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The role of autophagy is to degrade damaged or unnecessary cellular structures. Both in vivo and in vitro studies suggest

a dual role of autophagy in cancer—it may promote the development of neoplasms, but it may also play a tumor protective

function. The mechanism of autophagy depends on the genetic context, tumor stage and type, tumor microenvironment,

or clinical therapy used. Autophagy also plays an important role in cell death as well as in the induction of

chemoresistance of cancer cells. The following review describes the extensive autophagic cell death in relation to dietary

polyphenols and cancer disease. Polyphenols are organic chemicals that exhibit antioxidant, anti-inflammatory, anti-

angiogenic, and immunomodulating properties, and can also initiate the process of apoptosis. In addition, polyphenols

reduce oxidative stress and protect against reactive oxygen species. This review presents in vitro and in vivo studies in

animal models with the use of polyphenolic compounds such as epigallocatechin-3-gallate (EGCG), oleuropein,

punicalgin, apigenin, resveratrol, pterostilbene, or curcumin and their importance in the modulation of autophagy-induced

death of cancer cells.
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1. The Role of Autophagy in Cancer

Autophagy plays a dual role in cancer . Numerous studies conducted over the past 30 years have demonstrated that the

impact of autophagy on the development or limitation of the neoplastic process depends on the genetic context, tumor

type, tumor stage, microenvironment, and the applied anticancer treatment .

Under some conditions, autophagy has a cytoprotective function in cancer. Induction of autophagy in cancer cells

resulting in their death can prevent the initiation of tumor growth . Autophagy may also exert anticancer effects by

increasing cytotoxicity of the chemotherapeutic agents . Moreover, effects of autophagy on tumor inhibition or growth

depend on the type of tumor . Some types of cancer may undergo autophagic cell death (ACD) due to the use of

some antineoplastic drugs . The mechanism of ACD has been described in p53-deficient cancer cells . Available

data suggest that the role of autophagy also depends on different stages of tumor development . An example of this is

the increased expression of ATG7 as well as down-regulation of ATG5 and beclin-1 during apoptosis of colon cancer cells

. It was discovered that chloroquine and oxaliplatin interact synergistically on colon cancer cell lines, which confirmed

the silencing of ATG5 through RNA interference, whereas the incubation of cells with beclin-1 resulted in the inhibition of

autophagy .

It has been hypothesized that autophagy may also promote oncogenesis . The primary stage of neoplastic tumor

formation is often associated with hypoxia, resulting in metabolic stress . The upregulation of autophagy under these

conditions may provide a suitable environment for cancer cells to enter the dormant state. Thus, autophagy may play a

pro-survival role by reducing metabolic stress and enabling proliferation of cancer cells .

As mentioned, autophagy may also protect tumors from cell death. Some advanced types of tumors are called

“autophagous” tumors due to the increased activity of autophagy compared to normal tissues . These tumors include

activated Ras tumors and pancreatic cancer . Moreover, the results clearly indicate that the use of chloroquine,

which inhibits autophagy during treatment with bevacizumab, creates better conditions for tumor control and is associated

with inhibition of autophagy .

Moreover, it has been suggested that autophagy supports survival of dormant tumor cells . This leads to the theory that

inhibition of autophagy may be an appropriate therapeutic strategy in the treatment of particular types of tumors . For

this aim, autophagy inhibitors which block autophagy at various stages have been used: Unc-51-like Kinase (ULK)

inhibitors, Pan PI3Kinhibitors, VPS34 (PI3K) inhibitors, ATG inhibitors (i.e., NSC185058, tioconazol, UAMC-2526, LV320,
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FMK-9a), lysosomotropic agents, autophagy formation inhibitors (i.e., verteporfin, chloroquine, hydroxychloroquine),

inhibitors of vacuolar H+-ATPase (bafilomycin A1), molecules blocking autophagosome-lysosome fusion, acid protease

inhibitors, lysosome inhibitors (ionophores, i.e., tambjamines, monensin, and squaramides) and nanoparticles .

