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Abstract: Flavonoids are considered as pleiotropic, safe, and readily obtainable molecules. A large
number of recent studies have proposed that flavonoids have potential in the treatment of tumors by
the modulation of autophagy. In many cases, flavonoids suppress cancer by stimulating excessive
autophagy or impairing autophagy flux especially in apoptosis-resistant cancer cells. However,
the anti-cancer activity of flavonoids may be attenuated due to the simultaneous induction of
protective autophagy. Notably, flavonoids-triggered protective autophagy is becoming a trend for
preventing cancer in the clinical setting or for protecting patients from conventional therapeutic
side effects in normal tissues. In this review, focusing on the underlying autophagic mechanisms
of flavonoids, we hope to provide a new perspective for clinical application of flavonoids in cancer
therapy. In addition, we highlight new research ideas for the development of new dosage forms
of flavonoids to improve their various pharmacological effects, establishing flavonoids as ideal
candidates for cancer prevention and therapy in the clinic.

Keywords: flavonoids; autophagy; cancer prevention; cancer therapy; nanotechnology

1. Introduction

Natural products are valuable sources for the discovery of drugs for which researchers
can isolate new active agents that might serve as leads or scaffolds for the construction of
novel efficacious drugs with enhanced biological activity [1–3]. Given the remarkable chemi-
cal diversity of natural products, they have played a powerful role in developing therapeutic
strategies either in their naturally occurring or synthetically modified forms [4]. Such efforts
have identified valuable natural products such as paclitaxel and vincristine from plants,
and have assessed their properties and explored their mechanisms of action [5–7]. Natural
products have exhibited good anti-cancer activity with minimal side effects. Therefore,
applying natural products in clinical therapy is an effective, inexpensive, and accessi-
ble therapeutic approach [8,9]. Additionally, as many conventional chemotherapeutic
drugs have failed to achieve the desired result due to chemoresistance and cytotoxicity,
novel multi-targeted therapeutic strategies using natural products have become an im-
portant strategy [10,11]. Many natural products such as alkaloids, terpenoids, flavonoids,
quinones, and steroids are suitable to gain prominence as new anti-cancer drugs for clinical
treatment because of their unique chemical structures and pleiotropic activities [12,13].

As a class of natural polyphenolic metabolites, flavonoids are an important group
of natural products that are widely present in a variety of plants, especially edible fruits,
vegetables, [14] and plant-derived beverages such as green tea, wine, and cocoa-based
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products [15]. The flavonoids are mainly derived from benzo-γ-pyrone and the basic
structure of flavonoids is the flavan skeleton that consists of two aromatic rings (A ring
and B ring) and a heterocyclic pyran ring (C ring) [16,17]. Based on the chemical structure,
the level of oxidation and pattern of substitution of the C ring on which the B ring is
attached, flavonoids can be subdivided into six main subgroups: flavones, flavonols,
flavanones, isoflavonoids, anthocyanins, and chalcones [18] (Figure 1). Flavonoids are
phenolic compounds that are easily oxidized into quinones; thus, they are capable of
protecting ascorbic acid and the unsaturated fatty acids in membranes from oxidation [16].
This process may be accompanied by a ring opening that can easily be conducted under
ultraviolet light, especially if heavy metal ions are also present [16]. Recently, flavonoids
have been widely reported to exhibit beneficial effects on various diseases including
immune diseases, cardiovascular disease, and cancer [19–21]. In the context of cancer,
a number of preclinical studies have provided a comprehensive perspective on flavonoids
that can help to optimize their action in disease prevention and therapy [22]. Notably,
these potential applications in the clinic of flavonoids are largely dependent on modulation
of autophagy [23]. For example, flavonoids can inhibit cell growth and trigger cell death
in various kinds of cancer by inducing excessive and sustained autophagy or impairing
autophagy flux, suggesting promising effectiveness for the treatment of patients with
apoptosis-resistant cancer [24,25]. By contrast, the anti-cancer activity of flavonoids may
be unexpectedly compromised by the induction of protective autophagy, indicating that
autophagy inhibition could act as a potential strategy in optimizing cancer therapeutics [26].
The clinical application of flavonoids has perceived advantages in terms of preventing
cancer, especially for tumors caused by autophagy defects [15]. Furthermore, flavonoids-
triggered protective autophagy is an actionable target for protecting against chemotherapy
or radiotherapy-induced undesired side effects in normal tissues [27,28]. Accordingly,
understanding the relationship of flavonoids and autophagy in depth may provide a new
perspective for clinical applications of flavonoids.
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In this review, we mainly focus on the application of flavonoids as potential preven-
tive and therapeutic agents in cancer, highlight the underlying molecular mechanisms,
and discuss potential candidates for the proposed administration to tumor patients based
on modulating the dual role of autophagy. We also overview the novel approaches that
can contribute to the increased bioavailability and selectivity of flavonoids compounds,
and discuss the major challenges encountered to date in the application of flavonoids for
medication. Our analysis has been based on the use of several databases (PubMed, Clinical-
Trials, and Web of Science) including the available data up to June 2021 using the following
keywords: flavonoids, autophagy, cancer prevention, and cancer therapy. Studies were
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selected after applying the following inclusion and exclusion criteria. The inclusion criteria
were: (1) papers published in the English language and within the past 20 years; (2) articles
with a high citation rate; and (3) studies with broad application prospects. The exclusion
criteria were: (1) articles associated with a low credibility rating; (2) papers published in
languages other than English; and (3) papers not available as a full-text format.

2. Flavonoids as Therapeutic Agents

Excessive and sustained autophagy induced by flavonoids has been exploited as a
potential strategy for cancer therapy especially in apoptosis-defective tumor cells. However,
the anti-cancer activity of flavonoids may be impaired due to cytoprotective autophagy,
suggesting that combining autophagy inhibitors with flavonoids may optimize the clinical
effect on tumors. Here, we summarize flavonoid compounds used for cancer therapy and
the related mechanisms involved in autophagy to distinguish between agents for suitable
administration based on an understanding of the modulation of autophagy (Figure 2).
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2.1. Inducing Autophagic Cell Death by Flavonoids

The administration of pro-apoptotic strategies in clinical cancer therapy will inevitably
lead to the emergence of apoptosis-resistant cells that represents a major obstacle to success-
ful clinical development [29]. Thus, it is imperative to develop novel therapeutic strategies
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that induce tumor cell death by non-apoptotic mechanisms [30]. Notably, autophagy-
mediated cell death can be induced in apoptosis-resistant cells particularly in the absence
of the pro-apoptotic proteins Bax and Bak [31,32]. Therefore, it is possible for autophagy to
overcome resistance to apoptosis in cancer, allowing the cellular stress response to take
the path of autophagic cell death [31,33]. Many flavonoids display anticancer activities by
inducing excessive autophagy or impairing autophagy flux by mediating different signal-
ing pathways such as PI3K/Akt/mTOR, AMPK, MAPK, Beclin-1, and Wnt/β-catenin [24].
As resistance to chemotherapeutic agents predominantly occurs through defects in the
apoptotic signaling pathway, the identification of flavonoids that can stimulate autophagic
cell death may become useful for cancer patients undergoing ineffective treatment due to
apoptotic resistance [34]. In the following section, kaempferol and apigenin were taken
as two typical examples to illustrate that flavonoids can induce the autophagic death of
a variety of cancer cells, thus providing theoretical support for the use of flavonoids to
overcome apoptosis-resistant tumors.

2.1.1. Kaempferol

Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is one of
the most common dietary flavonols and is mainly derived from the rhizomes of Kaempfe-
ria galanga L. that are used in traditional medicine in Asia [35–37]. Preclinical studies
demonstrated noticeable anti-cancer effects, suggesting a promising application role in
the clinic [38,39]. For example, kaempferol induced cell death by activation of IRE1-JNK-
CHOP signaling-mediated ER stress in gastric cancer cells, eliciting epigenetic change and
autophagic cell death by a HDAC/G9a axis-dependent way [40]. AMPK was reported
as another upstream mediator mediating kaempferol-induced autophagic cell death in
hepatocellular carcinoma cells. Specifically, kaempferol enhanced AMPKα1 stabilization by
regulating its ubiquitin ligase and melanoma antigen 6, resulting in AMPK-induced Ulk1
phosphorylation, mTOR complex 1 inhibition, and eventually persistent autophagy [41].
In agreement, a previous study reported kaempferol-induced autophagic cell death in hu-
man hepatic cancer cells that was partially attributed to the activation of AMPK signaling
pathways [42]. In addition, Han et al. [43] suggested the application of kaempferol for lung
cancer whereby upregulation of miR-340 by kaempferol treatment lead to the inhibition
of the PTEN/PI3K/AKT pathway, contributing to excessive autophagy. Taken together,
these studies demonstrate that kaempferol displays considerable promise for cancer ther-
apy by modulating autophagy, although further clinical application is required to obtain a
more complete understanding of the anti-cancer mechanisms involved.

