase 3/7, Bcl-2, and Bax. The synergistic use led to G1/S cell cycle arrest by the modulation of cyclin A2, D1,

E1, and CDK2/4 protein expression. Additionally, the simultaneous use of these two compounds could

downregulate Akt phosphorylation in both cell lines .

EGCG, the main component of green tea, is able to strongly bind to small molecular drugs, proteins, and DNA.

Thus, it can be used for biomacromolecules and drug delivery. Chuan et al. developed a drug delivery system

based on polyethylene glycol folic acid functionalized EGCG and doxorubicin for the targeted therapy of ovarian

cancer. Studies have revealed that the system improved doxorubicin uptake by the SKOV3 cancer cells when

compared with the system without further folic acid functionalization. Additionally, the in vitro tests showed higher

toxicity and tumor growth inhibition for the folic acid functionalized system on SKOV3 cells .

Green tea and paclitaxel are another combination that has shown improved anti-neoplastic activity in ovarian

cancer when compared with the separate effects of the two agents. The synergistic effect acts by the inhibition of

Akt phosphorylation. Many studies have demonstrated that increased Akt signaling pathway activation leads to a

lower apoptosis rate in multiple cancer types via phosphorylation and the inactivation of pro-apoptotic mediators

such as the Bad protein . The inhibition of the Akt pathway was associated with the activation of the

mitochondrial apoptotic pathway characterized by an important reduction in the anti-apoptotic BCL-2 protein and a

notable increase in the Bad levels, Cyt-c, cleaved-caspases-3 and -9, and Bax .

5. Colorectal Cancer
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In 2008, the American Cancer Society stated that colorectal cancer was the third most common cancer type in

Western countries and has caused around 10% of all cancer related deaths in the U.S. A concerning increase in

areas that were previously at low risk such as Africa, Asia, and Latin America has also been observed. Statistics

worldwide have reported differences in the incidence, showing that environmental factors play a huge role in

disease development. Some of the factors that may influence colorectal cancer development are obesity, diets high

in calories, and sedentariness. There are clues that indicate that the mechanism of these risk factors is controlled

by hyperinsulinemia and that insulin could enhance the growth of colon tumors .

The antitumoral activity of resveratrol was investigated in the HCT116 and Caco 2 human colorectal cancer cell

lines. The results showed that resveratrol had the ability to inhibit the proliferation of both HCT116 and Caco2

colon cancer cells and to reduce pyruvate kinase and lactate dehydrogenase glycolytic enzymes in Caco2 cells. At

the same time, an enhancement in the citrate synthase activity and a reduction in glucose expenditure were

reported in both cell lines. Additionally, resveratrol managed to downregulate leptin and c-Myc expression and

reduce the quantity of VEGF (vascular endothelial growth factor). An activation of caspases 3 and 8 apoptotic

markers and an increase in the Bax/Bcl-2 ratio was observed. The study suggested that the calorie-restriction

pathway may be the cause of this activity .

Resveratrol loaded polyethylene glycol–polylactic acid polymeric nanoparticles were tested both in vitro and in vivo

on colon cancer and they led to delayed tumor growth together with an increased survival rate. The study

suggested that the antitumoral and metabolic effect of resveratrol were preserved by polymeric nanoparticle

loading both in vitro and in vivo .

Additionally, resveratrol changes the lipidomic profile, acts on raising the oxidative capacities via the

CamKKB/AMPK pathway, and reduces glycolysis, along with a reduced pentose phosphate activity and higher ATP

production in the HTC116 and Caco2 colon cancer cells .

Resveratrol also inhibits the glycolysis and glucose uptake in HT-29 cells. This metabolic response relies on the

ability of resveratrol to inhibit intracellular ROS, which further downregulates HIF-1α accumulation, glycolytic flux,

and Glut-1 expression .

Like any other type of cell, cancer cells demand a continuous flux of nutrients to properly grow and divide.

Therefore, when the blood supply requirement is not fulfilled, the cancer will eventually stop growing. Angiogenesis

represents the physiological process that leads to the formation of new blood vessels from pre-existing ones.

Cancers stimulate angiogenesis through the secretion of several growth factors such as VEGF, which plays the

main role in angiogenesis. When cancer angiogenesis is inhibited, the malignant tissue will die. Moreover, there

are some factors that play important parts in metastasis: cancer cell mobility, migration, and invasion. Hence,

inhibiting at least one of these three factors will stop metastasis. EGCG showed excellent potential in reducing

angiogenesis, cell mobility, migration, invasion, and metastasis markers in various human cancers. In colorectal

cancer, EGCG stopped tumor growth in SW837 cells in vitro and also in vivo. This happened via activation of the

VEGF/VEGFR axis through the inhibition of HIF-1a expression and some other important growth factors. These

[34]

[34]

[35]

[36]

[25]
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polyphenols also reduced the migration and proliferation in SW620 cells in vitro via suppression of the PAR2-AP

and VIIa factor together with the ERK 1/2 and NF-jB pathways .