Cancer stem cells (CSCs) are pluripotent cells that were demonstrated in some types of tumors such as colorectal or

breast cancer . They are thought to initiate the development of such tumors being responsible for drug resistance,

tumor growth, and recurrence due to their ability to renew themselves and differentiate into various types of tumor cells

. It was shown that the process of CMA autophagy (the self-eating process) is a leading factor in both resistance and

survival of CSCs . For this reason, it has been suggested that inhibition of autophagy in CSCs may help to overcome

their resistance to treatment with anti-cancer drugs .

Importantly, due to the deregulation of the PI3K/Akt/mTOR signaling pathway in neoplastic cells, autophagy is

constitutively activated, which allows for adaptation to the microenvironment and the activation of cell proliferation . The

data indicate that cancer therapies should primarily target tumor metabolism due to the induction of autophagy determined

by metabolic symbiosis . As a result of the regulation of cellular metabolism, the AMP-induced protein kinase (AMPK) is

activated by cancer cells . The mechanism of AMPK plays a key role in proliferation, maintains energy homeostasis

by regulating cellular metabolism, and inhibits cell growth through phosphorylation by inhibiting the TOR pathway .

Moreover, the interaction is also directed towards the stabilization of p53 and p27, i.e., cell cycle inhibitors . It is worth

noting that AMPK induces autophagy by stimulating the activation of Ulk1 via phosphorylations of Ser 317 and Ser 777 in

a glucose starvation setting . Induction of autophagy as well as U1 regulation signaling has been found to occur

through nutrient signaling .

2. Modulation of Autophagy in Cancer Cells by Polyphenols

Plant-derived polyphenols are divided into two groups, i.e., non-flavonoids and flavonoids (procyanidins) . Both

polyphenolic groups exhibit antitumor activity through modulation of non-canonical, i.e., beclin-1-independent, and

canonical, beclin-dependent signaling pathways, as well as regulation of tumor suppressors . The strong antioxidant

effect of polyphenols has a significant impact on the modulation of autophagic pathways so that the cell can dispose of

defective protein aggregates. Moreover, plant polyphenols were shown to induce the death of neoplastic cells in some

model systems .

2.1. EGCG

Green tea (Camellia sinesis) polyphenols, and more specifically main catechin epigallocatechin-3-gallate (EGCG) (Figure

1), have been subjected to a number of studies suggesting induction of autophagy under cell stress conditions in some

cancer cell lines . EGCG was shown to induce autophagosome induction in human hepatoma (HepG2) cells as

well as in bovine endothelial cells . The cytoprotective mechanism of EGCG was also confirmed in the endoplasmic

reticulum (ER) stress response in human embryonic kidney cell line (HEK293T, ATCC, and CRL-3216) . The

experiment revealed a disturbance of the balance of mTOR-AMPK pathways via GADD34 due to the ER stress .

Treatment of cells with EGCG, reduces the negative effect of GADD34 inhibition on the autophagy process . The

reduction of the negative impact of GADD34 inhibition in relation to autophagy was achieved by treatment with siGADD34

or with guanabenz . In addition, the thapsigargin (TG) interferes with the accumulation of calcium in the ER .

HEK293T cells were treated with rapamycin and EGCG in the experiment. In the study, EGCG induced a delay in

apoptotic cell death, also in the absence of GADD34 . This is indicative of a shift in the balance of mTOR-AMPK

pathways in the event of ER stress due to EGCG treatment to promote cell survival. The results indicate that EGCG

activates autophagy via the mTOR-AMPK pathway, but ULK1 is essential in this process . The research clearly

indicates an important therapeutic role of EGCG, also in patients suffering from diseases associated with ER stress .
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Figure 1. Effect of epigallocatechin-3-gallate (EGCG) on interplay between antioxidant activity and inhibition of cell

signaling molecules .