2.1.2. Apigenin

Apigenin (4′,5,7-trihydroxyflavone) is a predominant monomeric flavonoid that be-
longs to the flavone sub-class [44]. Widely distributed in edible plants, especially in celery,
apigenin can be easily ingested from a daily diet [45]. Importantly, apigenin has remarkable
anticancer activity with low toxicity in normal cells [46]. From studies on the anticancer
mechanisms of apigenin, researchers found that the administration of apigenin correlated
with a high level of intracellular ROS and activated autophagy [47]. Kang et al. [48] reported
that the generation of ROS induced by apigenin subsequently augmented autophagic flux.
Recent studies clearly demonstrated that apigenin killed multiple myeloma cells by trigger-
ing autophagy to a certain extent [49,50]. In agreement with these studies, Kim et al. [51]
reported that apigenin treatment induced autophagy resulted in obvious inhibition of
gastric cancer. Mechanistically, inhibition of PI3K/Akt/mTOR cascades, frequently related
to excessive autophagy activation, resulted from apigenin exposure [51]. Furthermore,
apigenin exhibited significant suppression of the growth of cisplatin-resistant colorectal
cancer cells that was shown to be associated with PI3K/Akt/mTOR signaling-mediated
autophagy [52]. Apigenin-induced autophagic cell death was also confirmed in human
papillary thyroid carcinoma BCPAP cells [53]. Although there is a lack of relevant anti-
tumor clinical trials, apigenin is being used as a co- therapeutic agent in the treatment



Antioxidants 2021, 10, 1138 5 of 15

of COVID-19 patients, potentially associated with the regulation of oxidative stress and
autophagy [54]. This may provide some guidance for antitumor clinical studies with
apigenin (NCT04873349). We expect that further preclinical and clinical trials will support
the translation of apigenin from bench to bedside.

2.1.3. Other Flavonoids

There are many other flavonoids compounds that can induce autophagic cell death.
Hydroxysafflor yellow A, obtained from safflower (Carthamus tinctorius L.), blocked the
late-phase of autophagic flux by impairing lysosomal acidification and downregulating
LAMP1 expression, therefore triggering the death of liver cancer cells [55]. Similarly,
naringin-induced autophagic death in AGS gastric cancer cells also involves lysosomal
damage [56]. Delicaflavone, a biflavonoid from Selaginella doederleinii, caused autophagic
cell death in human non-small cell lung cancer via the Akt/mTOR/p70S6K signaling
pathway, demonstrating positive anti-lung cancer effects with no observable side effects in
a xenograft mouse model [57]. Flavokawain B from kava root killed human gastric carci-
noma cells by inducing ROS-mediated autophagic cell death, involved in the suppression
of HER-2/PI3K/AKT/mTOR signaling cascades [58]. Sinensetin, a polymethoxyflavone,
induced the AMPK/mTOR pathway and subsequent autophagic cell death in HepG2
p53 wild type cells, and it induced apoptotic cell death in a p53-null cell line (Hep3B),
suggesting sinensetin has great potential in the development of strategies for the treat-
ment of apoptosis-resistant hepatocellular carcinoma [59]. In addition, the combination
of flavonoids with chemotherapeutic agents has displayed a synergistic effect by reg-
ulating the levels of autophagy. This is evidenced by fisetin that sensitizes paclitaxel,
causing a switch from cytoprotective autophagy to autophagic cell death in lung can-
cer [60]. Furthermore, liquiritin, a flavone derived from the medicine food homology plant
liquorice, was also reported to enhance the anti-cancer effect of cisplatin by inducing both
apoptosis and autophagy in cisplatin-resistant gastric cancer cells [61,62]. Taken together,
these positive results provide a theoretical basis for flavonoids as therapeutic agents in the
hope that they will overcome apoptosis-resistant tumors by causing autophagic cell death.

2.2. Improvement of Flavonoids Outcome by Suppressing Cytoprotective Autophagy

Faced with various therapeutic regimens, cancer cells endeavor to survive by acti-
vating cellular protection mechanisms. Cytoprotective autophagy, which is a key self-
protection mechanism of cancer cells, is partially responsible for resistance and undermines
the effectiveness of many anti-cancer treatments [23,63]. Accordingly, the strategy of in-
hibiting cytoprotective autophagy causing therapeutic resistance can improve the cytotoxic
effects of the drug [64]. Indeed, the findings from both in vivo and in vitro studies have
demonstrated that the anti-cancer activity of flavonoids can be impaired due to the activa-
tion of cytoprotective autophagy. Indeed, our own group has contributed strong evidence
demonstrating that the inhibition of quercetin-induced cytoprotective autophagy could
promote anti-cancer effects in gastric cancer [26].

Quercetin is a form of a polyphenolic flavonoid compound widely present in vegeta-
bles and fruits that has shown potential as a chemoprevention agent for various cancers
due to the induction of apoptosis or lethal autophagy [65]. However, increasing studies
are demonstrating that quercetin also activates cytoprotective autophagy, consequently
compromising its anti-cancer effects. Indeed, a previous study from our group revealed
quercetin stimulated autophagy by modulating HIF-1α-Akt-mTOR signaling pathways.
Either autophagy inhibitors or siRNA-mediated autophagy blockage could enhance the
pro-apoptosis effect of quercetin against gastric cancer cells [26]. Consistent with our study,
quercetin was found to promote ER stress and concomitant protective autophagy that
was associated with the activation of the p-STAT3/Bcl-2 axis, suggesting that autophagy
scavengers could sensitize ovarian cancer to quercetin by ER stress-related apoptosis path-
ways [66]. In addition, Kim et al. [67] reported that quercetin inhibited the proliferation
of malignant glioma cells by inducing cell cycle arrest and apoptosis that depended on
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the activation of JNK and upregulation of p53. Unexpectedly, quercetin also triggered
protective autophagy evidenced by the augmentation of mitochondrial-mediated apoptosis
after pre-treatment with the autophagy inhibitor chloroquine [67]. Quercetin-induced pro-
survival autophagy was also identified in lymphoma and lymphoblastic leukemia [68,69].
Notably, clinical trials of quercetin are currently ongoing, mainly addressed to patients with
prostate and kidney cancer (NCT01912820) (NCT02446795). The modulation of autophagy
using quercetin may become a useful mechanism for improving cancer management.

In addition to quercetin, baicalein and apigenin as mentioned above can also induce
protective autophagy in oral squamous cell carcinoma [70] or hepatocellular carcinoma [71]
respectively, suggesting that the application of these flavonoids based on autophagy inhibi-
tion would be a potential anti-cancer strategy for these tumors.

3. Flavonoids as Preventive or Adjuvant Agents

Dysregulation of autophagy, one of the emerging hallmarks of cancer [72] resulting in
the reduced clearance of dysfunctional organelle and cytotoxic protein aggregates, accounts
for oxidative stress-induced genomic instability accelerating oncogenesis [73]. The protec-
tive autophagy induced by flavonoids contributes to cellular homeostasis, thereby having
great potential for preventing cancer occurrence (Figure 2). Similarly, flavonoids can also re-
duce side effects and protect healthy tissues from cytotoxic effects caused by chemotherapy
or radiotherapy by inducing protective autophagy (Figure 2).

3.1. The Prevention of Cancer by Flavonoids-Induced Autophagy

Pre-malignant cells depend on autophagy to slow the onset of chronic inflammation
that is a necessary and sufficient condition for tumorigenesis [74]. In fact, autophagy
provides a robust safeguard for health tissues by degrading endogenous pro-inflammatory
moieties and components of the inflammatory signaling networks including transmem-
brane protein 173 (TMEM173) and cyclic GMP–AMP synthase (cGAS) [75,76]. Put simply,
restoration of autophagy activity or stimulation of efficient autophagic responses is a clever
mechanism for intervention in the malignant transformation of healthy cells. In the context
of this, one could consider using special diets of flavonoids to decrease the risk of cancer
due to their anti-oxidant and anti-inflammation activities depending on autophagy.

3.1.1. Delphinidin

Delphinidin is a type of anthocyanin primarily found in the maqui berry [77]. This sub-
group of flavonoids have been identified as a potential candidate for health care appli-
cations in cardiovascular and neurodegenerative diseases [77]. Recently, an increasing
number of studies have been directed at the use of delphinidin to target autophagy in
cancer prevention. For example, levels of oxidized low-density lipoprotein (LDL) have
been associated with the formation of haemangiomas [78,79]. A study by Jin et al. [80]
reported that delphinidin-3-glucoside induced autophagy by activating the AMPK/SIRT1
axis, thereby protecting vascular endothelial cells from oxidized-LDL induced injury and
implying a possibility of the use of delphinidin in haemangioma prevention. In addition,
Lai et al. [81] demonstrated that high glucose could lead to apoptosis of pancreatic β cells
whose dysregulation is closely linked with diabetes mellitus and associated cancers such
as colorectal cancer [82,83]. Stimulation of autophagy by the AMPK signaling pathway
using delphinidin treatment significantly diminished apoptosis in pancreatic β cells un-
der high glucose conditions [83]. This study that explored the underlying mechanisms
of the delphinidin-mediated protective role in pancreatic β cells could help to improve
the prevention of diabetes-driven cancer. Recently, a study demonstrated that treatment
with delphinidin prevented oxidative stress of human chondrocytes by regulating the
Nrf2/NFκB networks and inducing intact autophagy [84]. Another study suggested that
delphinidin had cytotoxic effects against human osteosarcoma cells by modulating au-
tophagy [85]. Taken together, delphinidin may play a key role in tumor prophylaxis based
on autophagy regulation.
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3.1.2. Silibinin

Silibinin is a flavonoid compound extracted from Silybum marianum L. Gaertn seeds
and is well known for its hepatoprotective activities [86,87]. A recent study suggested
silibinin-induced autophagy repressing hepatocyte injury caused by accumulation of ac-
etaldehyde facilitated the progression of hepatocellular carcinoma through inflammatory
responses [88–90]. Furthermore, silibinin was reported to have the potential ability of in-
hibiting non-alcoholic fatty liver cancer evidenced by the obvious amelioration of fructose-
induced lipid accumulation by triggering autophagy [91]. Notably, silibinin also exhibited
a cytoprotective effect by promoting autophagy and preventing apoptosis in pancreatic
islet β-cells, a key therapeutic challenge involved in diabetes mellitus [92,93]. Accordingly,
silibinin may be prophylactically beneficial for diabetes-associated cancer including pan-
creatic and colorectal cancer [82,94]. Abnormal endothelial cells that may result from insult
contribute to the progression of cancer through excessive (lymph-)angiogenesis [95,96].
Silibinin was identified to have protective effects on human endothelial cells by activation
of autophagy following high glucose induced damage [97], suggesting it as a candidate
for cancer prevention. Excessive exposure to ultraviolet B is a major cause of skin damage
including skin cancer. Silibinin is gaining acceptance as a chemo-preventive agent for
UVB-irradiation-related skin cancer via modulation of autophagy [98] that is supported by
multiple comprehensive studies. For example, Liu et al. [99] reported that silibinin induced
protective autophagy by inhibition of the IGF-1R signaling pathway, therefore opposing
UVB-irradiation-induced apoptosis. Despite the current absence of clinical trials using
silibinin for cancer prevention, it would appear as a promising candidate agent based on
solid preclinical data.