Honey polyphenols are also great antioxidants and have powerful anticancer properties. Cinaciosi et al. studied the

activity of Manuka honey on cancer stem cells such as from colorectal cancer (HCT116 cell line) enriched by the in

vitro sphere-forming assay. It has been observed that Manuka honey decreased the volume of the entire culture

spheroids, modifying their morphological parameters and promoted the apoptosis and intracellular ROS increase in

these cells. Moreover, it reduced the mRNA expression ABCG2—an ABC transporter and influenced the self-

renewal ability via downregulation of the mRNA expression of one of the receptor membranes of the Wnt/β-catenin

pathway .

Resveratrol was studied in vitro on AK4-knockdown colon cancer cells (SW480 and SW620) and showed that it

could diminish the invasion and metastasis of colon cancer cells by reversing the expression of EMT (epithelial–

mesenchymal transition) markers via the AKT/GSK-3β/Snail pathway. Actually, AKT1 can act as an important

regulator of EMT colon cancer cells and be a possible therapeutic target for colon cancer .

Djulis is a cereal that contains many polyphenols and fibers that have been reported to prevent colon malignancies.

Lee et al. studied its effects on rats and discovered that the polyphenol content could reduce oxidative stress and

modulate proteins involved in anti-apoptosis, pro-apoptosis, and proliferation to avoid colorectal cancer

progression. Hence, in the future, djulis may be a great colorectal cancer chemopreventive product. Djulis can

inhibit the generation of colonic preneoplastic lesions (ACF and MDF) in DMH-induced colon carcinogenesis in

rats. In the colon of rats, djulis simultaneously raised the expression of proapoptosis-related proteins (Bax and

caspase-9) and the activity of antioxidant enzymes (CAT and SOD). Additionally, p53, a protein related to

proliferation (PCNA) and a protein connected to the prevention of apoptosis were all suppressed by Djulis (Bcl-2)

(Figure 3) .

[12]
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Figure 3. The effects of djulis in colon and liver cancer .

6. Osteosarcoma

Osteosarcoma is the most common primary malignant bone tumor in children and adolescents. The current

treatment of osteosarcoma consists of surgical resection, radiotherapy, and chemotherapy. There are several

existing drugs (salinomycin, cisplatin, doxorubicin, methotrexate, 5-fluorouracil, oxaliplatin, etc.) that are used for

osteosarcoma treatment, but they have strong adverse effects and are effective when used in the initial stages.

Therefore, more natural compounds with less side effects and lower toxicity on normal cells could be a great

alternative, especially if synergies can be developed. One of these compounds is curcumin, which has been

investigated for its pleiotropic effects, antioxidant, anti-inflammatory, antibacterial, and pro-wound healing activity,

and for its ability to form curcumin–metal complexes .

Curcumin, a well-known polyphenol that has great antitumoral properties, was loaded in biodegradable copolymer

coatings (polyvinyl alcohol-polyethylene glycol) through the MAPLE technique (matrix assisted pulsed laser

evaporation) and tested on MG-63 cells, suggesting an improved reduction in osteosarcoma cell viability and

proliferation .

Oxidative stress has various negative effects including osteoblast cell differentiation via the reduction of alkaline

phosphatase RUNX2 differentiation markers and colony forming unit formation. Thus, antioxidant compounds such

as polyphenols could act in a positive manner by protecting bone metabolism through the stimulation of osteoblast

[40]

[41]

[41]
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differentiation and the limitation of bone resorption. These protective properties have also been accomplished by

other polyphenols such as EGCG and genistein. The loading of polyphenols and the optimization of delivery

methods to the host tissue are important elements that influence the compound efficacy .

The normal process of bone reconstruction is characterized by continuous and alternate formation and resorption

processes that are influenced by several molecular signaling pathways. However, the uneven effects of factors in

these pathways caused reduced osteoblast activity and enhanced osteoclast activity. This means a disruption in

bone formation and resorption, which leads to deficient bone regeneration. Many studies have demonstrated that

polyphenols are important in the modulation of bone regeneration, primarily due to their antioxidant properties,

which reduces the inflammatory response and stimulates the normal process of bone regeneration. Moon et al.

reported that curcumin at a concentration of 5 μM is able to successfully clean free radicals and downregulate

NFκB expression (the most important transduction factor involved in inflammation). Polyphenols can also influence

the activation and modulation of antioxidant enzymes such as superoxide dismutase, catalase, and glutathione

peroxidase, the main protector against ROS. The direct antioxidant activity, together with the stimulation of

antioxidant enzymes, could successfully clean the existing ROS and prevent mitochondria from generating more

free radicals. This helps with inhibiting osteoblast apoptosis via the suppression of the p53 apoptotic signal .