EGCG has anti-tumor activity through the regulation of autophagy via effects on reactive oxygen species (ROS) formation

in many cancers. In lymphoma, EGCG inhibited the growth of BC-1 and BABL-1 cells, significantly inducing autophagy

. Studies in primary exudative lymphoma (PEL), induced by expansion of cells infected with human herpesvirus 8

(HHV8), have shown induction of apoptosis and cell cycle arrest as a result of the treatment with EGCG . The results

showed that EGCG increased Bax expression and p53 activation, whereas previous studies showed chemical activation

of p53 to induce cell growth inhibition in the PEL model . The available data also indicate an intense induction of

autophagy as well as apoptosis in primary glioblastoma cell cultures . The mechanisms were observed after the

incubation with 500 μM EGCG. The authors claim that the use of even 100 nM EGCG activates endogenous mechanisms

of protection of primary glioblastoma cell cultures and may have a chemopreventive effect .

Green tea catechins play a significant role in supporting the treatment  of breast , pancreatic , and lung cancers

. For instance, NSCLC A549 cell line was tested to determine the effect of green tea extract on autophagy . The

study used colorimetric assay for assessing cell metabolic activity MTT assay, cell death analysis by annexin V/PI assay,

transmission electron microscopy (TEM), acridine orange staining (AO), and immunofluorescent labeling of LC3-I . The

authors suggested that autophagy was caused by the induction of cytoprotective autophagy by flavonoids present in

green tea extracts . Thus, dietary polyphenols alone may not have a significant effect on the growth of neoplastic cells,

but will prove useful in combination therapy with cytostatic drugs to increase the effectiveness of oncological therapy .

Activating mutations in the EGFR gene in both wild-type and the mutant forms T790M, L858R, and ELREA are often

found in NSCLC patients . Experimental studies were carried out with the use of EGCG and EGFR-TKI (erlotinib) .

Positive results of the experiment such as in clarifying the differences in the bonds of both wild-type EGFR and mutant

types, indicate that the use of polyphenols in the diet may affect the growth of cancer cells, which at the same time is an

important aspect as adjunctive therapy .

As previously mentioned, EGFR plays a very important role in NSCLC . The main green tea polyphenol, EGCG, was

shown to overcome resistance to EGFR tyrosine kinase inhibitors such as gefitinib in wild-type A549 cells and 16HBE

cells—the human bronchial epithelial cell line . The results of the study showed the inhibition of ERK phosphorylation

by combining gefitinib and EGCG through a reduction of p-ERK and p-MEK .

A significant amount of research is required to confirm the significant role of EGCG in autophagy . One of the studies

showed that the combination of a proteasome inhibitor bortezomib with EGCG enhances prostate cancer cell death

mediated by an increase in ER stress . EGCG caused an increase in autophagy through antagonizing the toxicity of

bortezomib . Subsequently, osteosarcoma stem cells were also investigated to develop the basis of anti-cancer drugs

based on the results obtained with EGCG and doxyrubicin . The results showed that the use of EGCG significantly

reduced the expression of osteosarcoma stem cell markers, and, in particular, SOX2OT V7, by reducing Notch3/DLL3

signaling .

2.2. Oleuropein

It was also shown that leaves of European olive (Olea europaea L.), rich in phenolic compounds such as verbascoside,

apigenin-7-glucoside, luteolin-7-glucoside, and the main polyphenol—oleuropein (OL, Figure 2), also have antioxidant,

anti-inflammatory, and anti-tumor activities . These features are associated with affecting proliferation and apoptosis by

modulating expression of many signaling pathways. OL is a phenolic compound, chemically consisting of benzene-1,2-diol

(hydroxytyrosol), 4-2-dyroxyethyl (polyphenols), and elenolic acid (secoiroid) .

Figure 2. Effect of oleuropein on interplay between autophagy and inflammation .
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The suggested anti-tumor mechanism of OL via the induction of autophagy has been recently confirmed in the estrogen

receptor (ER)-positive MCF-7 and T47D breast cancer cell lines . In addition to OL, hydroxytyrosol (HT) which is a

metabolite of OL was also administered in the study . MCF-7 and T47D cells were treated with OL and HT along with 3-

methyladenine, which is an inhibitor of autophagy, with hepatocyte growth factor, or rapamycin, which is an agonist of

autophagy . The metastatic capacity and viability of the cells were assessed using the Western blot and transwell test.