3.1.3. Other Agents

Other flavonoids are also potential cancer-prevention agents. Epidemiological studies
and clinical trials of isoflavone compounds have shown a range of beneficially preven-
tative effects on breast cancer, endometrial cancer, and prostate cancer. (NCT00290758,
NCT00099008, and NCT00617617) The preclinical studies clearly suggest that genistein as a
typical example of isoflavone compounds could trigger autophagy pathways in a rat model.
We therefore speculate that activation of the cytoprotective autophagy pathway may be a
reasonable explanation for the cancer prevention potential of isoflavones [100,101]. Similar
to silibinin, isoorientin was recently reported to demonstrate inhibition of UVB-induced
damage by decreasing the ROS accumulation and activation of JNK signaling, increasing
autophagy flux [102]. Li et al. [103] revealed that malvidin-3-O-arabinoside, a form of
anthocyanin extracted from blueberries, displayed a significant efficacy against oxidative
damage triggered by ethyl carbamate (EC), which is listed as a universal carcinogen [104].
Mechanically, malvidin-3-O-arabinoside was shown to activate autophagy flux by en-
hancing phosphorylation of AMPK and expression of LAMP-1, thus contributing to the
remission of EC-caused oxidative damage to the intestinal epithelial cells [105]. In addi-
tion, pelargonidin-3-O-glucoside derived from wild raspberries induced TFEB-mediated
autophagy and modulated gut microbiota in an animal model, suggesting a potential
intervention strategy for preventing the cancer progression of patients with a disturbance
of their intestinal flora [105].

3.2. Use of Flavonoids to Improve Side Effects Caused by Treatment

Chemo and radiotherapy are still the most commonly employed treatments for ad-
vanced tumors regardless of frequent acute and chronic adverse effects on non-malignant
tissues [106]. Autophagic responses have been revealed as a key defense for maintaining
normal cellular homeostasis and mediating oncosupressive effects [107,108]. Thus, a combi-
natorial strategy with natural compounds such as flavonoids that stimulate the reactivation
of autophagy during chemo or radiotherapy potentially can improve treatment side effects
and even prevent cancer development. In this content, we will discuss the protective
properties of flavonoids against toxicity during cancer therapy by inducing autophagy.
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3.2.1. Epigallocatechin-3-Gallate (EGCG)

Epigallocatechin-3-gallate (EGCG) is a main catechin in green tea and has been re-
vealed to have a promising protective role against side effects of chemo and radiother-
apy [109]. A study has demonstrated that EGCG partially alleviated cisplatin-elicited
nephrotoxicity by regulating enzymes of carbohydrate metabolism, the brush border
membrane, and enhancing antioxidant signaling and inorganic phosphate transport [110].
This EGCG-mediated process may also be associated with autophagy activation in the
kidney [111]. In agreement, Kazim et al. [112] also reported EGCG had a preventive abil-
ity against cisplatin-induced nephrotoxicity by relieving oxidative damage by triggering
Nrf2/HO-1 signaling. Furthermore, EGCG attenuated doxorubicin-induced cardiac injury
in neonatal rats by modulation of redox signaling including the activation of catalase,
manganese superoxide dismutase (MnSOD), and glutathione peroxidase [113]. This im-
plies that EGCG likely resulted in the induction of autophagy as it is usually accompanied
by Nrf2-mediated redox signaling activation to combat oxidative damage and maintain
homeostasis [114]. EGCG has also been shown to contribute to cardioprotective effects
in doxorubicin-treated tumor-bearing mice [115]. Due to the well-known crosstalk be-
tween redox signaling, cellular calcium homeostasis, and autophagy [116], autophagic
responses are potentially involved in the EGCG-mediated reduction of myocardial calcium
overload and increase of MnSOD expression [117]. For radiation injury, EGCG protected
submandibular glands from radiation-induced apoptosis potentially through an autophagic
process [118,119].

3.2.2. Other Flavonoids

The natural flavone luteolin, a common flavonoid present in many types of plants
including fruits, vegetables, and medicinal herbs [120] was recently reported to exhibit anti-
cardiotoxicity properties in doxorubicin-treated cardiomyocytes. Mechanistically, luteolin
reversed cardiotoxicity caused by doxorubicin by inducing mitophagy and causing in-
creased phosphorylation of Drp1 at Ser616 and transcription of TFEB [121]. Consistent with
this, He et al. [122] indicated that curcumin extracted from Curcuma longa L. attenuated the
side effects of doxorubicin by inhibiting mitochondrial dysfunction and reducing oxidative
stress with a potential relationship to mitophagy. Furthermore, aspalathin, an active ingre-
dient of Aspalathus linearis, also displayed a similar ability against doxorubicin-induced
cardiotoxicity. Aspalathin-triggered autophagy contributed to this process by the activation
of AMPK and Foxo1 [123]. Pre-treatment with an active flavonoid from licorice, isoliquiriti-
genin, was revealed to compromise cisplatin-induced nephrotoxicity by activating unfolded
protein response (UPR) during ER stress [124]. We speculate that isoliquiritigenin-mediated
UPR reduces oxidative stress by induction of autophagy [116,125]. Additionally, the use of
natural products such as rutin, a citrus flavonoid found in plants, with chemotherapeutic
drugs can help to reduce the toxicity associated with conventional drugs and enhance their
therapeutic efficiency [28,126]. Ma et al. also reported the suppression of autophagy and
apoptosis, demonstrating administration of rutin could attenuate doxorubicin-induced
cardiotoxicity [127]. These findings enhance our knowledge for developing new drugs
and strategies for combating the potentially devastating side effects induced by conven-
tional drugs.

4. Perspective and Conclusions

Alongside extensive studies on drug discovery, the evidence presented here demon-
strates that drug repurposing of flavonoids could provide a novel approach to cancer
prevention and therapy, and is also a potential strategy for further studies on the develop-
ment of new cancer preventive agents or antineoplastic drugs [128]. It is worth noting that
flavonoids promoted different cellular effects by modulating multifunctional autophagy,
suggesting their potential use in different stages of cancer. For example, flavonoids that
induce autophagic cell death by either excessive autophagy or autophagy flux blockage
may be more effective in cancer therapy, especially for apoptotic resistance cancer. Impor-
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tantly, combinational strategies should be considered if they suppress the growth of cancer
cells and concurrently induce protective autophagy. In contrast, flavonoids that exhibit
the properties of reactivation of autophagy may be more suitable for cancer prevention
including inhibition of cancer initiation and alleviation of chemo and radiotherapy-induced
side effects or secondary cancer (Figure 2). In this review, focusing on the regulation of
autophagy, we have overviewed a number of flavonoids that can act at different stages of
cancer development. Based on compounds such as quercetin that displays potential for
both cancer prevention and therapy by controlling two aspects of autophagy, we suggest
that flavonoids should be further investigated to reveal their detailed mechanisms of action
that would help facilitate optimum therapeutic administration.

In addition to a lack of understanding of the intricate mechanisms of action of
flavonoids, the low bioavailability and non-specific selectivity generally hinders their
pharmacological applications in clinical settings. It has been suggested that these is-
sues could be overcome by designing nano-engineering systems to improve the targeted
delivery of flavonoids, resulting in better efficacy and improved pharmacokinetic prop-
erties [129]. Studies have shown that some flavonoid nanoparticles such as quercetin,
catechins, and apigenin offer improved water solubility and tumor site-specific target-
ing, thus further enhancing their effectiveness for cancer prevention and treatment [130]
(Figure 3). Notably, a clinical trial of nano-flavonoids using nano-luteolin has been initiated
to assess whether it exerts an inhibitory effect on tongue squamous cell carcinoma by
inducing apoptosis (NCT03288298). This heralds a promising future regarding the use of
nanoparticles for delivering flavonoids for cancer prevention and therapy.
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offering a more profound understanding of the application of flavonoids for treating cancer
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Author Contributions: Conceptualization, Z.S., C.H. and Z.Z.; investigation, Z.S. and C.H.; writing—
original draft preparation, Z.Z.; writing—review and editing, E.C.N., Z.Z. and J.S.; visualization,
Z.Z. and J.S.; supervision, Z.S. and C.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by grants from the National Natural Science Foundation of
China (81821002 and 81790251), National Key Research and Development Project (2020YFA0509400,
2020YFC2002705), and Guangdong Basic and Applied Basic Research Foundation (2019B030302012).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mann, J. Natural products in cancer chemotherapy: Past, present and future. Nat. Rev. Cancer 2002, 2, 143–148. [CrossRef]
2. Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; International Natural Product Sciences, T.; Supuran, C.T. Natural products in drug

discovery: Advances and opportunities. Nat. Rev. Drug Discov. 2021, 20, 200–216. [CrossRef]
3. Rodrigues, T.; Reker, D.; Schneider, P.; Schneider, G. Counting on natural products for drug design. Nat. Chem. 2016, 8, 531–541.