Nani et al. investigated the pro-apoptotic properties of  Pennisetum glaucum, a pearl millet phenolic compound

(PGPC), on U-2OS osteosarcoma cells. PGPC led to U-2OS cell death, proportional to the dose. PGPC

downregulates AKT downstream and upstream effectors that are related to SAPK/JNK and p38 upregulation and

high [Ca ], leading to cell cycle arrest and caspase-dependent apoptosis in U-2OS osteosarcoma cells .

It has been demonstrated that resveratrol reduces the cell viability, self-renewal capacity, and tumorigenesis of

osteosarcoma cells, while not causing any harm to normal osteoblast cells. Resveratrol also reduced the cytokine

synthesis and blocked the JAK2/STAT3 signaling pathway, which influenced the reduction in the cancer stem cell

marker, CD133. The obtained data showed that resveratrol stopped osteosarcoma cell proliferation and

tumorigenesis capacity, which was linked to the cytokine inhibition related JAK2/STAT3 signaling blockage .

MicroRNAs represent a category of short noncoding RNAs and are strongly involved in gene regulation,

pathogenesis, and human cancer progression. Zhu et al. studied EGCG activity against osteosarcoma. The

analysis of cellular function reported that EGCG could reduce cell proliferation, promote cell cycle arrest, and

induce osteosarcoma cell apoptosis in vitro, while also stop transplanted tumor growth in vivo. A series of analyses

such as RT-qPCR and miRNA microarrays were performed and revealed that miR-1 was strongly upregulated in U-

2OS and MG-63 cells treated with EGCG in a direct correlation with time and dose. The miR-1 downregulation by

the inhibitor resembles the attenuated EGCG-induced inhibition on osteosarcoma cell growth. It was established

that miR-1 was often reduced in clinical osteosarcoma tissues. Additionally, EGCG and miR-1 mimicked the

inhibited c-MET expression, and mixt treatment with EGCG and c-MET inhibitor (crizotinib) improved the inhibitory

effect on U-2OS and MG-63 growth. These results show that EGCG could have anticancer activity on

osteosarcoma cells via the regulation of miR-1/c-MET interaction .
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In the case of osteosarcoma, various studies have demonstrated the benefits of curcumin, which may stimulate U-

2OS, MG-63, and HOS cells apoptosis based on several signaling pathways. Moreover, curcumin has also been

reported to inhibit proliferation, invasion, and metastasis in osteosarcoma. Therefore, curcumin has many great

properties that play important roles in osteosarcoma treatment. Naboneeta and Susmita reported that an implant

based on curcumin loaded hydroxyapatite-coated titanium improved MG-63 cytotoxicity in vitro . Another study

by his group suggested that curcumin incorporated in a 3D-printed calcium phosphate scaffold showed selective

toxicity toward MG-63 cells and supported the normal proliferation of osteoblasts . Another asset of this

combination approach is the increased accumulation of curcumin in the damaged tissue area. Because of some

curcumin disadvantages such as extensive first pass metabolism and poor bioavailability , conventional delivery

strategies cannot overcome these problems. By incorporating curcumin in such materials, it can properly

accumulate in the target area, resulting in a pharmacological potency boost .

Table 2 contains the in vitro/in vivo effects of various polyphenols against different cancer types.

Table 2. The effects of polyphenols on various cancers .

[46]
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Polyphenol In Vitro/In Vivo Study Cancer
Type Dose Effect Ref.

Curcumin
In vitro (melanoma cell

culture)
Skin

cancer
25 µM

Melanoma cell death
associated with mPTP

opening

EGCG
In vitro (MCF-7, MDA-

MB-231and T47D cells)
Breast
cancer

1–40 μM

Inhibiting estrogen-induced
cancer cell proliferation,
down-regulating ERα,
inhibiting metastasis

Apigenin
In vivo (BALB/c-nude

mice)
Breast
cancer

5–25 mg/kg
Inducing cell cycle arrest

through epigenetic change

Quercetin
In vivo (BALB/c nude

mice)
Breast
cancer

34 mg/kg Inhibiting angiogenesis

Genistein In vitro (HeLa cells)
Cervical
cancer

100 μM
Inducing apoptosis, cell cycle

arrest, suppressing cell
migration

Resveratrol
In vitro (PC3 and DU145

cells)
Prostate
cancer

25–100 μM
Inducing autophagy-mediated

cell death

Gallic acid
In vitro (HepG2 and

SMMC-7721
cells)

Liver
cancer

22.1–28.5
μg/mL

Inducing apoptosis

EGCG In vitro (HT-29 cells)
Colorectal

cancer
1–50 μM

Inducing epigenetic alteration,
apoptosis, MAPK and Akt

pathways activation
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