Depending on the dose, the viability of breast cancer cells decreased. Moreover, HT stronger than OL inhibited migration

and invasion of triple-negative breast cancer cells by activating autophagy in the studied breast cancer cell lines .

Furthermore, it was showed that by suppressing autophagy, metastases of these cells can be inhibited .

OL was also used in a study determining the cellular and molecular activation mechanisms of autophagy . One

of the studies was conducted in an animal model and in cultured SH-SY5Y neuroblastoma cells. In the first study, the

authors demonstrated a disruption of the autophagy cascade in SH-SY5Y cell line . In a following work, cells were

treated with 50 µM OL for 24 h and then assessed for beclin-1 and AMPK phosphorylation. OL increased AMPK

phosphorylation, an early marker of autophagy . Moreover, OL use leads to mTOR inhibition through the induction of

AMPK in the cortex of TgCRND8 mice .

The induction of AMPK-dependent autophagy by OL was noted in an experiment in an animal model of a C57BL/6J

mouse . Male and female mice were fed a high-fat and normal diet for eight weeks. Increased expression of Beclin-
1, LC3B, and p62/Sqstm1 genes was observed in the study. However, OL had no significant effect on the expression of

the apoptotic proteins Bcl-2 and caspase 3 in this animal model .

The antiproliferative effect of OL and the induction of autophagy were confirmed in cultures of p-53 negative and androgen

insensitive PC-3 human prostate cancer cells . Moreover, the use of OL in the daily diet significantly reduced the dose

of the cytotoxic doxorubicin—an anthracycline antibiotic with anti-cancer activity necessary to induce cell death , The

results indicate a significant intensification of autophagy induction by OL, which was confirmed by the immunoblot

analysis for LC3. However, it has to be stressed that the complex processes of autophagy induction due to OL use

requires more research .

2.3. Pomegranate Extract and Punicalgin

Punicalgin (PUN, Figure 3) is a polyphenol obtained from pomegranate (Punica granatum). Depending on the form of

antioxidants, it mainly contains anthocyanins, gallic acid, ellagic acid, ellagic tannins, and polyphenols. . PUN is

characterized by antioxidant activity and may inhibit lipoxygenases and cyclooxygenases. In addition, it has potential anti-

cancer and chemopreventive effects. Both in vivo and in vitro studies confirm the effectiveness of PUN in the potential

prevention of lung, breast, prostate, and colon cancers .

Figure 3. Influence of punicalgin on apoptosis and inflammatory cytokines .

The chemopreventive effect of pomegranate polyphenols may be based on the action of a number of proteins and genes,

which affect both the growth and progression of cancer . Interestingly, compared with the activity of red wine containing

resveratrol and green tea infusion, the antioxidant capacity of pomegranate juice was three times higher .

Glioblastoma is one of the most common brain tumors. Unfortunately, the prognosis for this type of cancer remains poor,

due to a poor response to medical treatment . Studies indicate that PUN at a concentration of 1–30 μg/ml induced cell

death in U87MG glioma cell cultures . It was demonstrated that PUN induced apoptosis by activating the caspase-

9/caspase-3 cascade and by cleaving ADP-ribose in the human glioma cell line. In addition, PUN increased

autophagosome formation. Since PUN increased the phosphorylation of p27 T198 and of AMP, it was suggested that cell

death mediated by PUN occurs via the apoptotic and autophagy pathways .
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Pomegranate extract (PE) polyphenols show autophagy modulating effects in, inter alia, human syncytiotrophoblast and

neuronal human neuroblastoma SY5Y cells . PE activates the upregulation of both lysosomal and autophagosomal

compartments, as well as causing autophagosome replacement and induction of autophagosome formation .

Importantly, TFEB activation is induced by the use of PE in a cytosolic Ca -dependent manner, but has no effect on

ERK1/2, AKT and mTOR calcineurin signaling. Moreover, PE stimulated PINK1-Parksi mitophagy during of mitochondrial

stress .