[CrossRef]
4. Cragg, G.M.; Grothaus, P.G.; Newman, D.J. Impact of natural products on developing new anti-cancer agents. Chem. Rev. 2009,

109, 3012–3043. [CrossRef] [PubMed]
5. Li, J.W.; Vederas, J.C. Drug discovery and natural products: End of an era or an endless frontier? Science 2009, 325, 161–165.

[CrossRef]
6. Buyel, J.F. Plants as sources of natural and recombinant anti-cancer agents. Biotechnol. Adv. 2018, 36, 506–520. [CrossRef]

[PubMed]
7. Shoji, T.; Yuan, L. ERF gene clusters: Working together to regulate metabolism. Trends Plant. Sci. 2021, 26, 23–32. [CrossRef]

[PubMed]
8. Dutta, S.; Mahalanobish, S.; Saha, S.; Ghosh, S.; Sil, P.C. Natural products: An upcoming therapeutic approach to cancer.

Food Chem. Toxicol. 2019, 128, 240–255. [CrossRef]
9. Kanarek, N.; Petrova, B.; Sabatini, D.M. Dietary modifications for enhanced cancer therapy. Nature 2020, 579, 507–517. [CrossRef]
10. Efferth, T.; Saeed, M.E.M.; Kadioglu, O.; Seo, E.J.; Shirooie, S.; Mbaveng, A.T.; Nabavi, S.M.; Kuete, V. Collateral sensitivity of

natural products in drug-resistant cancer cells. Biotechnol. Adv. 2020, 38, 107342. [CrossRef]
11. Liu, Y.; Yang, S.; Wang, K.; Lu, J.; Bao, X.; Wang, R.; Qiu, Y.; Wang, T.; Yu, H. Cellular senescence and cancer: Focusing on

traditional Chinese medicine and natural products. Cell Prolif. 2020, 53, e12894. [CrossRef]
12. Simoben, C.V.; Ibezim, A.; Ntie-Kang, F.; Nwodo, J.N.; Lifongo, L.L. Exploring cancer therapeutics with natural products from

African medicinal plants, part I: Xanthones, quinones, steroids, coumarins, Phenolics and other classes of compounds. Anticancer
Agents Med. Chem. 2015, 15, 1092–1111. [CrossRef]

13. Nwodo, J.N.; Ibezim, A.; Simoben, C.V.; Ntie-Kang, F. Exploring cancer therapeutics with natural products from African medicinal
plants, Part II: Alkaloids, terpenoids and flavonoids. Anticancer. Agents Med. Chem. 2016, 16, 108–127. [CrossRef]

14. Wen, W.; Alseekh, S.; Fernie, A.R. Conservation and diversification of flavonoid metabolism in the plant kingdom. Curr. Opin.
Plant. Biol. 2020, 55, 100–108. [CrossRef] [PubMed]

15. Kopustinskiene, D.M.; Jakstas, V.; Savickas, A.; Bernatoniene, J. Flavonoids as Anticancer Agents. Nutrients 2020, 12, 457.
[CrossRef]

16. Havsteen, B.H. The biochemistry and medical significance of the flavonoids. Pharmacol. Ther. 2002, 96, 67–202. [CrossRef]
17. Kumar, S.; Pandey, A.K. Chemistry and biological activities of flavonoids: An overview. Sci. World J. 2013, 2013, 162750. [CrossRef]
18. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef] [PubMed]
19. Rengasamy, K.R.R.; Khan, H.; Gowrishankar, S.; Lagoa, R.J.L.; Mahomoodally, F.M.; Khan, Z.; Suroowan, S.; Tewari, D.; Zengin,

G.; Hassan, S.T.S.; et al. The role of flavonoids in autoimmune diseases: Therapeutic updates. Pharmacol. Ther. 2019, 194, 107–131.
[CrossRef]

20. Mozaffarian, D.; Wu, J.H.Y. Flavonoids, dairy foods, and cardiovascular and metabolic health: A review of emerging biologic
pathways. Circ. Res. 2018, 122, 369–384. [CrossRef]

21. Bondonno, N.P.; Dalgaard, F.; Kyro, C.; Murray, K.; Bondonno, C.P.; Lewis, J.R.; Croft, K.D.; Gislason, G.; Scalbert, A.;
Cassidy, A.; et al. Flavonoid intake is associated with lower mortality in the Danish Diet Cancer and Health Cohort. Nat. Commun.
2019, 10, 3651. [CrossRef] [PubMed]

22. Ramos, S. Cancer chemoprevention and chemotherapy: Dietary polyphenols and signaling pathways. Mol. Nutr. Food Res. 2008,
52, 507–526. [CrossRef]

23. Musial, C.; Siedlecka-Kroplewska, K.; Kmiec, Z.; Gorska-Ponikowska, M. Modulation of autophagy in cancer cells by dietary
polyphenols. Antioxidants 2021, 10, 123. [CrossRef]

http://doi.org/10.1038/nrc723
http://doi.org/10.1038/s41573-020-00114-z
http://doi.org/10.1038/nchem.2479
http://doi.org/10.1021/cr900019j
http://www.ncbi.nlm.nih.gov/pubmed/19422222
http://doi.org/10.1126/science.1168243
http://doi.org/10.1016/j.biotechadv.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29408560
http://doi.org/10.1016/j.tplants.2020.07.015
http://www.ncbi.nlm.nih.gov/pubmed/32883605
http://doi.org/10.1016/j.fct.2019.04.012
http://doi.org/10.1038/s41586-020-2124-0
http://doi.org/10.1016/j.biotechadv.2019.01.009
http://doi.org/10.1111/cpr.12894
http://doi.org/10.2174/1871520615666150113110241
http://doi.org/10.2174/1871520615666150520143827
http://doi.org/10.1016/j.pbi.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32422532
http://doi.org/10.3390/nu12020457
http://doi.org/10.1016/S0163-7258(02)00298-X
http://doi.org/10.1155/2013/162750
http://doi.org/10.1017/jns.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/28620474
http://doi.org/10.1016/j.pharmthera.2018.09.009
http://doi.org/10.1161/CIRCRESAHA.117.309008
http://doi.org/10.1038/s41467-019-11622-x
http://www.ncbi.nlm.nih.gov/pubmed/31409784
http://doi.org/10.1002/mnfr.200700326
http://doi.org/10.3390/antiox10010123


Antioxidants 2021, 10, 1138 11 of 15

24. Pang, X.; Zhang, X.; Jiang, Y.; Su, Q.; Li, Q.; Li, Z. Autophagy: Mechanisms and therapeutic potential of flavonoids in cancer.
Biomolecules 2021, 11, 135. [CrossRef] [PubMed]

25. Hasima, N.; Ozpolat, B. Regulation of autophagy by polyphenolic compounds as a potential therapeutic strategy for cancer.
Cell Death Dis. 2014, 5, e1509. [CrossRef]

26. Wang, K.; Liu, R.; Li, J.; Mao, J.; Lei, Y.; Wu, J.; Zeng, J.; Zhang, T.; Wu, H.; Chen, L.; et al. Quercetin induces protective autophagy
in gastric cancer cells: Involvement of Akt-mTOR- and hypoxia-induced factor 1alpha-mediated signaling. Autophagy 2011, 7,
966–978. [CrossRef]

27. Prieto-Dominguez, N.; Garcia-Mediavilla, M.V.; Sanchez-Campos, S.; Mauriz, J.L.; Gonzalez-Gallego, J. Autophagy as a molecular
target of flavonoids underlying their protective effects in human disease. Curr. Med. Chem. 2018, 25, 814–838. [CrossRef]

28. Yarmohammadi, F.; Hayes, A.W.; Karimi, G. Natural compounds against cytotoxic drug-induced cardiotoxicity: A review on the
involvement of PI3K/Akt signaling pathway. J. Biochem. Mol. Toxicol. 2021, 35, e22683. [CrossRef]

29. Green, D.R. Cancer and apoptosis: Who is built to last? Cancer Cell 2017, 31, 2–4. [CrossRef]
30. Okada, H.; Mak, T.W. Pathways of apoptotic and non-apoptotic death in tumor cells. Nat. Rev. Cancer 2004, 4, 592–603. [CrossRef]
31. Law, B.Y.; Chan, W.K.; Xu, S.W.; Wang, J.R.; Bai, L.P.; Liu, L.; Wong, V.K. Natural small-molecule enhancers of autophagy induce

autophagic cell death in apoptosis-defective cells. Sci. Rep. 2014, 4, 5510. [CrossRef]
32. Shimizu, S.; Kanaseki, T.; Mizushima, N.; Mizuta, T.; Arakawa-Kobayashi, S.; Thompson, C.B.; Tsujimoto, Y. Role of Bcl-2 family

proteins in a non-apoptotic programmed cell death dependent on autophagy genes. Nat. Cell Biol. 2004, 6, 1221–1228. [CrossRef]
33. Yu, L.; Alva, A.; Su, H.; Dutt, P.; Freundt, E.; Welsh, S.; Baehrecke, E.H.; Lenardo, M.J. Regulation of an ATG7-beclin 1 program of

autophagic cell death by caspase-8. Science 2004, 304, 1500–1502. [CrossRef] [PubMed]
34. Ye, J.; Zhang, R.; Wu, F.; Zhai, L.; Wang, K.; Xiao, M.; Xie, T.; Sui, X. Non-apoptotic cell death in malignant tumor cells and natural

compounds. Cancer Lett. 2018, 420, 210–227. [CrossRef]
35. Calderon-Montano, J.M.; Burgos-Moron, E.; Perez-Guerrero, C.; Lopez-Lazaro, M. A review on the dietary flavonoid kaempferol.

Mini Rev. Med. Chem. 2011, 11, 298–344. [CrossRef] [PubMed]
36. Imran, M.; Rauf, A.; Shah, Z.A.; Saeed, F.; Imran, A.; Arshad, M.U.; Ahmad, B.; Bawazeer, S.; Atif, M.; Peters, D.G.; et al.

Chemo-preventive and therapeutic effect of the dietary flavonoid kaempferol: A comprehensive review. Phytother. Res. 2019, 33,
263–275. [CrossRef] [PubMed]

37. Kim, C.J.; Shin, S.H.; Kim, B.J.; Kim, C.H.; Kim, J.H.; Kang, H.M.; Park, B.S.; Kim, I.R. The Effects of kaempferol-inhibited
autophagy on osteoclast formation. Int. J. Mol. Sci. 2018, 19, 125. [CrossRef] [PubMed]

38. 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]

39. Imran, M.; Salehi, B.; Sharifi-Rad, J.; Aslam Gondal, T.; Saeed, F.; Imran, A.; Shahbaz, M.; Tsouh Fokou, P.V.; Umair Arshad, M.;
Khan, H.; et al. Kaempferol: A key emphasis to its anticancer potential. Molecules 2019, 24, 2277. [CrossRef]

40. Kim, T.W.; Lee, S.Y.; Kim, M.; Cheon, C.; Ko, S.G. Kaempferol induces autophagic cell death via IRE1-JNK-CHOP pathway and
inhibition of G9a in gastric cancer cells. Cell Death Dis. 2018, 9, 875. [CrossRef]

41. Han, B.; Yu, Y.Q.; Yang, Q.L.; Shen, C.Y.; Wang, X.J. Kaempferol induces autophagic cell death of hepatocellular carcinoma cells
via activating AMPK signaling. Oncotarget 2017, 8, 86227–86239. [CrossRef] [PubMed]

42. Huang, W.W.; Tsai, S.C.; Peng, S.F.; Lin, M.W.; Chiang, J.H.; Chiu, Y.J.; Fushiya, S.; Tseng, M.T.; Yang, J.S. Kaempferol induces
autophagy through AMPK and AKT signaling molecules and causes G2/M arrest via downregulation of CDK1/cyclin B in
SK-HEP-1 human hepatic cancer cells. Int. J. Oncol. 2013, 42, 2069–2077. [CrossRef] [PubMed]

43. Han, X.; Liu, C.F.; Gao, N.; Zhao, J.; Xu, J. Kaempferol suppresses proliferation but increases apoptosis and autophagy by
up-regulating microRNA-340 in human lung cancer cells. Biomed. Pharmacother. 2018, 108, 809–816. [CrossRef]

44. Salehi, B.; Venditti, A.; Sharifi-Rad, M.; Kregiel, D.; Sharifi-Rad, J.; Durazzo, A.; Lucarini, M.; Santini, A.; Souto, E.B.; Novellino,
E.; et al. The therapeutic potential of apigenin. Int. J. Mol. Sci. 2019, 20, 1305. [CrossRef]

45. Tang, D.; Chen, K.; Huang, L.; Li, J. Pharmacokinetic properties and drug interactions of apigenin, a natural flavone. Expert Opin.
Drug Metab. Toxicol. 2017, 13, 323–330. [CrossRef]

46. Madunic, J.; Madunic, I.V.; Gajski, G.; Popic, J.; Garaj-Vrhovac, V. Apigenin: A dietary flavonoid with diverse anticancer properties.
Cancer Lett. 2018, 413, 11–22. [CrossRef]

47. Gilardini Montani, M.S.; Cecere, N.; Granato, M.; Romeo, M.A.; Falcinelli, L.; Ciciarelli, U.; D’Orazi, G.; Faggioni, A.; Cirone,
M. Mutant p53, stabilized by its interplay with HSP90, activates a positive feed-back loop between NRF2 and p62 that induces
Chemo-resistance to apigenin in pancreatic cancer cells. Cancers 2019, 11, 703. [CrossRef]

48. Kang, C.H.; Molagoda, I.M.N.; Choi, Y.H.; Park, C.; Moon, D.O.; Kim, G.Y. Apigenin promotes TRAIL-mediated apoptosis
regardless of ROS generation. Food Chem. Toxicol. 2018, 111, 623–630. [CrossRef]

49. Adham, A.N.; Hegazy, M.E.F.; Naqishbandi, A.M.; Efferth, T. Induction of apoptosis, autophagy and ferroptosis by thymus
vulgaris and arctium lappa extract in leukemia and multiple myeloma cell lines. Molecules 2020, 25, 5016. [CrossRef]

50. Adham, A.N.; Abdelfatah, S.; Naqishbandi, A.M.; Mahmoud, N.; Efferth, T. Cytotoxicity of apigenin toward multiple myeloma
cell lines and suppression of iNOS and COX-2 expression in STAT1-transfected HEK293 cells. Phytomedicine 2021, 80, 153371.
[CrossRef] [PubMed]

http://doi.org/10.3390/biom11020135
http://www.ncbi.nlm.nih.gov/pubmed/33494431
http://doi.org/10.1038/cddis.2014.467
http://doi.org/10.4161/auto.7.9.15863
http://doi.org/10.2174/0929867324666170918125155
http://doi.org/10.1002/jbt.22683
http://doi.org/10.1016/j.ccell.2016.12.007
http://doi.org/10.1038/nrc1412
http://doi.org/10.1038/srep05510
http://doi.org/10.1038/ncb1192
http://doi.org/10.1126/science.1096645
http://www.ncbi.nlm.nih.gov/pubmed/15131264
http://doi.org/10.1016/j.canlet.2018.01.061
http://doi.org/10.2174/138955711795305335
http://www.ncbi.nlm.nih.gov/pubmed/21428901
http://doi.org/10.1002/ptr.6227
http://www.ncbi.nlm.nih.gov/pubmed/30402931
http://doi.org/10.3390/ijms19010125
http://www.ncbi.nlm.nih.gov/pubmed/29301320
http://doi.org/10.1016/j.biopha.2019.109086
http://doi.org/10.3390/molecules24122277
http://doi.org/10.1038/s41419-018-0930-1
http://doi.org/10.18632/oncotarget.21043
http://www.ncbi.nlm.nih.gov/pubmed/29156790
http://doi.org/10.3892/ijo.2013.1909
http://www.ncbi.nlm.nih.gov/pubmed/23591552
http://doi.org/10.1016/j.biopha.2018.09.087
http://doi.org/10.3390/ijms20061305
http://doi.org/10.1080/17425255.2017.1251903
http://doi.org/10.1016/j.canlet.2017.10.041
http://doi.org/10.3390/cancers11050703
http://doi.org/10.1016/j.fct.2017.12.018
http://doi.org/10.3390/molecules25215016
http://doi.org/10.1016/j.phymed.2020.153371
http://www.ncbi.nlm.nih.gov/pubmed/33070080


Antioxidants 2021, 10, 1138 12 of 15

51. Kim, S.M.; Vetrivel, P.; Ha, S.E.; Kim, H.H.; Kim, J.A.; Kim, G.S. Apigetrin induces extrinsic apoptosis, autophagy and G2/M
phase cell cycle arrest through PI3K/AKT/mTOR pathway in AGS human gastric cancer cell. J. Nutr. Biochem. 2020, 83, 108427.
[CrossRef]

52. Chen, X.; Xu, H.; Yu, X.; Wang, X.; Zhu, X.; Xu, X. Apigenin inhibits in vitro and in vivo tumorigenesis in cisplatin-resistant colon
cancer cells by inducing autophagy, programmed cell death and targeting m-TOR/PI3K/Akt signaling pathway. J. BUON 2019,
24, 488–493.

53. Zhang, L.; Cheng, X.; Gao, Y.; Zheng, J.; Xu, Q.; Sun, Y.; Guan, H.; Yu, H.; Sun, Z. Apigenin induces autophagic cell death in
human papillary thyroid carcinoma BCPAP cells. Food Funct. 2015, 6, 3464–3472. [CrossRef] [PubMed]

54. Devarajan, A.; Vaseghi, M. Hydroxychloroquine can potentially interfere with immune function in COVID-19 patients: Mecha-
nisms and insights. Redox Biol. 2021, 38, 101810. [CrossRef]

55. Wu, N.; Li, J.; Luo, H.; Wang, D.; Bai, X. Hydroxysafflor yellow A promotes apoptosis via blocking autophagic flux in liver cancer.
Biomed. Pharmacother. 2021, 136, 111227. [CrossRef]

56. Raha, S.; Kim, S.M.; Lee, H.J.; Yumnam, S.; Saralamma, V.V.; Ha, S.E.; Lee, W.S.; Kim, G.S. Naringin Induces Lysosomal
Permeabilization and Autophagy Cell Death in AGS Gastric Cancer Cells. Am. J. Chin. Med. 2020, 48, 679–702. [CrossRef]
[PubMed]

57. Sui, Y.; Yao, H.; Li, S.; Jin, L.; Shi, P.; Li, Z.; Wang, G.; Lin, S.; Wu, Y.; Li, Y.; et al. Delicaflavone induces autophagic cell death in
lung cancer via Akt/mTOR/p70S6K signaling pathway. J. Mol. Med. 2017, 95, 311–322. [CrossRef] [PubMed]

58. Chang, C.T.; Hseu, Y.C.; Thiyagarajan, V.; Lin, K.Y.; Way, T.D.; Korivi, M.; Liao, J.W.; Yang, H.L. Chalcone flavokawain B induces
autophagic-cell death via reactive oxygen species-mediated signaling pathways in human gastric carcinoma and suppresses
tumor growth in nude mice. Arch. Toxicol. 2017, 91, 3341–3364. [CrossRef]