2.4. Apigenin—An Antioxidant from Acerola Fruit

Acerola (Malpighia glabra) is also known as the Barbados Cherry . Its edible part are small red fruits with juicy flesh.

Acerola is a rich source of vitamin C, beneficial to our health . Acerola, apart from vitamin C and bioflavonoids, also

contains pantothenic acid (vitamin B5), magnesium, potassium, thiamine, niacin, riboflavin, and vitamin A .

One of the major flavonoids contained in acerola is apigenin (AP, Figure 4) . A number of studies, both in vitro and in

vivo, confirmed the chemopreventive effect of AP , which occurred due to the inhibition of inflammation and

angiogenesis, a significant delay in cell proliferation, a cellular response to oxidative stress, and the induction of apoptosis

and autophagy .

Figure 4. Summary of molecular cell cycle and autophagy signaling pathways of apigenin .

In one of the studies the influence of AP on the modulation of AMPK in human keratinocytes (HaCaT cell line and primary

normal human epidermal keratinocytes) was investigated . AP inhibited the mTOR signaling pathway by inducing

autophagy via the activation of AMPK . In addition, results of another study suggest that AP causes autophagy in C6

glioma cells . Treatment of C6 cells resulted in reduced AMPK phosphorylation and, importantly, autophagy was

AMPK/mTOR independent . Importantly, it is worth emphasizing that the difference in experimental studies using C6

cells and glioma cells differs in particular in the resistance of HaCaT cells to apoptosis, which can be explained by

mutations within the pro-apoptotic p53 protein alleles .

2.5. Resveratrol

Resveratrol (RSV) (trans-3,4′,5-trihydroxystilbene, Figure 5) is a naturally occurring polyphenol found in berries, peanuts,

grapes, and wine . It has attracted much attention due to the beneficial biological effects related to its anti-oxidant,

anti-cancer, anti-inflammatory, anti-diabetic, and cardioprotective activities . RSV has been shown to

modulate autophagy in many cancer cell lines including leukemia, melanoma, glioma as well as renal, esophageal, liver,

colon, prostate, breast, ovarian, oral, and lung cancer cell lines .
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Figure 5. Cell signaling pathways triggered by resveratrol in selected cancer cell lines. ↑ activation/increase; ↓

inhibition/decrease.

Several in vitro studies indicated that RSV is able to induce autophagy that plays a pro-survival role and may serve as a

resistance mechanism against apoptotic cell death . For example, RSV triggered protective autophagy rough the

ceramide accumulation and inhibition of Akt/mTOR pathway in B16 melanoma cells . Inhibition of autophagy in B16

cells markedly increased RSV-induced apoptosis suggesting that RSV-induced autophagy plays a pro-survival role. In

addition, the protective role of autophagy was demonstrated in resveratrol-treated U251 human glioma cells . Similar

results concerning the pro-survival role of RSV-induced autophagy were observed in GH3 cell line derived from rat

pituitary tumor cells . RSV led to the upregulation of ERK1/2 and the downregulation of PI3K/Akt and mTOR

phosphorylation in prolactinoma GH3 cells. In some experimental models, RSV-induced autophagy contributed to the

elimination of cancer cells . RSV triggered autophagic cell death in imatinib-sensitive and imatinib-resistant K562

chronic myelogenous leukemia cells . It led to the JNK-mediated p62/SQSTM1 expression and it activated AMPK.

Thus, both JNK and AMPK pathways were involved in autophagic elimination in K562 cells. The activation of AMPK and

JNK participated independently with the initiation and elongation steps of autophagy, respectively. RSV also suppressed

the growth of A375 human melanoma cells and B16 F10 murine melanoma cells by promoting autophagy and inhibiting

the PI3K/AKT/mTOR signaling pathway . Moreover, it has also been found to induce autophagic cell death in A549

human lung adenocarcinoma cells via Ca /AMPK-mTOR signaling pathway .
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