59. Kim, S.M.; Ha, S.E.; Lee, H.J.; Rampogu, S.; Vetrivel, P.; Kim, H.H.; Venkatarame Gowda Saralamma, V.; Lee, K.W.; Kim, G.S.
Sinensetin Induces Autophagic Cell Death through p53-Related AMPK/mTOR Signaling in Hepatocellular Carcinoma HepG2
Cells. Nutrients 2020, 12, 2462. [CrossRef]

60. Klimaszewska-Wisniewska, A.; Halas-Wisniewska, M.; Tadrowski, T.; Gagat, M.; Grzanka, D.; Grzanka, A. Paclitaxel and the
dietary flavonoid fisetin: A synergistic combination that induces mitotic catastrophe and autophagic cell death in A549 non-small
cell lung cancer cells. Cancer Cell Int. 2016, 16, 10. [CrossRef]

61. Li, X.; Qin, X.; Tian, J.; Gao, X.; Wu, X.; Du, G.; Zhou, Y. Liquiritin protects PC12 cells from corticosterone-induced neurotoxicity
via regulation of metabolic disorders, attenuation ERK1/2-NF-kappaB pathway, activation Nrf2-Keap1 pathway, and inhibition
mitochondrial apoptosis pathway. Food Chem. Toxicol. 2020, 146, 111801. [CrossRef]

62. Wei, F.; Jiang, X.; Gao, H.Y.; Gao, S.H. Liquiritin induces apoptosis and autophagy in cisplatin (DDP)-resistant gastric cancer cells
in vitro and xenograft nude mice in vivo. Int. J. Oncol. 2017, 51, 1383–1394. [CrossRef]

63. Cocco, S.; Leone, A.; Piezzo, M.; Caputo, R.; Di Lauro, V.; Di Rella, F.; Fusco, G.; Capozzi, M.; Gioia, G.D.; Budillon, A.; et al.
Targeting autophagy in breast cancer. Int. J. Mol. Sci. 2020, 21, 7836. [CrossRef] [PubMed]

64. Garg, A.K.; Buchholz, T.A.; Aggarwal, B.B. Chemosensitization and radiosensitization of tumors by plant polyphenols. Antioxid.
Redox Signal. 2005, 7, 1630–1647. [CrossRef]

65. Almatroodi, S.A.; Alsahli, M.A.; Almatroudi, A.; Verma, A.K.; Aloliqi, A.; Allemailem, K.S.; Khan, A.A.; Rahmani, A.H. Potential
therapeutic targets of quercetin, a plant flavonol, and its role in the therapy of various types of cancer through the modulation of
various cell signaling pathways. Molecules 2021, 26, 1315. [CrossRef] [PubMed]

66. Liu, Y.; Gong, W.; Yang, Z.Y.; Zhou, X.S.; Gong, C.; Zhang, T.R.; Wei, X.; Ma, D.; Ye, F.; Gao, Q.L. Quercetin induces protective
autophagy and apoptosis through ER stress via the p-STAT3/Bcl-2 axis in ovarian cancer. Apoptosis 2017, 22, 544–557. [CrossRef]
[PubMed]

67. Kim, H.; Moon, J.Y.; Ahn, K.S.; Cho, S.K. Quercetin induces mitochondrial mediated apoptosis and protective autophagy in
human glioblastoma U373MG cells. Oxid. Med. Cell Longev. 2013, 2013, 596496. [CrossRef] [PubMed]

68. Granato, M.; Rizzello, C.; Gilardini Montani, M.S.; Cuomo, L.; Vitillo, M.; Santarelli, R.; Gonnella, R.; D’Orazi, G.; Faggioni, A.;
Cirone, M. Quercetin induces apoptosis and autophagy in primary effusion lymphoma cells by inhibiting PI3K/AKT/mTOR and
STAT3 signaling pathways. J. Nutr. Biochem. 2017, 41, 124–136. [CrossRef]

69. Ha, E.J.; Kim, K.Y.; Kim, C.E.; Jun, D.Y.; Kim, Y.H. Enhancement of quercetin-induced apoptosis by cotreatment with autophagy
inhibitor is associated with augmentation of BAK-dependent mitochondrial pathway in Jurkat T Cells. Oxid. Med. Cell Longev.
2019, 2019, 7989276. [CrossRef]

70. Li, B.; Lu, M.; Jiang, X.X.; Pan, M.X.; Mao, J.W.; Chen, M. Inhibiting reactive oxygen species-dependent autophagy enhanced
baicalein-induced apoptosis in oral squamous cell carcinoma. J. Nat. Med. 2017, 71, 433–441. [CrossRef]

71. Yang, J.; Pi, C.; Wang, G. Inhibition of PI3K/Akt/mTOR pathway by apigenin induces apoptosis and autophagy in hepatocellular
carcinoma cells. Biomed. Pharmacother. 2018, 103, 699–707. [CrossRef] [PubMed]

72. Su, M.; Zhang, Z.; Zhou, L.; Han, C.; Huang, C.; Nice, E.C. Proteomics, personalized medicine and cancer. Cancers 2021, 13, 2512.
[CrossRef] [PubMed]

73. Rybstein, M.D.; Bravo-San Pedro, J.M.; Kroemer, G.; Galluzzi, L. The autophagic network and cancer. Nat. Cell Biol. 2018, 20,
243–251. [CrossRef]

74. Coussens, L.M.; Zitvogel, L.; Palucka, A.K. Neutralizing tumor-promoting chronic inflammation: A magic bullet? Science 2013,
339, 286–291. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jnutbio.2020.108427
http://doi.org/10.1039/C5FO00671F
http://www.ncbi.nlm.nih.gov/pubmed/26292725
http://doi.org/10.1016/j.redox.2020.101810
http://doi.org/10.1016/j.biopha.2021.111227
http://doi.org/10.1142/S0192415X20500342
http://www.ncbi.nlm.nih.gov/pubmed/32329644
http://doi.org/10.1007/s00109-016-1487-z
http://www.ncbi.nlm.nih.gov/pubmed/27838742
http://doi.org/10.1007/s00204-017-1967-0
http://doi.org/10.3390/nu12082462
http://doi.org/10.1186/s12935-016-0288-3
http://doi.org/10.1016/j.fct.2020.111801
http://doi.org/10.3892/ijo.2017.4134
http://doi.org/10.3390/ijms21217836
http://www.ncbi.nlm.nih.gov/pubmed/33105796
http://doi.org/10.1089/ars.2005.7.1630
http://doi.org/10.3390/molecules26051315
http://www.ncbi.nlm.nih.gov/pubmed/33804548
http://doi.org/10.1007/s10495-016-1334-2
http://www.ncbi.nlm.nih.gov/pubmed/28188387
http://doi.org/10.1155/2013/596496
http://www.ncbi.nlm.nih.gov/pubmed/24379902
http://doi.org/10.1016/j.jnutbio.2016.12.011
http://doi.org/10.1155/2019/7989276
http://doi.org/10.1007/s11418-017-1076-7
http://doi.org/10.1016/j.biopha.2018.04.072
http://www.ncbi.nlm.nih.gov/pubmed/29680738
http://doi.org/10.3390/cancers13112512
http://www.ncbi.nlm.nih.gov/pubmed/34063807
http://doi.org/10.1038/s41556-018-0042-2
http://doi.org/10.1126/science.1232227
http://www.ncbi.nlm.nih.gov/pubmed/23329041


Antioxidants 2021, 10, 1138 13 of 15

75. Chen, M.; Meng, Q.; Qin, Y.; Liang, P.; Tan, P.; He, L.; Zhou, Y.; Chen, Y.; Huang, J.; Wang, R.F.; et al. TRIM14 Inhibits cGAS
degradation mediated by selective autophagy receptor p62 to promote innate immune responses. Mol. Cell 2016, 64, 105–119.
[CrossRef] [PubMed]

76. Saitoh, T.; Fujita, N.; Hayashi, T.; Takahara, K.; Satoh, T.; Lee, H.; Matsunaga, K.; Kageyama, S.; Omori, H.; Noda, T.; et al. Atg9a
controls dsDNA-driven dynamic translocation of STING and the innate immune response. Proc. Natl. Acad. Sci. USA 2009, 106,
20842–20846. [CrossRef] [PubMed]

77. Watson, R.R.; Schonlau, F. Nutraceutical and antioxidant effects of a delphinidin-rich maqui berry extract Delphinol(R): A review.
Minerva Cardioangiol. 2015, 63, 1–12.

78. Khan, J.A.; Maki, R.G.; Ravi, V. Pathologic angiogenesis of malignant vascular sarcomas: Implications for treatment. J. Clin. Oncol.
2018, 36, 194–201. [CrossRef]

79. Stocker, R.; Keaney, J.F., Jr. Role of oxidative modifications in atherosclerosis. Physiol. Rev. 2004, 84, 1381–1478. [CrossRef]
80. Jin, X.; Chen, M.; Yi, L.; Chang, H.; Zhang, T.; Wang, L.; Ma, W.; Peng, X.; Zhou, Y.; Mi, M. Delphinidin-3-glucoside protects

human umbilical vein endothelial cells against oxidized low-density lipoprotein-induced injury by autophagy upregulation via
the AMPK/SIRT1 signaling pathway. Mol. Nutr. Food Res. 2014, 58, 1941–1951. [CrossRef]

81. Lai, D.; Huang, M.; Zhao, L.; Tian, Y.; Li, Y.; Liu, D.; Wu, Y.; Deng, F. Delphinidin-induced autophagy protects pancreatic beta cells
against apoptosis resulting from high-glucose stress via AMPK signaling pathway. Acta Biochim. Biophys. Sin. 2019, 51, 1242–1249.
[CrossRef] [PubMed]

82. Warshauer, J.T.; Bluestone, J.A.; Anderson, M.S. New frontiers in the treatment of type 1 diabetes. Cell Metab. 2020, 31, 46–61.
[CrossRef]

83. Yuhara, H.; Steinmaus, C.; Cohen, S.E.; Corley, D.A.; Tei, Y.; Buffler, P.A. Is diabetes mellitus an independent risk factor for colon
cancer and rectal cancer? Am. J. Gastroenterol. 2011, 106, 1911–1921. [CrossRef]

84. Lee, D.Y.; Park, Y.J.; Song, M.G.; Kim, D.R.; Zada, S.; Kim, D.H. Cytoprotective effects of delphinidin for human chondrocytes
against oxidative stress through activation of autophagy. Antioxidants 2020, 9, 83. [CrossRef] [PubMed]

85. Lee, D.Y.; Park, Y.J.; Hwang, S.C.; Kim, K.D.; Moon, D.K.; Kim, D.H. Cytotoxic effects of delphinidin in human osteosarcoma cells.
Acta Orthop. Traumatol. Turc. 2018, 52, 58–64. [CrossRef]

86. Verschoyle, R.D.; Greaves, P.; Patel, K.; Marsden, D.A.; Brown, K.; Steward, W.P.; Gescher, A.J. Evaluation of the cancer
chemopreventive efficacy of silibinin in genetic mouse models of prostate and intestinal carcinogenesis: Relationship with
silibinin levels. Eur. J. Cancer 2008, 44, 898–906. [CrossRef]

87. Tuli, H.S.; Mittal, S.; Aggarwal, D.; Parashar, G.; Parashar, N.C.; Upadhyay, S.K.; Barwal, T.S.; Jain, A.; Kaur, G.; Savla, R.; et al.
Path of Silibinin from diet to medicine: A dietary polyphenolic flavonoid having potential anti-cancer therapeutic significance.
Semin. Cancer Biol. 2021, 73, 196–218. [CrossRef]

88. Song, X.Y.; Li, R.H.; Liu, W.W.; Hayashi, T.; Mizuno, K.; Hattori, S.; Fujisaki, H.; Ikejima, T. Effect of silibinin on ethanol- or
acetaldehyde-induced damge of mouse primary hepatocytes in vitro. Toxicol. Vitr. 2021, 70, 105047. [CrossRef]

89. Wang, Q.; Chang, B.; Li, X.; Zou, Z. Role of ALDH2 in hepatic disorders: Gene polymorphism and disease pathogenesis. J. Clin.
Transl. Hepatol. 2021, 9, 90–98.

90. Clemens, D.L.; Forman, A.; Jerrells, T.R.; Sorrell, M.F.; Tuma, D.J. Relationship between acetaldehyde levels and cell survival in
ethanol-metabolizing hepatoma cells. Hepatology 2002, 35, 1196–1204. [CrossRef]

91. Li, Y.; Ren, L.; Song, G.; Zhang, P.; Yang, L.; Chen, X.; Yu, X.; Chen, S. Silibinin ameliorates fructose-induced lipid accumulation
and activates autophagy in HepG2 cells. Endocr. Metab. Immune Disord. Drug Targets 2019, 19, 632–642. [CrossRef]

92. Yang, J.; Sun, Y.; Xu, F.; Liu, W.; Hayashi, T.; Onodera, S.; Tashiro, S.I.; Ikejima, T. Involvement of estrogen receptors in silibinin
protection of pancreatic beta-cells from TNFalpha- or IL-1beta-induced cytotoxicity. Biomed. Pharmacother. 2018, 102, 344–353.
[CrossRef] [PubMed]

93. Campbell, J.E.; Newgard, C.B. Mechanisms controlling pancreatic islet cell function in insulin secretion. Nat. Rev. Mol. Cell Biol.
2021, 22, 142–158. [CrossRef] [PubMed]

94. Mao, Y.; Tao, M.; Jia, X.; Li, D. Diabetes associated with short survival in pancreatic cancer. J. Clin. Oncol. 2015, 33, 2120–2121.
[CrossRef]

95. Kalluri, R.; Zeisberg, M. Fibroblasts in cancer. Nat. Rev. Cancer 2006, 6, 392–401. [CrossRef]
96. Li, X.; Sun, X.; Carmeliet, P. Hallmarks of endothelial cell metabolism in health and disease. Cell Metab. 2019, 30, 414–433.

[CrossRef]
97. Rezabakhsh, A.; Fathi, F.; Bagheri, H.S.; Malekinejad, H.; Montaseri, A.; Rahbarghazi, R.; Garjani, A. Silibinin protects human

endothelial cells from high glucose-induced injury by enhancing autophagic response. J. Cell Biochem. 2018, 119, 8084–8094.
[CrossRef] [PubMed]

98. Kumar, R.; Deep, G.; Agarwal, R. An overview of ultraviolet B radiation-induced skin cancer chemoprevention by silibinin.
Curr. Pharmacol. Rep. 2015, 1, 206–215. [CrossRef]

99. Liu, W.; Otkur, W.; Li, L.; Wang, Q.; He, H.; Ye, Y.; Zhang, Y.; Hayashi, T.; Tashiro, S.; Onodera, S.; et al. Autophagy induced by
silibinin protects human epidermoid carcinoma A431 cells from UVB-induced apoptosis. J. Photochem. Photobiol. B 2013, 123,
23–31. [CrossRef]

100. Mukund, V.; Mukund, D.; Sharma, V.; Mannarapu, M.; Alam, A. Genistein: Its role in metabolic diseases and cancer. Crit. Rev.
Oncol. Hematol. 2017, 119, 13–22. [CrossRef]

http://doi.org/10.1016/j.molcel.2016.08.025
http://www.ncbi.nlm.nih.gov/pubmed/27666593
http://doi.org/10.1073/pnas.0911267106
http://www.ncbi.nlm.nih.gov/pubmed/19926846
http://doi.org/10.1200/JCO.2017.74.9812
http://doi.org/10.1152/physrev.00047.2003
http://doi.org/10.1002/mnfr.201400161
http://doi.org/10.1093/abbs/gmz126
http://www.ncbi.nlm.nih.gov/pubmed/31781740
http://doi.org/10.1016/j.cmet.2019.11.017
http://doi.org/10.1038/ajg.2011.301
http://doi.org/10.3390/antiox9010083
http://www.ncbi.nlm.nih.gov/pubmed/31963866
http://doi.org/10.1016/j.aott.2017.11.011
http://doi.org/10.1016/j.ejca.2008.02.020
http://doi.org/10.1016/j.semcancer.2020.09.014
http://doi.org/10.1016/j.tiv.2020.105047
http://doi.org/10.1053/jhep.2002.32668
http://doi.org/10.2174/1871530319666190207163325
http://doi.org/10.1016/j.biopha.2018.01.128
http://www.ncbi.nlm.nih.gov/pubmed/29571019
http://doi.org/10.1038/s41580-020-00317-7
http://www.ncbi.nlm.nih.gov/pubmed/33398164
http://doi.org/10.1200/JCO.2014.60.2896
http://doi.org/10.1038/nrc1877
http://doi.org/10.1016/j.cmet.2019.08.011
http://doi.org/10.1002/jcb.26735
http://www.ncbi.nlm.nih.gov/pubmed/29388698
http://doi.org/10.1007/s40495-015-0027-9
http://doi.org/10.1016/j.jphotobiol.2013.03.014
http://doi.org/10.1016/j.critrevonc.2017.09.004


Antioxidants 2021, 10, 1138 14 of 15

101. Pierzynowska, K.; Podlacha, M.; Gaffke, L.; Majkutewicz, I.; Mantej, J.; Wegrzyn, A.; Osiadly, M.; Myslinska, D.; Wegrzyn, G.
Autophagy-dependent mechanism of genistein-mediated elimination of behavioral and biochemical defects in the rat model of
sporadic Alzheimer’s disease. Neuropharmacology 2019, 148, 332–346. [CrossRef]

102. Zheng, H.; Zhang, M.; Luo, H.; Li, H. Isoorientin alleviates UVB-induced skin injury by regulating mitochondrial ROS and
cellular autophagy. Biochem. Biophys. Res. Commun. 2019, 514, 1133–1139. [CrossRef]

103. Li, Y.; Xu, Y.; Xie, J.; Chen, W. Malvidin-3-O-arabinoside ameliorates ethyl carbamate-induced oxidative damage by stimulating
AMPK-mediated autophagy. Food Funct. 2020, 11, 10317–10328. [CrossRef] [PubMed]

104. Schlatter, J.; Lutz, W.K. The carcinogenic potential of ethyl carbamate (urethane): Risk assessment at human dietary exposure
levels. Food Chem. Toxicol. 1990, 28, 205–211. [CrossRef]

105. Su, H.; Xie, L.; Xu, Y.; Ke, H.; Bao, T.; Li, Y.; Chen, W. Pelargonidin-3-O-glucoside derived from wild raspberry exerts an-
tihyperglycemic effect by inducing autophagy and modulating gut microbiota. J. Agric. Food Chem. 2020, 68, 13025–13037.
[CrossRef]

106. Kovac, A.L. Benefits and risks of newer treatments for chemotherapy-induced and postoperative nausea and vomiting. Drug Saf.
2003, 26, 227–259. [CrossRef]

107. Rubinsztein, D.C.; Marino, G.; Kroemer, G. Autophagy and aging. Cell 2011, 146, 682–695. [CrossRef] [PubMed]
108. Galluzzi, L.; Pietrocola, F.; Bravo-San Pedro, J.M.; Amaravadi, R.K.; Baehrecke, E.H.; Cecconi, F.; Codogno, P.; Debnath, J.; Gewirtz,

D.A.; Karantza, V.; et al. Autophagy in malignant transformation and cancer progression. EMBO J. 2015, 34, 856–880. [CrossRef]
109. Lecumberri, E.; Dupertuis, Y.M.; Miralbell, R.; Pichard, C. Green tea polyphenol epigallocatechin-3-gallate (EGCG) as adjuvant in

cancer therapy. Clin. Nutr. 2013, 32, 894–903. [CrossRef] [PubMed]
110. Khan, S.A.; Priyamvada, S.; Khan, W.; Khan, S.; Farooq, N.; Yusufi, A.N. Studies on the protective effect of green tea against

cisplatin induced nephrotoxicity. Pharmacol. Res. 2009, 60, 382–391. [CrossRef]
111. Tang, C.; Livingston, M.J.; Liu, Z.; Dong, Z. Autophagy in kidney homeostasis and disease. Nat. Rev. Nephrol. 2020, 16, 489–508.

[CrossRef]
112. Sahin, K.; Tuzcu, M.; Gencoglu, H.; Dogukan, A.; Timurkan, M.; Sahin, N.; Aslan, A.; Kucuk, O. Epigallocatechin-3-gallate

activates Nrf2/HO-1 signaling pathway in cisplatin-induced nephrotoxicity in rats. Life Sci. 2010, 87, 240–245. [CrossRef]
113. Li, W.; Nie, S.; Xie, M.; Chen, Y.; Li, C.; Zhang, H. A major green tea component, (-)-epigallocatechin-3-gallate, ameliorates

doxorubicin-mediated cardiotoxicity in cardiomyocytes of neonatal rats. J. Agric. Food Chem. 2010, 58, 8977–8982. [CrossRef]
[PubMed]

114. Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic needs. Cell Death
Differ. 2015, 22, 377–388. [CrossRef]

115. Ojha, S.; Al Taee, H.; Goyal, S.; Mahajan, U.B.; Patil, C.R.; Arya, D.S.; Rajesh, M. Cardioprotective potentials of plant-derived
small molecules against doxorubicin associated cardiotoxicity. Oxid Med. Cell Longev. 2016, 2016, 5724973. [CrossRef] [PubMed]

116. Zhang, Z.; Zhang, L.; Zhou, L.; Lei, Y.; Zhang, Y.; Huang, C. Redox signaling and unfolded protein response coordinate cell fate
decisions under ER stress. Redox Biol. 2019, 25, 101047. [CrossRef]

117. Yao, Y.F.; Liu, X.; Li, W.J.; Shi, Z.W.; Yan, Y.X.; Wang, L.F.; Chen, M.; Xie, M.Y. (-)-Epigallocatechin-3-gallate alleviates doxorubicin-
induced cardiotoxicity in sarcoma 180 tumor-bearing mice. Life Sci. 2017, 180, 151–159. [CrossRef]

118. Peng, Z.; Xu, Z.W.; Wen, W.S.; Wang, R.S. Tea polyphenols protect against irradiation-induced injury in submandibular glands’
cells: A preliminary study. Arch. Oral. Biol. 2011, 56, 738–743. [CrossRef] [PubMed]

119. Sample, A.; He, Y.Y. Autophagy in UV damage response. Photochem. Photobiol. 2017, 93, 943–955. [CrossRef]
120. Lin, Y.; Shi, R.; Wang, X.; Shen, H.M. Luteolin, a flavonoid with potential for cancer prevention and therapy. Curr. Cancer

Drug Targets 2008, 8, 634–646. [CrossRef]
121. Xu, H.; Yu, W.; Sun, S.; Li, C.; Zhang, Y.; Ren, J. Luteolin attenuates doxorubicin-induced cardiotoxicity through promoting

mitochondrial autophagy. Front. Physiol. 2020, 11, 113. [CrossRef] [PubMed]
122. He, H.; Luo, Y.; Qiao, Y.; Zhang, Z.; Yin, D.; Yao, J.; You, J.; He, M. Curcumin attenuates doxorubicin-induced cardiotoxicity

via suppressing oxidative stress and preventing mitochondrial dysfunction mediated by 14-3-3gamma. Food Funct. 2018, 9,
4404–4418. [CrossRef]

123. Johnson, R.; Shabalala, S.; Louw, J.; Kappo, A.P.; Muller, C.J.F. Aspalathin reverts doxorubicin-induced cardiotoxicity through
increased autophagy and decreased expression of p53/mTOR/p62 signaling. Molecules 2017, 22, 1589. [CrossRef] [PubMed]

124. Gomez-Sierra, T.; Medina-Campos, O.N.; Solano, J.D.; Ibarra-Rubio, M.E.; Pedraza-Chaverri, J. Isoliquiritigenin pretreatment
induces endoplasmic reticulum stress-mediated hormesis and attenuates cisplatin-induced oxidative stress and damage in
LLC-PK1 cells. Molecules 2020, 25, 4442. [CrossRef]

125. Zhang, Z.; Gao, W.; Zhou, L.; Chen, Y.; Qin, S.; Zhang, L.; Liu, J.; He, Y.; Lei, Y.; Chen, H.N.; et al. Repurposing brigatinib for the
treatment of colorectal cancer based on inhibition of ER-phagy. Theranostics 2019, 9, 4878–4892. [CrossRef]

126. Farha, A.K.; Gan, R.Y.; Li, H.B.; Wu, D.T.; Atanasov, A.G.; Gul, K.; Zhang, J.R.; Yang, Q.Q.; Corke, H. The anticancer potential
of the dietary polyphenol rutin: Current status, challenges, and perspectives. Crit. Rev. Food Sci. Nutr. 2020, 1–28. [CrossRef]
[PubMed]

127. Ma, Y.; Yang, L.; Ma, J.; Lu, L.; Wang, X.; Ren, J.; Yang, J. Rutin attenuates doxorubicin-induced cardiotoxicity via regulating
autophagy and apoptosis. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 1904–1911. [CrossRef]

http://doi.org/10.1016/j.neuropharm.2019.01.030
http://doi.org/10.1016/j.bbrc.2019.04.195
http://doi.org/10.1039/D0FO01562H
http://www.ncbi.nlm.nih.gov/pubmed/33215619
http://doi.org/10.1016/0278-6915(90)90008-B
http://doi.org/10.1021/acs.jafc.9b03338
http://doi.org/10.2165/00002018-200326040-00003
http://doi.org/10.1016/j.cell.2011.07.030
http://www.ncbi.nlm.nih.gov/pubmed/21884931
http://doi.org/10.15252/embj.201490784
http://doi.org/10.1016/j.clnu.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23582951
http://doi.org/10.1016/j.phrs.2009.07.007
http://doi.org/10.1038/s41581-020-0309-2
http://doi.org/10.1016/j.lfs.2010.06.014
http://doi.org/10.1021/jf101277t
http://www.ncbi.nlm.nih.gov/pubmed/20666448
http://doi.org/10.1038/cdd.2014.150
http://doi.org/10.1155/2016/5724973
http://www.ncbi.nlm.nih.gov/pubmed/27313831
http://doi.org/10.1016/j.redox.2018.11.005
http://doi.org/10.1016/j.lfs.2016.12.004
http://doi.org/10.1016/j.archoralbio.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21292239
http://doi.org/10.1111/php.12691
http://doi.org/10.2174/156800908786241050
http://doi.org/10.3389/fphys.2020.00113
http://www.ncbi.nlm.nih.gov/pubmed/32116805
http://doi.org/10.1039/C8FO00466H
http://doi.org/10.3390/molecules22101589
http://www.ncbi.nlm.nih.gov/pubmed/28937626
http://doi.org/10.3390/molecules25194442
http://doi.org/10.7150/thno.36254
http://doi.org/10.1080/10408398.2020.1829541
http://www.ncbi.nlm.nih.gov/pubmed/33054344
http://doi.org/10.1016/j.bbadis.2016.12.021


Antioxidants 2021, 10, 1138 15 of 15

128. Zhang, Z.; Zhou, L.; Xie, N.; Nice, E.C.; Zhang, T.; Cui, Y.; Huang, C. Overcoming cancer therapeutic bottleneck by drug
repurposing. Signal Transduct. Target. Ther. 2020, 5, 113. [CrossRef]

129. Khan, H.; Ullah, H.; Martorell, M.; Valdes, S.E.; Belwal, T.; Tejada, S.; Sureda, A.; Kamal, M.A. Flavonoids nanoparticles in cancer:
Treatment, prevention and clinical prospects. Semin. Cancer Biol. 2021, 69, 200–211. [CrossRef] [PubMed]

130. Aiello, P.; Consalvi, S.; Poce, G.; Raguzzini, A.; Toti, E.; Palmery, M.; Biava, M.; Bernardi, M.; Kamal, M.A.; Perry, G.; et al. Dietary
flavonoids: Nano delivery and nanoparticles for cancer therapy. Semin. Cancer Biol. 2021, 69, 150–165. [CrossRef]

http://doi.org/10.1038/s41392-020-00213-8
http://doi.org/10.1016/j.semcancer.2019.07.023
http://www.ncbi.nlm.nih.gov/pubmed/31374244
http://doi.org/10.1016/j.semcancer.2019.08.029

	Introduction 
	Flavonoids as Therapeutic Agents 
	Inducing Autophagic Cell Death by Flavonoids 
	Kaempferol 
	Apigenin 
	Other Flavonoids 

	Improvement of Flavonoids Outcome by Suppressing Cytoprotective Autophagy 

	Flavonoids as Preventive or Adjuvant Agents 
	The Prevention of Cancer by Flavonoids-Induced Autophagy 
	Delphinidin 
	Silibinin 
	Other Agents 

	Use of Flavonoids to Improve Side Effects Caused by Treatment 
	Epigallocatechin-3-Gallate (EGCG) 
	Other Flavonoids 


	Perspective and Conclusions 
	References

